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Abstract : Various tubular objects are utilized for strategic and critical applications in nuclear, aviation,
space and petrochemical industries. Major tubular objects employed in these industries are tubes, pipes
and vessels which are inspected for planar and volumetric defects hidden inside the material. Various
Non-Destructive Testing (NDT) techniques are used for the inspection of such circular objects both
during fabrication as well as during in-service stages. Non-Destructive Evaluation (NDE) of these
components is carried out in conformance with various codes and standards such as ASME, ASTM and
IIW etc. Ultrasonic Testing (UT) is a well-known NDT technique to perform flaw detection, sizing and
characterization of tubular objects. Other than the accurate measurement of loss of wall thickness,
measurment of variation in Inner Diameter (ID) and Outer Diameter (OD) is also an important requirements
of tubes and pipes. Ultrasonic imaging systems are utilized for volumetric inspection of the desired region
of tubes and pipes. Imaging systems provide both the gauging and imaging operations. Such a high-
speed generic system capable of both, B/C-Scan imaging and high resolution gauging of tubes and pipes,
is the requirement of critical applications. Ultrasonic Testing (UT) method, currently used for tube inspection,
is not always adequate for flaw characterization. Utilities occasionally experience problems trying to
characterize a flaw (particularly, crack or an off-axis flaw) and define its shape, orientation and size.
Typically, the Normal Beam (NB) longitudinal waves and angle beam shear waves employing the Pulse-
Echo (PE) or Pitch-Catch (PC) technique are used for tube/pipe testing to detect, characterize and size  the
flaws located within the tube wall or on the ID region or the OD region of tube/ pipe.
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Abstract 

Various tubular objects are utilized for strategic and critical applications in nuclear, 

aviation, space and petrochemical industries. Major tubular objects employed in these 

industries are tubes, pipes and vessels which are inspected for planar and volumetric 

defects hidden inside the material. Various Non-Destructive Testing (NDT) techniques are 

used for the inspection of such objects both during fabrication as well as during in-service 

stages. Non-Destructive Evaluation (NDE) of such components is carried out in 

conformance with various codes and standards such as ASME, ASTM and IIW etc. 

Ultrasonic testing is a well-known NDT technique to perform flaw detection, sizing and 

characterization of tubular objects. Other than the accurate measurement of loss of wall 

thickness, measurement of variation in Inner Diameter (ID) and Outer Diameter (OD) are 

also important requirements of tubes and pipes. Ultrasonic imaging systems are utilized for 

complete volumetric inspection of the desired region of tubes and pipes. Imaging systems 

provide both the gauging and imaging operations, though gauging using imaging 

techniques may not provide very high resolution. Such a high-speed generic system 

capable of both, B/C-Scan imaging and high-resolution gauging of tubes and pipes, is the 

requirement of any critical application. 

Ultrasonic Testing (UT) method, currently used for tube inspection, is not always adequate 

for flaw characterization. Utilities occasionally experience problems trying to characterize 

a flaw (particularly, crack or an off-axis flaw) and define its shape, orientation and size. 

Typically, the Normal Beam (NB) longitudinal waves and angle beam shear waves 

employing the Pulse-Echo (PE) or Pitch-Catch (PC) technique are used for tube testing to 

detect, characterize and size flaws located within the tube wall or on the Inner Diameter 

(ID) region or on the Outer Diameter (OD) region. 



The pulse-echo method is one of the simplest and widely used configurations, in which the 

same piezoelectric transducer is utilized as a transmitter and a receiver of ultrasound. 

Spherical and cylindrical focused transducers of high frequency are utilized for such 

applications. Some novel inspection techniques and UT transducers and software can be 

employed to improve flaw detection, sizing and characterization.  

Ultrasonic testing of tubes/pipes has matured over a few decades which can also cater to 

gauging of metallic tubes and pipes. Similarly, Ultrasonic systems are available which can 

provide imaging of tubes and pipes for flaw detection. The major requirement of combined 

ultrasonic gauging and imaging systems useful for the inspection of tubes and pipes are: 

test method should be indirect; system should be reliable; system should provide 

quantitative data such as remaining wall thickness or depth/ size of crack; system should 

provide accurate data and system should be easy to use. Due to the availability of such 

instrumentation systems, life assessment of tubes and pipes is made with a high level of 

accuracy. Some of such systems suitable for critical applications are briefly described, in 

this report. Internal Rotary Inspection System (IRIS) is also available for the inspection of 

the heat exchanger’s small diameter tubes. The operating principle of all the systems is 

majorly a pulse-echo technique. Lithuania has developed Ultrasonic-Zirconium Tube 

meter for automated inspection of coolant channels of RBMK nuclear reactors. This 

system is mainly used for the measurement of wall thickness, inner diameter and the outer 

diameter of Zirconium tubes of the RBMK reactor. The operating principle of this system 

is mainly based on the time of flights (TOF) of ultrasonic signals in liquids and solids. 

Similarly, AECL, Canada has developed a completely automatic CIGAR (Channel 

Inspection and Gauging Apparatus for Reactors) for CANDU reactors. BARC also has 

developed BARC Channel Inspection System Apparatus for Reactors (BARCIS) which is 

used to perform gauging and flaw detection of pressure tubes of Indian PHWRs. 

Ultrasonic Pipe Inspection and Gauging (PIG) apparatus is one of the most versatile and 

useful gadgets needed for the inspection of petrochemical pipes. Many PIG Systems use the 

ultrasonic pulse-echo method (NB longitudinal waves) for the automatic inspection of the 

pipelines.  One of such systems is from Germany, useful for the inspection of oil pipelines. 

American Petroleum Institute (API), USA has developed Advanced UT Rotary System for 

the inspection of steel tubes and pipes, including accurate measurement of WT, ID, OD 

and longitudinal and transversal defects in the pipe. Ultrasonic Crack Detection System by 



Tokyo, Japan on Multi-Diameter PIG Robots is available for the crack and corrosion 

Detection as well as inspection of multi-diameter pipelines. 

The future requirements of ultrasonic imaging and gauging systems of tubes and pipes 

employed for critical applications are: automated high-speed gauging and imaging tool  

suitable for inspection of thin-walled tubes/ pipes with a speed of 10-100mm/Sec; Detection 

of circumferential and longitudinal (i.e. axial) flaws such as cracks, voids, inclusions, 

porosities and notches of size 100 micrometers or higher, with an accuracy of 20-30µm, in 

seamless or non- seamless metallic tubes and pipes; Measurement of Wall Thickness (WT), 

Inner Diameter (ID) and Outer Diameter (OD) of tubes and pipes with an accuracy of 

50µm; 

This review report provides details of the major ‘advanced Ultrasonic gauging and imaging 

inspection systems’ suitable for key areas of the industry and developed by national and 

international researchers and manufactures for metallic tubes and pipes. The report 

provides brief details of Ultrasonic transducers used for the inspection of tubes and pipes 

and ultrasonic testing methods for flaw detection, sizing and characterization for tubes and 

pipes. 
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1.  ULTRASONIC INSPECTION OF TUBES AND PIPES 

1.1. Introduction 

Tubes and Pipes play an extremely important role in strategic and critical applications like 
aviation, warships, missiles, nuclear, space technology, aerospace, petrochemical industries 
and other strategic fields. In general, tubes and pipes are employed in these industries to 
work under high temperature, high pressure, high flow rates, radiation and gas-liquid 
environment [1& 2]. These tubes and pipes lead to sag, loss of Wall Thickness (WT) and 
variation in ID and OD during operation due to harsh working conditions [3-5, & 222]. 
However, in the process of manufacturing of tubes and pipes, some cracks, scoring marks 
and flaws get generated appear inside, on the outside and internal surfaces. But during the 
pre-fabrication, fabrication, In-service and post-service stages, it is mandatory to carry out 
flaw detection & gauging of tubes and pipes to adhere to the high-quality standards [6]. To 
provide a high level of safety, reliability and quality assurance, there is a need to inspect 
flaws and to measure ID, OD and WT of tubes and pipes [7& 8]. 

There are several NDT techniques available to perform the inspection of tubes and pipes, 
namely Ultrasonic Testing (UT), Radiographic Testing, Magnetic Particle Testing, Penetrant 
Testing and Eddy Current Testing etc. [9]. Ultrasonic testing is a very renowned and safe 
NDT technique to perform flaw detection, sizing and characterization of tubes and pipes. 
The principle goal of the UT is detection, location, classification of internal flaws, as 
quickly and as accurately as possible [10]. Ultrasonic pulse-echo immersion technique is 
preferably employed to detect flaws in tubes and pipes. UT is one of the most efficient and 
effective techniques to detect surface and internal flaws [11]. There are various kinds of 
ultrasonic waves such as longitudinal wave, transversal wave, surface wave, guided wave 
and plate wave which are utilized according to the requirements [12]. 

In the industry, Ultrasonic Inspection/ Ultrasonic Imaging (UI) of tubes and pipes is also 
carried out to meet the stringent Quality Assurance (QA) demands. The UI technique is 
useful for 100% volumetric inspection of the tubes/pipes [13]. 

1.2. Transducers for Inspection of Tubes/Pipes 

Ultrasonic testing is widely employed in the industry and it is one of the safest Non-
Destructive Evaluation (NDE) techniques. UT is a well-established test method for 
manufacturing, process and service industries, especially for the applications involving 
inspection of welds, structural members and engineering applications such as flaw 
detection/evaluation, dimensional measurements and material characterization, etc.[14-16]. 
UT utilizes high-frequency acoustic waves typically in the range of 0.5 and 15 MHz to 
conduct examinations and to carry out dimension measurements [11 & 17]. These acoustic 
wave vibrations are beyond the audible range and they propagate in the test material in the 
form of particle vibrations [18]. Sound beams of all frequencies can penetrate in fine-
grained materials without any difficulty. When using high frequencies in coarse-grained 
material, interpretation becomes difficult because of the interference in the form of 
scattering, divergence and attenuation [19]. Depth of penetration is better achieved in 
attenuative materials by lower frequencies of acoustic waves as they have lower 
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wavelengths. The selection of specific frequency for testing is mainly dependent on the 
objective of the testing and material properties [12 &20]. Frequencies up to 1 MHz are 
generally a good choice, as they have better penetration and have less attenuation and they 
scatter less by coarse grains, non-homogeneous materials and rough surfaces [21 & 22]. The 
disadvantage of low frequencies is that they have a large angle of divergence, so they cannot 
resolve small flaws in the lateral and axial direction. On the other side, the high-
frequency transducers emit beams with less divergence and hence with better resolving 
power, but these beams are more scattered by rough surfaces and coarse grains [23 & 
24]. Frequencies above 10 MHz are normally not preferred in the industry in contact testing 
because the higher frequency transducers are thinner and fragile. As the frequency of sound 
vibrations increase beyond 25 MHz [18 & 25], the wavelength decreases accordingly and 
approaches very small dimensions. 

In immersion testing, however, all frequencies can be used because there is no physical 
contact between the transducer and the surface of the material being tested [18 
&26]. Ultrasonic immersion method with focused transducer has an advantage of higher 
sensitivity to smaller flaws and with increased scan speed of ultrasonic testing and 
shortening of test time. It has been especially beneficial for large dimension objects [27 & 
28]. If it is difficult to apply pure shear wave to detect the flaws of pipes, longitudinal wave 
oblique incidence method and shear wave testing method could be considered, in 
combination. 

1.2.1.  Immersion Transducers 

An immersion transducer is a single element and a normal beam longitudinal wave 
transducer with a front diaphragm of 1/4 wavelength or multiple wavelength and thickness 
is acoustically matched to water [29]. Immersion transducers are specifically designed to 
transmit ultrasound beams in applications where the test components are partially or 
completely immersed in water, which allow uniform and a reliable coupling technique for 
the rapid scanning of components [29 & 30]. Acoustic focusing lenses are utilized to 
increase transducer sensitivity and performance in a particular area of the component under 
test. Immersion transducers can be focused either spherically or cylindrically upon 
requirement within the allowable focal range for a given frequency and element size 
[31].Immersion transducers do not make contact with the component surface. These 
transducers are designed to operate in a liquid environment and all connections are 
watertight. Immersion transducers usually have (acoustic) impedance matching front layer 
which helps to get more sound energy propagated into the water and, in turn, into the 
component being inspected [30]. A focused transducer improves the sensitivity and axial 
resolution by concentrating the sound energy to the main lobe [11].  

1.2.2.  Focused Transducers 

Focused transducers are manufactured to produce a required focal length (which is less than 
the near field zone of the transducer) and to focus on a single axis. Focused transducers 
allow high-resolution examination of immersed component or tubing from the inside. 
Frontal side of the transducer is shaped to direct the sound energy perpendicular to the 
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surface at all points on curved surfaces and radii are known as contour-correction 
lenses [14]. These cylindrical lenses sharpen the front-surface indication by evenly 
disturbing out the sound-travel distance between the transducer and the test surface. A 
comparison of unfocused (flat) and focused (contoured) transducers is shown in (Fig.1.1). 
Other acoustic lenses focus the sound beam from the transducer, much as light beams are 
focused. Focused transducers concentrate the sound energy into a long, narrow, blunt-
pointed beam of increased intensity, which is capable of detecting very small discontinuity 
in a relatively small region [11&32]. Focusing the sound beam moves its point of maximum 
intensity toward the transducer, but shortens its usable range [32]. The test specimen has the 
effect of a second lens; in this case, the beam is defocused, as shown in (Fig.1.1). 
Defocusing increases intensity which produces increased sensitivity; also, moving the point 
of maximum intensity closer to the transducer (which is also closer to the test surface) 
improves the near-surface resolution. The disturbing effects of the rough surface and noise 
due to grains of the metallic specimen are also reduced by concentrating the sound energy 
into a smaller beam. The true discontinuity indications are relatively large compared to the 
combined noise of other non-relevant indications in the smaller area. An unfocused 
transducer is used in general applications or for penetration of thick materials. 

 
 

Fig.1.1.Unfocused and focused transducers [14] 

 Focused immersion transducers are available in two different configurations [33]: 

 Spherically (spot) focused 

 Cylindrically (line) focused. 

Focusing is accomplished by either the addition of an acoustic lens or by curving the 
element itself. Focused transducers are incorporated with an acoustic lens that focuses the 
sound beam into a small spot, increasing sensitivity to small reflectors. They are commonly 
used for on-line or in-process tests on moving parts, for an automated scanned test and for 
optimizing sound coupling into sharp radius grooves, or channels in test pieces with 
complex geometry [11 & 15]. A spherically focused transducer is commonly used to 
improve sensitivity to very small flaws or dimension measurement of tubes/pipes and a 
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cylindrical focus is typically used in the volumetric inspection of tubing or bar stock. 
Schematics of spherical and cylindrical focusing are shown in (Fig.1.2). 

Tube

 

Fig.1.2.  Cylindrical and Spherical focused transducers [14] 

Spherically focused transducers drastically increase the sensitivity to small defects and are 
particularly useful for accurate measurement of thin wall materials. When used in high-
speed surface testing, spherically focused transducers enhance signal to noise ratio and also 
increase power significantly, therefore exposing very small defects [15 &34]. 

Cylindrically focused transducers are extensively used in the testing of pipes, tubes, bar 
stock and other cylindrical objects. Cylindrically focused transducers provide important 
advantages in sensitivity, signal-to-noise performance, and reliability in automated 
scanning. One of the correctly configured cylindrically focused transducers enhance the 
ability to control beam shape, direction and minimize unwanted beam spread, and they also 
increase testing speed [34].  

The focus may be designated in three ways [35]:   
FPF (Flat Plate Focus) - The acoustic lens is designed to produce a maximum pulse/echo 
response from a flat plate target at the distance indicated by the focal length 
PTF (Point Target Focus) - The acoustic lens is designed to produce a maximum 
pulse/echo response from a small ball target at the distance indicated by the focal length 
OLF (Optical Limit Focus) - The acoustic lens is designed according to the lens maker’s 
formula from physical optics and without reference to any operational definition of focal 
length. The OLF designation ignores diffraction effects. 

The focal length of a transducer is defined as the distance from the face of the transducer to 
the point in the sound field where the signal with the maximum amplitude is located. In an 
unfocused transducer, this occurs at a distance from the face of the transducer which is 
approximately equivalent to the transducers near field (or Fresnel zone) length. Because the 
last signal maximum occurs at a distance equivalent to the near field. The transducer cannot 
be acoustically focused at a distance greater than its near field. When focusing a transducer, 
the type of focus (spherical or cylindrical), focal length and the focal target (point or flat 
surface) need to be specified. Based on this information, the radius of curvature of the lens 
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for the transducer which varies based on the above parameters can be calculated [30]. When 
tested, the measured focal length will be the target specific. There are limitations on focal 
lengths for transducers of a given frequency and element diameter for a particular focal 
design. Practically, the maximum focal length for a flat plate focus (FPF) is 0.6 times the 
near field length, and for a Point Target Focus (PTF) the maximum focal length is 0.8 times 
the near field length. Optical limit focus (OLF) focal length is not specifically constrained, 
but it should be understood that the actual maximum response point from a given target may 
not exactly correspond to the distance indicated by the OLF focal length. In addition to 
acoustic limitations on maximum focal lengths, there are mechanical limitations on 
minimum focal lengths [30]. 

 

Fig.1.3.Focal points of the Transducers in water and test specimen [14] 

This change in the focal length is computed by Eq.(1). For example, given a particular focal 
length and material path, this equation is used to determine the appropriate water path to 
compensate for the focusing effect in the test material. (Fig.1.3)[36] 

                                          WP = F-MP (ctm/ ctw)…………….. …                       Eq. (1) 

 WP = Water Path, 

 MP = Material Path Depth, 

F = Focal Length in Water 

ctm = Sound Velocity in the Test Material 

ctw = Sound Velocity in Water  

Also, the curvature of the surface of the test piece can affect focusing. Depending on 
whether the entry surface is concave or convex, the sound beam may converge more rapidly 
than it would in a flat sample or it may spread and actually defocus. 
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1.3.  Immersion Technique 

In Immersion testing, the object is immersed in water and the water acts as a Couplant 
between the ultrasonic transducer and the material [37& 38]. Immersion inspections take 
place in a liquid which enables the sound beam to propagate from the transducer to the test 
material. In immersion testing, the component under test is not necessarily immersed in the 
coupling fluid, but that there is a volume of fluid used between the transducer face and 
material surface [39& 40]. This arrangement allows for better movement of the transducer 
while maintaining consistent coupling. With immersion testing, an interface echo from the 
front surface of the object is observed in the signal but otherwise, signal interpretation is the 
same for the both contact and immersion testing techniques. Immersion ultrasonic 
inspection is preferred in many applications because it is generally faster, more accurate and 
eliminates the need for direct contact with the object. Both the transducer and specimen are 
immersed in water and the beam is transmitted through the water as a medium, into the 
material. Either a normal beam technique for generating longitudinal waves or an angle 
beam technique for generating transverse waves is utilized. In Immersion testing, for thick 
specimens, multiple echoes are separated from transmitting pulse. But, for thin specimens, it 
is necessary to choose a sufficient water gap. Setting an appropriate distance between the 
test specimen and the transducers is very important. This distance is adjusted so that time 
required to send the beam through the water must be greater than the time required by the 
beam to travel through the test specimen. In the case of steel and water, the water gap 
should be greater than ¼ of specimen thickness (t/4). Because of the ratio of sound 
velocities of steel to water is 4:1[7&21]. (Fig.1.4) 
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Fig.1.4.  Water Immersion Technique 

Immersion Ultrasonic Testing (IUT) is particularly relevant for discovering smaller defects, 
which helps to improve the Probability of Detection (POD). Automated Ultrasonic Testing 
was developed for accurately determining the size and location of these flaws [41].  
Immersion Ultrasonic testing is capable to detect: 

 Inclusions 
 Cracking 
 Porosity 
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 Corrosion and fatigue 
 Incomplete or lack of penetration (LOP in weld zones) 
 Lack of sidewall fusion (LOF in weld zones) 
 Other weld strength defects 
 Welding certification 
 Metallurgical failure and investigation 

Advantages:  
1. It is possible to utilize high-frequency focused transducer for better detectability in 

water 
2. Problems associated with variation in the thickness and inadequacy of Couplant are 

absent as liquid Couplant is always present 
3. The simplicity of changing the refraction angle in the medium without changing the 

transducer 
4. Scanning accuracy and scanning resolution are superior 
5. Automated stable data/image record can be obtained 
6. The scanning process can be under the control of computer  
7. User-specified focal length concentrates the sound beam to increase sensitivity to 

small reflectors 
8. The immersion technique provides a means of uniform coupling  
9. Quarter wavelength matching layer increases sound energy output 

The immersion ultrasonic testing technique is suitable to measure internal diameter and wall 
thickness of tubes and pipes. Generally, high frequency, focused immersion transducers are 
required for this purpose. Ultrasonic immersion method with focusing transducer has 
advantage for volumetric inspection [42 & 43]. 

1.4.  Dimension Measurement 

Metallic tubes and pipes undergo dimensional changes due to high temperature, high 
pressure, high flow rates and radiation. One of the examples is Pressure Tube (PT) of Indian 
Pressurized Heavy Water Reactors (PHWRs) undergoes dimensional changes due to high 
pressure and temperature, which causes Pressure Tubes to permanently increase their length 
and diameter and they sag because of the weight of fuel & coolant (heavy water) contained 
in them. These dimensional changes are due to prolonged stresses under high temperature & 
radiation [44]. Pressure Tube stresses are evaluated for both the beginning and end of life 
for accounting the Pressure Tube dimensional changes that occur during its design life [44]. 
At the beginning of life, the initial wall thickness and un-irradiated material properties are 
applied. At the end of life, Pressure Tube diameter and length increase, while wall thickness 
decreases. Material strength also increases during that period. The increase in Pressure Tube 
diameter results in the squeezing of the garter spring spacer between the pressure tube and 
calandria tube [44]. It also causes unacceptable heat removal from the fuel due to an 
increased amount of primary coolant that bypasses through the fuel bundles. This reduces 
the critical channel power at a constant flow. Hence the periodic monitoring of pressure 
Tube diameter is important for these reasons [44 &45]. 
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Gauging of tubes can be performed using contact or water immersion method. Pulse-echo 
technique employs the same transducer as a transmitter and receiver of ultrasound and using 
direct contact method, tubes with a smooth surface and with access either from OD or ID 
side can be inspected. In such a case, a Couplant (oil/water/grease) is essential for good 
coupling of ultrasound to the tube under inspection [13]. The water immersion method is 
mostly preferred for inspection and gauging of tubes to avoid scoring marks which may 
occur due to contact scanning. The tube to be inspected is immersed into the water and 
using the immersion transducers, the desired inspection is carried out either manually or by 
automation, without wear and tear of the transducer face. Immersion based Pulse-Echo 
technique is widely used to carry out wall thickness gauging as well as Dimension 
measurement for tubes and pipes. Generally, high frequency, focused - immersion 
transducers are needed for this purpose. The tubes can be gauged using the water immersion 
technique in as indicated in (Fig.1.5&1.6). In the method, I, the tube to be inspected is filled 
with water with access from inside the tube and the immersion transducers are placed 1800 

apart, each facing towards the ID of the tube. In method II, the tube is placed into a pool of 
water with access from outside the tube and the immersion transducers are placed 1800 
apart, each facing towards the OD of the tube. Using automation, the entire transducer 
assembly or tube itself can be rotated and indexed linearly to gauge the entire tube under 
inspection [13 & 44]. 

S

WP2

water

Tube filled with water

 TR2

TR1

T4
ID1= WP1+WP2+S

OD1= ID1+WT1+WT2

 
Fig.1.5.  Method-I: Inspection of Tube from Inside [13] 

 
 
From (Fig.1.5 & 1.6), WT1= Wall thickness measured by TR1 which is TOF difference 
between the echo signals corresponding to ID and OD of the tube, WT2=Wall thickness 
measured by TR2 which is TOF difference between the echo signals corresponding to ID 
and OD of the pipe, WP1= Water Path measured on TR1 side i.e. a transit time between the 
transmit pulse and the interface echo reflected from the ID of the tube for (Fig.1.5.) or OD 
of the tube for (Fig.1.6), WP2= Water Path measured on TR2 side i.e. transit time between 
the transmit pulse and the interface echo reflected from the ID of the tube for (Fig.1.5.) or 
OD of the tube for (Fig.1.6), S= Face to face separation between TR1 and TR2. For 
(Fig.1.5), The Inner Diameter (ID1) and Outer Diameter (OD1) measured by pair TR1 and 
TR2 from the ID side of the tube are: 
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                     ID1 = WP1 + WP2 + S ………………………………… Eq.(2) 
                    OD1 = WP1 + WP2 + S+ WT1 + WT2………………… Eq.(3) 
                             = ID1 + WT1 + WT2……………………………... Eq.(4) 
 
For(Fig.1.6), The Inner Diameter (ID2) and Outer Diameter (OD2) measured by pair TR1 
and TR2 from the OD side of the tube are [19] 
 
                                  OD2= S- (WP1+WP2) ………………………... Eq.(5) 
                                  ID2 = OD2- (WT1 +WT2) ……………………. Eq.(6) 
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Fig.1.6.  Method-II: Inspection of Tube from outside [13] 

1.5.  Methods of Inspection of Tubes and Pipes 

Full or Partial Immersion Testing Technique is widely utilized for inspection of tubes and 
pipes. Various Transducer arrangements in automated arrangements which have been 
employed for testing tubes to detect longitudinal defects are as shown in (Fig.1.7)[46]. 
Currently, the one-probe method, pause and schlengermann method and double probe 
technique with multiplexing using a partial immersion (Fig.1.7(a), (e) & (f)) are preferred 
for inspection of boiler tubes, Pressure Tubes, Heat exchanger tubes, oil-filled tubes, precise 
tubing and nuclear-fuel canning tubes [21]. The terry method and zollmer and grabendorfer 
methods (Fig.1.7 (b), (c) & (d)) are useful to avoid the unwanted direct echo signals 
received from the tube surface. However, zollmer and grabendorfer method (Fig.1.7 (d)) is 
difficult for the correct and reproducible adjustment for both transducers, independently of 
each other. The adjustment of transducers is easier in method c ((Fig.1.7(c)) but the sound 
paths and transit times are too long. On the hand, the surface echo of the single Transducer 
method can be useful for a reference and a fail-safe indication. Usually, two complete 
separate Transducer arrangements in the longitudinal direction of the tube, and with sound 
beam paths in opposite directions are used for inspection. In this way, the internal and 
external laps are covered reliably for both directions of inclination.  
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Transverse defects are detected with an additional simple arrangement of a single 
transducer, which generates a 45° zigzag wave along the tube wall in the longitudinal 
direction shown in (Fig.1.7 (e)). Unfavourably oriented defects are also detected by a second 
transducer which is placed in the opposite direction as shown in (Fig.1.7 (f)). In general, 
Tube testing installations are divided into two groups of different mechanical designs. In the 
first type, the Transducer arrangement is stationary and the tube is rotated and moved 
longitudinally to achieve a spiral scan. In the second type, the tube is longitudinally moved 
and the transducers rotate around it giving an arrangement that fits better into the production 
process [21]. 
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Fig.1.7.  Ultrasonic Testing of tube using full or partial immersion techniques a) One-
probe method; b) Method according to Terry; c)& d) Method According to Zollmer 
and Grabendorfer; e)Method according to Pause and Schlengermann; f) double-probe 
technique with multiplexing using partial immersion[21] 

For some specific problems, pipe inspection from outside (OD side) is not feasible. In such 
cases, a pipe inspection from the ID side is recommended. An Immersion technique is used 
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by filling the pipe with water and introducing transducers inside the pipe (Fig.1.8) [21]. A 
normal beam Transducer placed inside the pipe radiates acoustic beam axially, an acoustic 
mirror mounted in front of the transducer reflects the acoustic beam in the desired direction. 
Depending on the orientation and the shape of the acoustic mirror, the reflected beam can be 
used for detecting longitudinal or transverse cracks, or for measuring the wall thickness. By 
using a curved acoustic mirror, the beam can also be focused in the desired direction. 
Detection of longitudinal defects present in externally finned pipes is difficult. In general, 
these pipes are covered from the outside by closely spaced ribs. The detection of flaws is 
difficult because the individual ribs produce echoes. For this purpose, the pipe or the 
transducer and mirror assembly is rotated slowly. The detection of transverse defects causes 
no difficulties. Much easier for the testing of high-pressure finned pipes (hair-pin pipes) 
used in the chemical industry [21]. 

Acoustic mirrorTransducer

WT

Water

Water

Transducer
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Defect

Water

transducer

(b)

Acoustic mirror

Defect

Water

(c)  

Fig.1.8.  Testing of pipes from ID side. a) Wall-thickness measurement; b) Detection of 
longitudinal defects; c) Detection of transverse defects[21] 

1.6.  Flaw Detection 

Ultrasonic Testing (UT) method is currently employed for flaw detection, sizing and 
characterization of Pressure Tubes (PT) of Pressurised Heavy Water Reactors. Ultrasonic 
Testing instruments are available to estimate the flaw parameters – length, width and depth 
with high accuracy. Because the sizing ultimately decides fitness for the service of 
components in operation. Modified UT techniques and software are employed to improve 
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flaw identification and characterization, to increase sensitivity and accuracy of 
measurements, to decrease analysis time and improve the efficiency of analysis, and to 
decrease the number of required replicas. 
There are two different types of flaw sizing methods based on threshold [47- 48& 164] 

 Decreasing the maximum indication amplitude on UT flaw detector by a fixed 
number of decibels (For example, 6 dB drop technique which drops the maximum 
indication amplitude by    6 dB i.e., to 1/2 or 50% of its original value amplitude. 

 Decreasing the maximum indication amplitude to some percentage of Distance 
Amplitude Curve (DAC) (For example, 50% DAC drop technique which drops a 
maximum indication amplitude to 50% of DAC. Similarly, a 100% DAC drop 
technique drops a maximized indication's amplitude to 100% of DAC. 

1.6.1.  Decibels (dB) Drop Methods 

Kupcis from Canada stated the 6 dB drop technique is reasonably accurate with increase in 
flaw size [49] and this characteristic was also noted by Farley and Dikstra [50], stated the 
resultant good approximation to the defect size (provided defect is greater than the beam 
width).  

6 dB drop method is the simplest and widely used method to estimate the size of a planar 
defect. In this method, the reflected echo amplitude is firstly maximized to get maximum 
amplitude on the UT flaw detector screen. The transducer is further moved in one direction 
by continuously monitoring the echo amplitude. Once the amplitude drops off to 50% of 
maximum amplitude i.e. by -6dB, transducer movement is stopped and transducer 
displacement is noted. From this position transducer is moved in the reverse direction until 
it drops to 50% of maximum amplitude again. The transducer displacement is measured and 
this will be the estimated flaw size in the direction of measurement. Similarly, the echo 
amplitude can be traced in every possible direction to estimate the flaw 
geometry [1&51]. Flaw investigation threshold is established at 50% (-6 dB) of the 
calibrated levels for most of the flaw sizing requirements. [48].  

For certain regions of the pressure tube of pressurised heavy water reactor, may have this 
threshold is lowered even further, to 20% (-14 dB) due to the non-uniform stress field in the 
area. 14 dB drop method is reasonably more accurate and much preferred because of its 
ability to measure the width of the main echo envelope as opposed to the width of a single 
peak within the envelope of each signal. 

According to Kupcis from Canada, the 20 dB drop technique is increasingly more accurate 
for defects smaller than the beam width [50]. It is, however, time-consuming, requiring 
careful calibration, choice of flaw detector instrument, and application under conditions 
which have been foreseen and explored [52 & 53]. The 20 dB drop method was the most 
accurate method for measuring the lengths of artificial flaws produced from Hemi-elliptical 
saw cuts and rectangular slots [47 & 54]. 

1.6.2.  ASME Decibel Drop Techniques 

ASME decibel drop techniques (drop to 100% DAC and drop to 50% DAC) varied greatly 
in their ability to measure accurately flaw length. The problem is that the amount of signal 
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drop from maximum amplitude to a fixed threshold level, such as 100% DAC or 50% DAC, 
varies with the value of maximum amplitude [47]. For example, with a threshold 
of 50% DAC, +4 dB indications would drop to 10 dB and exhibit a large length, a -4 dB 
indication would drop to 2 dB and exhibit a short length while any indication at or below -6 
dB would have no recordable length. It does not give accurate and repeatable flaw sizes[47]. 

There is a fundamental difference between measuring size by a fixed dB drop from 
maximum echo amplitude and the ASME method of a variable dB drop from maximum 
echo amplitude to a fixed percentage of DAC. 

1.7.  Ultrasonic Imaging 

Ultrasonic Imaging is an automated, very accurate, repeatable and reliable inspection 
technique, for Non-Destructive Evaluation (NDE) of objects such as bars, rods, tubes and 
pipes, vessels, welded joints and nozzles etc.[13, 55 & 56]. Advanced ultrasonic Imaging 
technique enables to visualize depth, geometry and orientation of the flaw. The mechanical 
components, where stringent quality control requirements are mandatory, the Ultrasonic 
Imaging technique provides maximum information about the integrity and remaining useful 
life of the component under test. Automated Ultrasonic imaging system interfaced to the 
computer can perform inspection and visualization of interiors of critical components, in the 
form of high-resolution cross-sectional images [57&221]. Such high resolution, cross-
sectional (B-Scan and C-Scan) images serve as a reference for defect growth monitoring and 
are used for locating and sizing the defects. Advanced signal processing techniques such as 
FFT, Synthetic and Aperture Focusing Technique (SAFT) or Time-Of-Flight Diffraction 
(TOFD) technique [58], Digital Filtering techniques are analysis tools employed for the 
quantification and interpretation the flaws in an accurate manner. For assessing the integrity 
of objects like Tubes, Pipes, Billets, pressure vessels, etc. which have circular geometry, it is 
desirable to perform volumetric i.e. C-Scan imaging inspection, under contact/immersion 
mode over its entire volume, using automated mechanisms. The main advantage of 
Ultrasonic imaging technique is its ability to visualize interiors of such objects during Pre-
Service, In-Service or Post-Service stages. For objects with the long length/large 
dimensions, multichannel and multi-transducer Ultrasonic Imaging systems are extremely 
useful and they drastically reduce the inspection time [55& 139]. 

For inspection of pressure tubes of pressurised heavy water reactors, Ultrasonic examination 
techniques based on the measurement of longitudinal to shear velocity ratio and time-of-
flight based B & C-Scan imaging have been developed by BARC, India in the laboratory for 
detection of uncracked zirconium hydride blisters. When the pressure tube is examined from 
the ID side using a normal beam longitudinal wave, there is a reduction in the time-of-travel 
of the OD signal at the blister location as the velocity of the longitudinal wave is higher in 
zirconium hydride as compared to zircaloy [22]. Therefore, the shift in the TOF of OD 
signal is observed in the B-scan image as shown in (Fig.1.9). The reverse happens while 
using shear waves. This technique is very reliable for detection of blisters of the order of a 
millimeter and can detect blisters of much smaller depth (0.2 mm or higher.) 
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Fig.1.9.  B-Scan image acquisition for detection of Hydride blisters in Pressure Tubes 
of Pressurised Heavy Water Reactors such as PHWR [22] 

 

2.  REVIEW OF WORLD WIDE RESEARCH ON ULTRASONIC INSPECTION 

SYSTEMS FOR METALLIC TUBES 

Tubes of various metals and metal alloys are utilized in the industry and they have a range 
of diameters and wall thicknesses. Tubes are manufactured by two processes, either seamed 
type (welded) or seamless type [59]. Ultrasonic testing of tubes is carried out for gauging 
and flaw detection. Similarly, ultrasonic systems are available which can provide imaging of 
tubes and pipes for flaw detection. Internal Rotary Inspection System (IRIS) can inspect 
long-length tubes of heat-exchangers which have small diameters [96]. The operating 
principle of all the systems is mainly pulse-echo technique [41& 60]. Lithuania has 
developed Ultrasonic-Zirconium Tube meter for automatic inspection of the channels of the 
RBMK type nuclear reactor [83]. This system is mainly intended to be used for the accurate 
measurement of wall thickness, inner diameter and the outer diameter of Zirconium tubes. 
The operating principle of such system is mainly based on the time of flight measurement in 
liquids and solids. Similarly, AECL Canada has developed a completely automated CIGAR 
(Channel Inspection and Gauging Apparatus for Reactors) for the inspection of pressure 
tubes of CANDU reactors [53]. BARC has also developed BARCIS (BARC Channel 
Inspection System Apparatus for Reactors) which is used to perform gauging and flaw 
detection of pressure tubes of Indian PHWRs [8]. 

A novel intelligent ultrasonic system has been developed by China for wall-thickness and 
diameter measurement of the zirconium alloy cladding tubes. The measurement precision of 
diameter and wall thickness is improved by using a proprietary compensation technique for 
the ultrasonic system embedded with the Artificial Neural Network (ANN) [111]. Another 
inspection system is available from China for the detection of circumferential defects of 
boiler tubes using the Ultrasonic Guided Wave technique. Ultrasonic Testing Systems are 
available for the measurement of wall thicknesses of above 0.7 mm and diameters of above 
18.75 mm for welded tubes from Western Instruments, Canada [115] and the measurement 
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precision of the diameter is 2.5%. Karl Deutsch, Germany has developed Ultrasonic 
Inspection Systems for Tubes with a diameter range of 20 mm to 610 mm using contact and 
immersion technique [108]. Ultrasonic inspection of Tubes without transducer rotation has 
been developed by Kinectrics Inc., Canada, for the improvement in inspection speed [103]. 
The quasi-Tomographic approach using ultrasonics is also available for flaw 
characterization of tubes [97]. Another System TRUSTIE has been proven to be a valuable 
tool for inspecting the unique design configuration of CANDU steam generator (SG) tubes 
[88].  

In this chapter, a review has been made on the worldwide research work carried out on the 
design and development of Ultrasonic inspection systems for tubes utilized for critical and 
strategic applications in the industry. The review has been carried out based on the topics 
namely Ultrasonic Inspection systems for tubes in nuclear and other industries, testing 
methods, features and limitations, etc. 

2.1. Ultrasonic Inspection Systems for Tubes in Nuclear Industry 

The coolant channel comprises of a pressure tube, surrounded by a calandria tube and in 
between these two tubes, a pair of garter spring spacers are placed [61& 62]. It is mandatory 
to check pressure tubes regularly; as they carry the nuclear fuel and integrity of zirconium 
alloy pressure tubes (Zircaloy-2 / Zr-2.5% Nb) is of prime importance. Non-Destructive 
Examination (NDE) of coolant channels during periodic in-service inspection plays an 
important role during the reactor shut-down period [63 & 64]. NDE provides information on 
the presence or absence of flaws in pressure tube, the location of garter spring spacers and 
the gap between the pressure tube and calandria tube. These inputs are vital to the plant 
operator and to the regulatory authorities, for taking decisions regarding the continued 
operation of coolant channels. Ultrasonic Testing (UT) method is widely used for inspection 
of pressure tubes in the Nuclear Industry [65& 66]. 

The serviceability of pressure tubes depends on their performance with respect to four main 
parameters [3]: 

 dimensional change 

 corrosion and hydrogen ingress 

 change in mechanical properties 

 flaw development 

There are many Ultrasonic Inspection Systems which have been developed by various 
national and international researchers and manufacturers for the inspection of coolant 
channels in the nuclear industry, as described below: 

2.1.1. CIGAR (Channel Inspection and Gauging Apparatus for Reactors), Canada 

Keywords: UT, B-Scan, C-Scan, DBSCAN, PE, T-R, Pressure tube 
AECL Canada has developed a completely automated CIGAR (Channel Inspection and 
Gauging Apparatus for Reactors) system for the inspection of pressure tubes of CANDU 
reactors of Ontario Hydro [67 &68]. Ultrasonic Testing (UT) is a commonly used inspection 
method for pressure tubes. This system is capable of providing a complete range of 
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inspection services, including volumetric inspection of the pressure tube. Inspection & 
Maintenance Services operate a variety of pressure tube inspection systems for CANDU 
reactors of Canada. Such inspections are accomplished by using the following two systems 
[69& 70]:  

 CIGAR (Channel Inspection and Gauging Apparatus for Reactors)  
 BRANDE (BRIMS Non-Destructive Examination)  
 

For these two systems, differences are in the delivery mechanisms, electronics and computer 
hardware and inspection rates but basic pressure tube inspection capabilities and procedures 
remain identical for both the systems. 

2.1.1.1. Inspection Setup and Methodology [71& 72] 

The CIGAR tool has six ultrasonic transducers used for defect detection, sizing and 
characterization. There are two normal incidence transducers; one of them is 10MHz and 
another of 20MHz as shown in (Fig.2.1). The normal incidence transducers are always 
operated in pulse-echo mode. Four numbers of 10 MHz angle beam shear wave transducers 
are operated either in pulse-echo or T-R mode and are orientated around the 20MHz normal 
incidence transducer in such manner that any point on the pressure tube will be inspected 
from above as well as from the front, back and each side via the full-skip method. The 
inspection of pressure tubes using the CIGAR tool is a two-stage process. The first stage 
acquires a pulse-echo signal from each transducer and applies time gating to the data so that 
the signals reflected from the pressure tube interface are interrogated within the time gates. 
The C-scan representation of the data and to review the data for differences in amplitude 
response throughout the pressure tube which could indicate the presence of a defect. The 
second stage of the acquisition process records the full signals from the 20MHz normal 
incidence transducer, as well as both the axial and circumferential pitch-catch pairs. These 
datasets are known as B-Scans and are used to measure the depth of a flaw. The main 
function of the inspection system is to provide volumetric inspection capability. The typical 
B-Scan image acquired for the pressure tube of a CANDU reactor is shown in (Fig.2.2). 

16



Forward Transducer 
(10 MHz, Immersion 

Transducer)

Normal Beam Transducer 
(20 MHz, Immersion 

Transducer Backward Transducer
(10 MHz, Immersion 

Transducer)

           Interface

Pressure Tube 
    

OD  ID

   Time

    Amplitude

A-Scan Pulse Echo response by water immersion 
technique

ID

OD

(PE or T-R)
(PE) 

(PE or T-R)

 

Fig.2.1.  Ultrasonic Transducer setup for CIGAR system [73] 

2.1.1.2.  BRANDE 

Another inspection system developed by AECL, Canada is known as BRANDE, which is 
available with the same ultrasonic transducer configuration as CIGAR but records B-Scan 
image over the entire length of the pressure tube and at a higher resolution compared to 
CIGAR (Fig.2.3) [74]. Machine learning approach andDBSCAN (Density Based Clustering 
Algorithim) is incorporated in CIGAR system to obtain high reslution B-Scan and C-Scan 
images. 

 

Fig.2.2.  Typical B-Scan image acquired for pressure tube of CANDU reactor [73] 
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Fig.2.3.  Ultrasonic Transducer setup of BRANDE [71] 

2.1.1.3.  Method [71] 

An unsupervised machine learning approach is adapted to group signals derived from the 
defective region, and separate them from those derived from healthy regions of a component 
under inspection. The process requires no individually labeled signals, nor a predefined 
normal state. It follows a two-stage clustering procedure that takes into account both signal 
features and position features, enabling noise elimination. The extracted signal features are 
simple statistical properties of the signals that do not require wave-transformations. 
Furthermore, the number of features is minimal to avoid the of-dimensionality and time-
consuming feature-space transformations that increase the number of assumptions. Enabling 
this procedure is a Density-Based Clustering Algorithm (DBSCAN) which offers 
advantages for this application, such as the detection of arbitrarily shaped clusters, no 
requirement to predefine the number of clusters, and detection [72&74]. This technique has 
the application of the machine learning approach to inspect data of CANDU reactor pressure 
tubes. The datasets consist of ultrasonic signals obtained by a 20MHz normal incidence 
pulse-echo transducer and two pairs of axial and circumferential pitch-catch transducers 
from areas containing defects. Defect location and sizing have been verified manually by 
independent analysts, providing a valuable source for the algorithm’s assessment stage. 

2.1.1.4. Features of CIGAR [53, 69 &74] 

 ID flaws are measured with an accuracy of +/- 20 microns  
 The accuracy of the Pitch Catch method is +/- 40 microns 
 Sizing accuracy for flaws is 20 to 30 microns 
 Fully automated tool for inspection of CANDU reactor pressure tubes 
 Volumetric inspection of the pressure tube 
 Flaw characterization by flaw replication 
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 Channel gauging (internal diameter and tube thickness measurements) by ultrasonic 
pressure tube sag profile 

2.1.2.   BARCIS (BARC Channel Inspection System), India 

Keywords: Angle Beam, Normal Beam, Distance Amplitude Curve, Time of Flight 
difference, Flaw detection, Pressure tube 
BARC has developed semi-automatic BARCIS (BARC Channel Inspection System) for 
PHWR Reactors and the system is used to perform ultrasonic gauging and flaw detection of 
pressure tubes of PHWR [75]. A semi-automated remotised channel inspection system 
known as BARCIS has been developed for In-Service- Inspection (ISI) of coolant 
channels [76 & 77]. The inspection is carried out from one end of the channel with the 
reactor in the shutdown condition and coolant is pump during inspection. The channel to be 
inspected is defueled and the fuel bundles are temporarily stored in the fueling machine [8 
& 78]. 

2.1.2.1.  Inspection Setup and Methodology 

BARCIS inspection Head is incorporated with dedicated angle beam immersion ultrasonic 
transducers – one for axial scan and other for the circumferential scan as shown in (Fig.2.4). 
These are line focused transducers having a frequency of 10MHz. The axial scan transducer 
angulated to have a 45-degree refracted beam inside the Zircaloy tube, which moves along 
the tube axis and transducers are sensitive to flaws extending mainly in the circumferential 
direction. The circumferential transducer uses an offset method to produce a 45-degree 
shear beam inside the Zircaloy tube and they move around the circumference which is 
sensitive to flaws extending along the tube axis (Fig.2.5)[79]. 
The estimation about the depth of flaw is carried out using two individual methods – namely 
angle beam reference amplitude comparison & Time of Flight difference measurement. 
These are explained below: 
 
• Angle Beam: Reference reflector amplitude comparison 
• Normal Beam: Time of Flight difference measurement 

 

Fig.2.4.  Inspection Head placed inside the Pressure Tube of PHWR [79 & 80] 
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Fig.2.5.  Photograph of BARCIS Inspection Head [79& 80] 

2.1.2.2. Angle beam Reference Reflector Amplitude Method 

In this method, standard notches of defined width, length and depth-corresponding to the 
percent of wall thickness having axial as well as circumferential orientation are created over 
the ID and OD surfaces of a PT reference sample. The notches are machined with very high 
accuracy and stringent tolerances using special tools & machines corresponding to 
maximum allowable flaw size [51]. These notches are considered as a reference and scanned 
using a 45° shear wave with line focused transducers for sensitivity calibration. The 
transducer sensitivity is recorded at different skip distances to form a Distance Amplitude 
Curve (DAC) corresponding to the individual transducer as shown in (Fig.2.6 & 2.7). This 
process is referred to as sensitivity calibration for the ultrasonic transducers. During the in-
service inspection of coolant channels, the pressure tube is scanned axially and 
circumferentially from inside the PT, both with same sensitivity settings as was in 
calibration and if some echo is observed, the echo beam path is compared with the reference 
DAC curve to determine the flaw position i.e. ID/OD or within the wall (embedded flaw); 
and the echo amplitude is compared to estimate the size of the flaw being observed [51]. 
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Fig.2.6.  Angle beam flaw detection technique (Inspection from inside the PT) [51] 
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Fig.2.7.  Typical Distance Amplitude Curve (DAC) for flaw reference [51] 

2.1.2.3. Time of Flight (TOF) Method 

The ID surface of the PT is most susceptible to scoring marks or scratches because there is a 
periodic movement of fuel bundles while fueling-defueling. Such flaws are firstly detected 
by using an angle beam transducer of both orientations. Then a normal beam UT transducer 
is used to scan the detected flaw area for measuring the beam path distance or Time of 
Flight of the beam. As the beam enters into the flaw region, there will be some shift 
(increase) in time of flight value as shown in (Fig.2.8 & 2.9). Also, because the flaw may 
have rough uneven surface or edges that diffracts the ultrasound signal in all directions. 
Thus, the reflected echo reaching back to the UT transducer will be relatively smaller in 
amplitude. This marks the initiation of the flaw in the direction of movement. It is scanned 
continuously until the TOF recovers to the original value. This maximum difference in Time 
of flight value corresponds to the flaw depth and the displacement of the transducer provides 
length or width of the flaw. The advantage is that it is a direct measurement and flaw sizing 
accuracy is very high, because the acquisition is carried out utilizing precision movement of 
the transducer, using automation. 
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Fig.2.8. Time of Flight Difference technique for flaw detection [51] 
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Fig.2.9.  a) Time of Flight Difference for ID flaw (b) Time of Flight Difference for OD 

flaw [51] 

2.1.2.4. Features of BARCIS are [4&8] 

 Measurement of ID, OD and WT of pressure tubes using UT 
 Ultrasonic imaging of zirconium hydride blister region in pressure tubes. 
 Automatic data acquisition 
 Possible to detect 1 mm diameter hydride blister using the amplitude of the reflected 

shear wave. 

2.1.3. Ultrasonic Zirconium Tube Meter, Lithuania 

Keywords: UT, Time of flight, Dimension measurement, Zirconium tubes 
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Lithuania has developed Ultrasonic-Zirconium Tube meter for inspection of coolant 
channels of RBMK nuclear reactors. This system is mainly used for measurement of wall 
thickness, inner diameter and the outer diameter of Zirconium tubes. The dimensions of the 
zirconium tubes - diameters and wall thickness are the most important parameters for the 
safe operation of the RBMK type reactors. Dimensional values usually change due to 
temperature, pressure, irradiation and flow of coolant channels during operation of the unit, 
so they must be measured periodically to avoid any rupture of the tube surface[81 & 82].  

2.1.3.1. Principle of Operation [83&84] 

An ultrasonic technique for the determination of diameters and wall thickness of zirconium 
tubes in channel-type RBMK nuclear reactors has been developed. The method is based on 
the measurement of times-of- flight of ultrasonic waves reflected from the opposite inner 
walls of the tube filled with water (Fig.2.10) and on their comparison with the time-of-flight 
in a reference channel [27]. These measurements are performed along a straight line drawn 
between the opposite walls through the center of the tube. If the transmitters and receivers of 
the ultrasonic waves are located on this line, the inner diameter of the type Din can be 
determined. For this purpose, a transducer having at least two measurement channels and a 
reference channel is used (Fig.2.10). The transducers in each measurement channel send 
ultrasonic waves in opposite directions from the center of the tube. Each transducer is used 
both to transmit and receive ultrasonic pulses. The reflection from the front wall is 
employed to obtain the pure times-of-flight t1f and t2f respectively in channels 1 and 2, as 
well as to in the reference channel. The operation of the meter for measurement of 
zirconium tube diameters and wall thickness is based on the measurement of the time-of-
flight of ultrasonic pulses in liquids and solids. These measurements are performed along 
straight lines drawn between the opposite walls via the center of the tube. If the transmitters 
- receivers of the ultrasonic waves are located on this line, inner diameter and wall thickness 
can be determined [82]. For compensation of a non-uniform temperature (40-80°C) of water 
inside a tube, the reference channel is used. 

The developed measurement system enables precise measurements along the tube with the 
rotating transducer inspection head. While carrying out the in-situ measurements, some 
problems were experienced. The transportation unit of the transducer inspection head 
enables the center positioning with accuracy only within 2.0 mm. The projection of the head 
center path along 8 m of the tube is presented. The measurement errors are due to the shift 
of the transducer axis from the center of the tube. For this purpose, a mathematical model 
has been developed which takes into account the impulsive character of ultrasonic fields 
radiated by circular transducers and reflected from the tube walls. Numerical analysis 
showed that in the technique proposed eccentricities up to ±l mm do not influence the 
results of measurements noticeably. In order to eliminate any influence of the eccentricity of 
the measuring ultrasonic transducer, the measurements are performed in the opposite 
directions from the center along two straight lines perpendicular to each other and crossing 
the center of the tube. The influence of the temperature of the water, which fills the tube and 
has non-uniform spatial distribution, is eliminated by means of an additional reference 
channel. The tests carried out using a certified sample of a zirconium tube showed that the 
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diameters can be measured with an absolute error of less than 40µm, and a wall thickness of 
less than 25µm. The resolution of the system is ±5 µm. Acquisition of complete waveforms 
of the reflected ultrasonic signals instead of their times-of-flight will make it possible to 
obtain 2D and 3D acoustic images of the tubes. It should be mentioned that although the 
technique reported here has been developed for one particular type of tube, it can also be 
employed for the measurement of other types of tubes used in the power or petrochemical 
industries. 
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Fig.2.10.  Principle of measurement (a) Location of Transducers 1 and 2 inside the 
tube. The center of the measuring transducer 0 ’is shown shifted from the 
symmetry axis of the tube, coinciding with the origin of coordinates 0 [81] 

2.1.3.2. Main features of Tube Meter 

 Diameter and wall thickness measurements are with the accuracy of ± 50 µm 

 Performance in high radioactivity conditions and temperatures up to 100°C 

 Measurement control and data acquisition using remote PC 

 Processing and filtering of acquired data 

 Centre frequency of transducers 5MHz 

2.1.4. Fuel Channel Inspection Equipment for RBMK Reactors, Japan 

Keyword: UT, Flaw detection, Dimension measurement, fuel channels, stainless steel and 
Zircaloy tubes 
 
2.1.4.1. Introduction 

Specially designed equipment for inspection of RBMK reactor fuel channels has been 
manufactured by a Japanese joint company group and supplied to the Leningrad Nuclear 
Power Plant. Three different inspection heads of the equipment were used to detect flaws in 
the fuel channel especially in the diffusion weld between Zircalloy and stainless steel, to 
measure wall thickness, inner diameter, curvature, oxidized layer thickness and the length of 
the telescopic engagement of fuel channels and the inner diameter of graphite blocks. The 
chosen inspection head was inserted into the fuel channel and then withdrawn at a constant 
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speed in order to perform measurements. The speed of withdrawal was dependent on each 
inspection head. First Inspection head was used for the measurement of wall thickness and 
flaw detection, in Advanced Thermal Reactor (ATR). 

2.1.4.2. Detection of Flaws and the Measurement of Wall Thickness [85] 

Flaws and the wall thickness of the fuel channel can be measured with an ultrasonic method 
during the withdrawal of the inspection head. Six ultrasonic transducers have been used to 
measure flaws and one more transducer is used to measure wall thickness (see Fig.2.11). 
The inspection head is pressurized by air at 300kPa to prevent water leakage into the head. 
The basic technologies used for pressurized tube inspections were developed by Naruo and 
Nakamura) for the maintenance of a heavy-water-moderated pressure-tube type ATR 
reactor. (Fig.2.11) shows the configuration of the ultrasonic transducers provided in the 
inspection head. For detecting flaws, the angles of incidence of the ultrasonic waves on the 
wall were set at 230and 260, 300 and 310 for transducers. Preliminary experiments indicated 
that flaws could be detected effectively with these settings. The first four transducers are for 
inspecting stainless steel and Zircaloy tubes in axial, circumferential and for two inclined 
directions and the other two transducers for inspecting the upper and lower diffusion weld 
joints. 

 
Fig.2.11.  Inspection Head for Flaw Detection and Wall Thickness measurement[85] 

2.1.5. Ultrasonic Inspection of Steam Generators at CANDU Power Plants, Kinectrics 

Inc. 

Keyword: UT, Flaw detection, Flaw characterization, Stem generator tubes, Angle beam, 
Normal beam 
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2.1.5.1. Introduction [86] 

TRUSTIE (Tiny Rotating Ultrasonic Testing Equipment) is one of the tools for inspecting 
the CANDU steam generator (SG) tubes. TRUSTIE is a high-resolution ultrasonic imaging 
system that offers the capability to accurately assess the severity of degradation and monitor 
its growth in SG tubes. The system has been successfully applied for in-service and periodic 
inspections of SG tubes for flaws such as pits, frets, dents, stress corrosion cracks and tube 
deformation. Accurate information on SG degradation can reduce unnecessary tube pulling 
and plugging. Inspection technique with TRUSTIE is capable of providing a detailed 
characterization of defects, such as depth, location and overall morphology, etc. 

2.1.5.2. Inspection Setup [86&88] 

A TRUSTIE system consists of a rotating flexible driveshaft with a detachable ultrasonic 
transducer. It utilizes a manipulating arm the Zetec SM-23 to position the transducer. The 
motion control of the mechanical (axial and rotary drive) system and the acquisition of the 
ultrasonic data are performed remotely using Winspect (UTEX Inc.), a 32-bit Windows-
based data acquisition and motion control software. TRUSTIE inspection involves both 
axial (along the tube axis) and rotary (around the tube circumference) motions. The axial 
drive provides the push and pull motions of the driveshaft to position a transducer in the 
axial direction. The rotary drive provides rotary control of the ultrasonic transducer during 
scanning. The driveshaft provides electrical connections so that the ultrasonic signal from 
the rotating transducer can be received by the host receiver at the data acquisition control 
console. The TRUSTIE system provides high-precision scanning capabilities including 
continuous full 360° helical rotations. In typical operation, water is pumped into a tube to 
build up a water column serving as the ultrasonic couplant between the transducer and the 
tube. 

2.1.5.3. Ultrasonic Transducers used in TRUSTIE [88] 

Different degradation mechanisms and SG configurations have led to specific inspection 
requirements. A number of TRUSTIE™ transducers have been developed in response to the 
inspection requirements. The Normal Beam (NB) and Shear Wave (SW) transducers are 
configured to generate sound waves at the tube surface with different incident angles. The 
straight leg and U-bend transducers have different physical lengths. The U-bend transducers 
are shorter to allow tight tube radiuses to be navigated. A traditional TRUSTIE™ transducer 
utilizes a single-element focused ultrasonic transducer and special mirror/mirrors to direct 
ultrasonic beam. Transducer technology has evolved from the standard single element NB 
and SW transducers (as shown in (Fig.2.12)) to multi-element combination transducers (as 
shown in (Fig.2.12)) for increased inspection coverage, reliability and productivity.  
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Fig.2.12.Single Element Transducer and Multi-Element Transducer for TRUSTIE [88] 

2.1.5.4. Features of the TRUSTIE System are [86&88] 

Inspection of tubes with Inside Diameter (ID) from 0.34’’ to 0.54’’ inch 

Tube lengths up to 50 feet 

Normal beam and shear wave transducers (frequencies ~15 MHz) 

Automated data acquisition and remote analysis 

Detection, sizing and characterization of flaws  

ID Profile characterization 

Inspection of U-bend regions 

Inspection of preheated regions 

Growth monitoring 

2.2.  Ultrasonic Inspection Systems for Other Industries 

Many tubes employed in aerospace, refineries and petrochemical industries are critical 
components for fluid transport. These tubes are subjected to high temperatures and stressed 
environments leading to damage, due to creep mechanism [89]. Various researchers and 
manufactures have developed Ultrasonic inspection systems for inspection of tubes, as 
described below. 

2.2.1. Internal Ultrasonic Pipe & Tube Inspection – IRIS, Pan American Industries 

Keyword: UT, Pulse-echo water- immersion technique, Heat exchanger tubes, boiler tubes, 
Dimension measurement, B-Scan, C-Scan 

IRIS is one of the widely used advanced ultrasonic inspection tools for internal inspection of 
Heat exchanger tubes and boiler tubes using the water immersion technique [90-92]. The 
operating principle is mainly based on the pulse-echo water-immersion technique with 
mirror reflector to inspect thin-walled tubes, from inside. After the tubes are cleaned each 
tube is then filled with water and a rotating transducer is pushed over the length of the tube, 
scanning the entire circumference of the wall [93].  
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2.2.1.1. Method [94] 

The operating principle is based on the pulse-echo detection. A transducer excited by a 
high-frequency HV pulse produces an ultrasonic wave that propagates into water. A rotating 
450 mirror reflects the acoustic wave to produce a normal incidence beam on the ID of the 
tube as shown in (Fig.2.13.) and (Fig.2.14.). Echoes reflected back from each metal-water 
interface, are digitized and processed to extract the time of flight and amplitude of the front 
wall (interface) echo and back wall echo. Further computation is made to compute the tube 
ID, Outer Diameter (OD) and Wall Thickness (WT). During the inspection, the real-time B-
Scan and C-Scan images of ID, OD, or WT provide through-thickness data that makes data 
analysis and damage assessment easy. C-Scan is recorded in real-time or user-selected 
defective region, which is scanned for offline analysis, reporting, and archiving [95]. The 
acquired real-time B-Scan as shown in (Fig.2.15) and C-Scan image in (Fig.2.16). 
Inspection is performed using high Pulse Repetition Frequency (PRF). The system PRF is 
programmable from 1 to 18,000 pulses/second. Typically, an IRIS turbine can spin up to 
3600 rpm. Full coverage of the tube circumference requires that the transducer is energized 
up to PRF of 12 kHz. This typically provides a circumferential resolution of 0.016 inches 
and an axial resolution of 0.040 inches. at a pulling speed of 2.4 inches/second. 
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Fig.2.13.  Schematic diagram of Transducer assembly [96] 

 

Fig.2.14.  Centering Device of IRIS [96] 
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Fig.2.15.  Typical B-Scan images of thin walled tube of Heat Exchanger, acquired by 
IRIS [96] 

2.2.1.2. Features of IRIS System [94] 

  IRIS inspects ferrous & nonferrous materials up to 6” internal diameter. 
 Standard transducer cable lengths are 30 to 600m. 
 Acquired data is for ID & OD, Wall Thinning and Remaining wall thickness 
 The ID/OD wall profile is shown together with wall thickness and a real-time 

C-Scan.  
 Internal and external corrosion, pitting, denting, bonded scale and ovality are easily 

identified 

2.2.1.3. Limitations of IRIS System [91 & 94] 

 A good inspection can be compromised by the customer failing to clean tubes 
properly 

 Bonded scales, loose debris and wax or oily deposits affect data readings 
 Cleaning is to be done with a very high-pressure water blast, brushing or with 

chemicals 
 Results can also be affected by dirty/low-pressure water and electrical interference 
 Cannot detect circumferential cracks 
 Inspection speed is approximately 15 feet/minute 
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Fig.2.16.  Typical C-Scan and B-Scan images of Thin-walled Tube of Heat exchanger, 
acquired using IRIS [96] 

2.2.2. Ultrasonic Testing and Flaw Characterization (Alex Karpelson), Canada 

Keyword: Ultrasonic Tomography, Flaw Characterization, Pitch-Catch, Shear Wave CW PE, 
Shear Wave CCW PE 
UT tomographic method generates high resolution cross-sectional images (tomograms) of 
the internal structure of the test object depicting distributions of four different material 
properties namely acoustic impedance, ultrasound speed, density, and attenuation 
coefficient, and provides very high-resolution 2D and 3D images. The ultrasonic 
tomography method is the most accurate and reliable one, enables to characterize the flaws. 
Such a method insonifies each area of the object from different positions and at various 
angles. But unfortunately, tomography is a very complex and expensive technique, and 
commercial UT tomographs are not routinely required. Therefore, it is worth to develop 
something like a “quasi-tomographic” approach for UT testing, which could significantly 
improve the inspection capability [97& 98]. B-Scan imaging results were obtained on the 
metallic tubes as described in the following sub sections. Results were acquired using 
UTEX-340 Pulser- Receiver unit and Winspect TM Software. 

2.2.2.1. Shear Wave Multi-skip Pitch-Catch (PC) Technique at large Incident Angle 

The advantage for flaw characterization using PC technique performed at large incident 
angles and containing three skips within the tube wall (Fig.2.17– 2.20). After each ID/OD 
reflection, the angle range, within which the reflected waves propagate inside the tube wall, 
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increases, i.e. the UT beam becomes more diverging. As a result, after a few reflections, the 
beam impinges on the ID and OD within a wide range of angles; therefore, it allows to see 
flaw simultaneously at different angles. 

 
Fig.2.17.  Ray-tracing Simulation of Circumferential 3-skip Pitch-Catch (PC) 

Technique [99] 

(Fig.2.18) shows the different typical ID axial notches utilized for B-Scans: 

 

 

 Fig.2.18. Cross-sections of four typical axial ID notches: a - asymmetric ID axial V-
notch with α/β inclination angles and tip radius r, b - undercut α/β ID axial 
sharp V-notch, c - α/β ID axial sharp V-notch, and d - rectangular ID axial 
notch with fatigue crack at the notch edge. 

31



 

Fig.2.19.  Circumferential 3-skip Pitch-Catch (PC) B-Scan of asymmetric ID axial V-
notch with inclination angles 900 /600, 0.5 mm deep with tip radius 0.1mm [99] 

2.2.2.2. Normal Beam (NB) Technique with large Transducer 

The large NB transducer due to various angles and directions of flaw insonification 
particularly after OD/ID Diameter reflections allow characterization of the flaw and to some 
extent depict its shape. Trajectories of the UT beams transmitted by large Diameter NB 
transducer, after two reflections are shown schematically in (Fig.2.20). The large transducer 
can be presented as a number of small transducers stuck together. Then the central part of a 
large transducer works as a small NB transducer, while the peripheral parts of this 
transducer work as small-angle transducers in PE and/or PC modes. So, one large-diameter 
transducer can insonify flaws at various angles and from different directions. 

Tube

Transducer

 
Fig.2.20. Schematic of Ultrasonic Beam Transmitted by large Diameter 

NB transducer [99] 

The images of various notches, which were obtained by employing large Diameter 
transducer, are shown in (Fig.2.21). One can see that it is not only possible to evaluate notch 
width and depth, but some images (particularly the 3rdreflection located at ~23.5μs) really 
“reproduces” the shape of the notch (at least, as a 1stapproximation). 

32



 
 
 
Fig.2.21.  Circumferential NB PE B-scan of asymmetric ID axial V-notch with 

inclination angles 900/600, 0.5mm deep with tip radius 0.2mm [99] 

2.2.2.3. Combination of Three Different Techniques (CW PE, angle CCW PE and PC)  

The ability to combine information, obtained by using different techniques and transducers 
and then reconstruct the flaw, is the main advantage of the classic tomographic method. For 
this purpose, special software should be developed. In order to realize the simplified “quasi-
tomographic” technique [99], one can use another simple method, which combines 
information from different transducers. One of the ideas is to connect simultaneously two 
transducers (e.g. two circumferentially positioned transducers, clock-wise (CW) and 
counter-clockwise (CCW)) to pulser-receiver working in the PE mode. As a result, both 
transducers will simultaneously transmit UT signals and both will receive the responses. 
Each transducer will receive its signals, reflected from the tube ID and OD, and also signals, 
transmitted by other transducer and reflected from tube surfaces. Subsequently, three 
techniques will be realized simultaneously: angle CW PE, angle CCW PE and Pitch-Catch 
(PC). Schematic of the angle CW PE technique is presented in (Fig.2.22). 

 
Fig.2.22.  Schematic of the Circumferential Shear Wave CW PE technique for Tube 

Inspection [99] 

The obtained “combined” image will contain responses typical for these three techniques; in 
other words, it will look like three interposed images: Clock Wise (CW) PE, Counter Clock 
Wise(CCW) PE and PC. This “combined technique” can be performed as 3D or 2D scans at 
different incident angles and various transducer positions. Responses from different 
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transducers can be easily distinguished. While 3-skip PC images show two sides (left and 
right) of the notch tip, the angle PE responses (the lengths and durations of the CW and 
CCW reflections from tip and corner of the notch) can be used to characterize two 
inclination angles of the notch and even tip radius of the notch [99 & 100]. Typical 2D 
circumferential B-Scans of different notches are presented in (Fig.2.23). These scans have 
CW, CCW, and 3-skip PC responses in one image; they demonstrate that using a combined 
technique it is quite possible to characterize the flaw by reproducing its shape (there is an 
obvious correlation between images and notch shapes) and rather to accurately size the 
notch. 
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Fig.2.23. Circumferential Shear Wave 2D Combined (CW+ CCW + Two-Skip PC) B-

Scan of Symmetric Rectangular ID Axial Notch 0.5mm Deep [101] 
 
2.2.3. Ultrasonic Testing of Tubes without Transducer Rotation, Kinectrics Inc. 

Keyword: UT transducers, Flaw detection, NB, Angle Beam, Shear Wave Multi-Skip technique 

2.2.3.1. Introduction 

Sometimes there are serious problems with complex transducer assembly system and UT 
inspection time because of necessity to provide 100% volumetric coverage of the tube by 
rotating the transducer module. Ability to perform the UT inspection without mechanical 
rotation of transducer module will lead to significant simplification of the transducer 
assembly system and decrease of the inspection time due to increase of the axial speed of 
the inspection system. Moreover, the necessity of rotation decreases reliability and 
sensitivity of the inspection system because of mechanical vibrations, backlash, radial shifts, 
possible jams, electromagnetic noise from rotating motor etc. Therefore, in general, the 
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possibility to get rid of the rotation is extremely attractive, and it will lead to significant 
financial benefits [100&102]. One of the most typical solutions is to apply a one-
dimensional circular cylindrical phased array or even two-dimensional cylindrical matrix 
array instead of a single transducer. Normal beam (NB) circular transducer and angle shear 
wave circular transducer, covering simultaneously 3600 can be used for flaw detection, as 
shown in (Fig.2.24& 2.25).  
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Fig.2.24.  Schematic of NB Circular Tube-Transducer for Flaw Detection [103] 
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Fig.2.25. Schematic of Angle Beam Shear Wave Circular Cone-Transducer for 
Circumferential Flaw Detection [103] 

The UT beam from these circular transducers impinges simultaneously on the whole inner 
surface of the tube along the circle and covers 3600. As a result, the whole tube in a 
circumferential direction can be examined simultaneously. The beam reflected from the tube 
inside and outside surfaces will return to the transducer. The experimental circular tube 
transducer (probe) and circular cone-transducer (probe), covering 3600 (GE Inspection 
Technologies, Lewistown, PA), are shown in (Fig.2.26).  
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Fig.2.26. Non-Focused Circular Transducer covering 3600: NB Tube-Transducer (A), 

Angle Cone-Transducer (B) [103] 

 
2.2.3.2. Standard Transducer with Attached Mirror for Circumferential Flaw Detection 

The NB transducer (standard transducer with attached 450 conical mirror is shown in 
(Fig.2.27)) cannot be employed because of low sensitivity and very strong background 
reflection from the tube, which will mask weak flaw responses [102& 104]. At the same 
time, the angle beam shear wave transducer (standard transducer with attached 300 conical 
mirror is shown in (Fig.2.28)) is very simple, covers simultaneously 3600, and has a rather 
high sensitivity for circumferential flaw detection. However, such a transducer cannot detect 
axial flaws. Experimental standard transducers with attached conical mirrors are as shown in 
(Fig.2.28 (b)) covering 3600. 

 
 
Fig.2.27.  Schematic of NB transducer, containing Axially Positioned Standard 

Focused Transducer with attached Conical Mirror [103] 

2.2.3.3. Circular Transducer with Curved Teeth for Axial Flaw Detection 

Single-element shear wave angle beam transducer, containing a few identical “teeth”, can be 
used for axial flaw detection. Such transducer covers simultaneously 3600; it transmits and 
receives signals at the same incident angle in all circumferential directions (see (Fig.2.29)). 
In other words, this transducer has an involute working surface for transmitting UT signals 
into the object at equal angles of incidence. 
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Fig.2.28.  Standard transducers with attached conical mirrors[103] 

 

Fig.2.29.  Schematic of the Angle Circular Transducer with Three Curved teeth for 
axial flaw detection with the same incident angle α=250 everywhere around 
3600[103] 

Note that the shape of the “three-teeth” transducer shown in (Fig.2.29) was calculated based 
on the value of the required incident angle α=250 of the longitudinal wave in water, at which 
the refracted shear wave in the wall of the Zr Nb tube will propagate in the circumferential 
direction at 450 angle. At this required incident angle α=250, the transducer with an involute 
working surface should consist of a minimum three “teeth”. If a smaller incident angle α is 
required, then the minimum number of “teeth” will be two or even one (i.e. the whole 
transducer will look like a spiral). 
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2.2.3.4. Shear Wave Multi-Skip Technique [100] 

Shear wave multi-skip technique is based on the multiple reflections of the initial 
longitudinal wave in water, transmitted by the transducer and impinging on the tube inside 
surface at an angle and also multiple reflections of the shear wave, propagating within the 
tube wall at an angle. The transducer, working in the PE mode and placed inside the tube at 
an angle, will excite a few groups of the shear waves, propagating at an angle within the 
tube wall (see (Fig.2.30)). The first group of such waves, during its propagation within the 
tube wall will be reflected many times from the tube ID and OD. As a result, a significant 
portion of the tube wall (the bottom portion in (Fig.2.30)) will be covered by this wave. At 
the same time, the initial longitudinal wave in water will be reflected and propagates to the 
right area of the tube, where the wave will create the second group of the shear wave, 
propagates to an angle within the tube wall. Subsequently, the second portion of the tube 
(the right portion in (Fig.2.30)) will be covered similar to the coverage in the first area. But 
because of the new reflection at the interface water/tube, the longitudinal wave in water 
(purple rays) will go to the third portion of the tube, where it will create the third group of 
the shear wave, propagating at an angle within the tube wall (the top portion in (Fig.2.30)). 
As a result, the third region of the tube will be covered similar to coverage in the first and 
second areas. By choosing the proper transducer orientation and placement, the whole tube 
around 3600 can be covered simultaneously. Preliminary experiments to test the proposed 
shear wave multi-skip technique were performed using different transducers in the PE 
mode. During testing, axial and circumferential scans were performed in order to obtain the 
PE responses of different notches simultaneously at one axial scan and also obtain the PE 
response of the notch at its different circumferential positions regarding transducer. 2D axial 
PE B-scan of the tube with two ID and two OD axial notches, positioned 20 mm apart and 
1800 apart from each other, is shown in (Fig.2.31). B-Scan image was obtained on the 
metallic tube as described in the (Fig.2.31), acquired using UTEX-340 Pulser- Receiver unit 
and Winspect Software. 

 
Fig.2.30.  Ray-tracing simulation of shear wave multi-skip technique [103] 
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Fig.2.31.  PE axial B-Scan of Pressure Tube (PT) with two ID and two OD axial 
notches (20mm apart and 1800 apart)[103] 

2.2.4.  Quasi-Tomographic Ultrasonic Inspection of Tubes, Kinectrics Inc. 

Keyword: Ultrasonic Quasi- Tomography, Flaw detection, Flaw Characterization, Pitch-
Catch, Shear Wave CW PE, Shear Wave CCW PE 

The results obtained from the ultrasonic inspection of tubes may not be satisfactory due to 
insufficient sensitivity and the inability to characterize and size a flaw (i.e to determine 
shape and orientation). Alternatively, tomography, the most accurate and reliable method of 
inspection, is a very complex process and ultrasonic tomographs are not routinely available. 
It is, therefore, worthwhile to develop a “quasi-tomographic” approach for examination at 
mechanical components, which could significantly improve inspection capabilities by using 
only a few simple techniques [97 & 103]. For example, to realize a “quasi-tomographic” 
method, one can employ few transducers, positioned differently in order to insonify a flaw 
from a variety of angles and directions. The combined image obtained will not only allow 
detecting the flaw but also estimating its shape and orientation, as well as providing an 
estimate of flaw width and depth [99&105]. 

2.2.4.1. General “Quasi-Tomographic” Approach Variable Angle Shear Wave Two-Skip 

PC Technique at Large Incident Angle 

This technique allows detecting, characterizing, and sometimes even sizing the flaw close to 
ID and OD of the tube. The flaw is detected based on the drops insignal amplitude relative 
to the signal typically reflected from the tube OD and ID. This is because a typical PC signal 
is partially blocked by the flaw. Secondly, another peak of the PC response may appear due 
to the signal reflected directly from the flaw. (Fig.2.32) shows that PC transducers are 
located at such angles and in such positions that after entering the tube and refraction at the 
interface water/tube the acoustic beam performs (see color lines for wave propagation) two 
full skips within the tube wall between the ID and OD before going out of the tube[105]. 
Using this technique, one can visualize the flaw in reflected shear waves almost from the 
OD direction.  
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Fig.2.32.  Variable angle shear wave two-skip PC technique at large incident angle[97] 

2.2.4.2. Variable Angle One-Skip PE Technique at Small Incident Angle 

The schematic of the circumferential one-skip PE technique is presented in (Fig.2.33). 

 
Fig.2.33.  Schematic of the circumferential one-skip shear wave CW PE technique for 

Pressure-Tube inspection [97] 

This technique is very sensitive to flaw detection.  Flaws (even the small ones) appear on 
the B-Scan and C- Scan images, as the reflected responses with significant peak amplitude. 
Using such a technique, one can visualize the flaw in reflected waves almost from the OD 
direction. To characterize and size the flaw, one should visualize it at different angles. The 
variable angle transducer module with one transducer working in circumferential PE mode 
has been used to perform the required scans. 

2.2.4.3. Variable Angle Shear Wave One-Skip PC Technique Tube 

Schematic of the shear wave one-skip PC technique for a tube inspection is shown in 
(Fig.2.34) 
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Fig.2.34.  Schematic of the circumferential one-skip shear wave PC technique for 

Pressure Tube inspection [97] 

This technique allows detection, characterisation and amplitude drops, sizing the ID and OD 
flaws. The flaw is detected as the signal amplitude drops relative to the signal typically 
reflected from the tube OD and ID. This is because the PC signal is partially blocked and 
reflected from the flaw. Secondly, another peak of the PC response appears due to the signal 
transmitted directly through the flaw. (Fig.2.34) shows that PC transducers are located at 
such angles and in such positions that after entering the tube and refraction at the interface 
water/tube, the acoustic beam performs one skip within the tube wall between the ID and 
OD before going out of the tube. Using this technique one can visualize the flaw in 
transmitted waves almost from the OD direction. 

Shear wave one-skip and two-skip PC and PE techniques allow not only detecting the flaw 
and estimating its width and depth but also estimate the shape and orientation of the flaw. 
Combined image, containing NB, PE and PC responses, permits accurate visualization of 
flaw shape and orientation. 

2.2.4.4. Combination of Images Obtained by Using Different Techniques and 

Transducers 

The other techniques, employing e.g. NB, PE, ID, OD and focused transducer, are extremely 
useful to estimate the flaw shape and orientation.  The ability to combine information 
obtained by using different techniques and transducer, and then reconstruct the flaw, is the 
main advantage of the classic tomographic method. In order to realize the simplified “quasi-
tomographic” technique, one can use some other simple method, which combines data from 
different transducers. One of the ideas is to connect simultaneously two transducers (e.g. 
two circumferentially positioned transducers, clock-wise CW and counter-clock-wise CCW) 
to pulser-receiver working in the PE mode.  As a result, both transducers will 
simultaneously transmit UT signals and both will receive the responses. Each transducer 
will receive its own signals, reflected from the tube ID and OD and also signals, transmitted 
by other transducer and reflected from tube surfaces. Subsequently, three techniques will be 
realized simultaneously:  CW PE, CCW PE and PC.  The obtained “combined” image will 
contain responses typical for these three techniques; in other words, it will look like three 
interposed images: CW PE, CCW PE, and PC. This “combined technique” can be 
performed as 3D or 2D scans at different incident angles and various transducer positions.  
This method offers a very simple way to “combine” information.  
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Typical circumferential B-scan of 900/600 ID axial V-notch 0.5 mm wide and 0.5 mm deep 
with tip radius 0.2 mm, performed at large incident angle α=300, is presented in (Fig.2.35). 
This scan has CW, CCW and two-skip PC responses in one image. The B-Scan was 
(Fig.2.35) acquired using UTEX-340 Pulser- Receiver unit and Winspect Software. 
 

 
Fig.2.35.  Circumferential shear wave one-skip PC B-Scan of 900/600 ID axial V-notch 

0.5 mm deep with tip radius 0.2 mm, at incident angle α=230 transducer: 
F=20 MHz, d=9.5 mm[97] 

 
2.2.5.  Tube Inspection System, Karl Deutsch NDT-Instruments, Germany 

Keyword: Partial immersion, Fully immersion, Flaw detection, Angle Beam, Straight beam, 
Tube 

Karl Deutsch has developed Ultrasonic Inspection Systems for metallic Tubes for the 
diameter of range from 20 mm up to 610 mm using contact and immersion techniques. 

2.2.5.1. High-Speed Tube Testing without Mechanical Rotation 

Tubes in the diameter range from 20 mm to 170 mm can be inspected with the 
ECHOGRAPH system. The biggest advantage of this system is the high throughput rate of 
up to 2 m/s which is achieved by avoiding any mechanical rotation. The circumference of 
the pipe is surrounded by stationary transducers (Fig.2.36). The number of transducers is 
adequate to produce overlapping sound fields for full sound coverage. The type and 
orientation of the transducers allow for the detection of longitudinal and transverse flaws. 
Longitudinal or circumferential defects are detected by ultrasound transmission in both 
circumferential directions [106 & 107]. Transverse defects require ultrasound transmission 
in the tube axis direction (Fig.2.36). A precise evaluation of the flaw length is much more 
reliable than with any rotational system since the defect is always detected by the same 
transducer with several ultrasonic excitations. Also, the detection of short defects is a strong 
point of a stationary system. In addition, a wall thickness measurement and lamination can 
also be carried out. 

 

 

42



2.2.5.2. Rotational Tube Testing in Partial Immersion [108] 

Large tubes with diameters up to 610 mm can be inspected in partial immersion with the 
ECHOGRAPH testing system. Water-filled test chambers are located underneath the tubes 
and hold several transducer banks (Fig.2.37). While the transducers remain fixed, the tube 
moves along the test chambers with a helical motion. Again, various transducer orientations 
lead to the detection of all flaw types and a measurement of the wall thickness. For a 
rotational inspection, the goal is to produce wide test traces for a high throughput rate. This 
is achieved by using special-made transducer banks which hold several transducer elements 
in a single housing while the pitch between the pizeo-electric elements should be kept as 
narrow as possible (Fig.2.37). 
 

 
 
Fig.2.36.  ECHOGRAPH High Speed Tube Test a) Angle Beam Transducers for 
Longitudinal (Circumferential) Defects (only clockwise transducers shown),                
b) Transducers for wall thickness measurement and c) Test principle with two 
immersion tanks, each carrying Angle and Straight-beam transducers [110] 
 

 
Fig.2.37.  ECHOGRAPH Rotational Tube test in Partial Immersion a) Longitudinal 

(Circumferential) Defect Detection with clockwise and Anti-Clockwise 
Sound Transmission, b) Transducer bank (e.g. 8 elements) beneath the 
spirally transported Tube [110] 
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2.2.5.3. Rotational Tube Testing with Compact Multi-Transducer Holders [108] 

The third considered type of system is the ECHOGRAPH. This system is especially suitable 
for an off-line inspection. It consists of a testing portal and several multi-transducer carriers. 
The tubes are typically loaded with a transverse conveyor system (Fig.2.38). Once the tubes 
are placed in the testing portal, rollers place the tubes into the rotation. The number of 
transducer carriers is chosen by the desired through-put. Transducers are linearly moved 
along the tube in axial direction and inspect the tube in the 12 o'clock position (Fig.2.38). 
Rotational and translation movements result in helical test traces. Each compact multi-
transducer carrier holds up to five transducers for the combined inspection for laminations, 
longitudinal (Circumferential) and transverse (axial) defects. The coupling is achieved with 
guided water jets (squirter technique). To detect oblique flaws with several extra transducers 
in the same transducer holder, arrangement has been incorporated in the system. 
 
 

 
 
 
             Fig.2.38.  ECHOGRAPH Rotational Tube Test with Multi-Transducer Holders 

a) Rotation of the Tube and Linear Transducer Holder movement for 
Helical Test Traces, b) Multi-Transducer holder in Cross Sectional 
view showing Transverse Defect Detection and Wall Thickness 
Measurement and c) Multi-Transducer holder showing Longitudinal 
Defect Detection and Wall Thickness Measurement[110] 

 

Some of the advanced Ultrasonic Imaging and Gauging system and key parameters suitable 
for metallic tubes and developed by various national and international researchers and 
manufacturers are discussed in (Table.1& 2). 
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Table.1.  Summary of advanced Ultrasonic Imaging and Gauging systems and key 
parameters for metallic Tube inspection 

System, 
Country 

                      Features     System Requirements 

IRIS, USA 

[94&95] 

 

 Circumferential resolution of 
1.80or 0.016” 

 Axial resolution of 0.040” 
 Pulling speed of 2.4inches/second 
  Tube Diameter Range: 100mm - 

1000mm 
 Tube length: up to 750m  
 Wall Thickness:  up to 40mm  
 Materials:   Ferrous / Non-Ferrous 

/ Plastic / HDPE / other Real-time 
measure showing ID/OD erosion, 
corrosion, dents, bows, remaining 
wall thickness. Live B-Scan, C-
Scan and instant interactive 3D C-
Scan images 

 Tubes need to be cleaned 
before the inspection. 

 Results can also be 
affected by dirty/low 
pressure water and 
electrical interference. 

 Bonded scales, loose 
debris and wax or oily 
deposits will affect the 
wave propagation and 
reflection 

CIGAR, 
Canada 

[69&74] 

 Centre frequency of 10MHz for 
angle beam transducers and 20 
MHz for NB Transducer 

 Sizing accuracy of Flaws 20 to 30 
µm 

 Fully automated for CANDU 
reactors 

 

Ultrasonic 
Tube meter, 
Lithuania 

[81& 84] 

 

Measurement Range: 

 Outer Diameter Range - 80.5 ± 1.0 
mm 

 Wall Thickness -   3.8 ± 0.6 mm 
Accuracies: 

  Outer Diameter Range- ± 50 µm 
 Wall Thickness-  ± 50 µm 
 Transducer frequency-    5 MHz 
 Resolution-  5µm 

 Flaw detection 
 Imaging 

BARCIS, 
India 

[4&8] 

 Transducer frequency -10MHz 
 Ultrasonic measurement of ID, OD 

and 
 WT of pressure tubes. 
 Ultrasonic imaging of zirconium 

hydride blisters in pressure tubes. 
 BARCIS is capable of inspecting an 

average of two coolant channels per 
day 
 

 Semi-automated 
 Flaw sizing 
 Imaging  
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Table.2.  Advanced Ultrasonic Imaging and Gauging systems developed by various 
countries 

Country/ 
Industry 

Research 

China 

[111] 

 A novel and intelligent compensation ultrasonic system for wall-
thickness and diameter measurement of the zirconium alloy 
cladding tubes with compensation features[112] 

 Detection of circumferential defects of boiler tubes using 
Ultrasonic guided wave technique 

 Another system is based on the parameter-based sensing and it is 
optimized for ultrasonic immersed testing method for the thin-
wall stainless steel tube with 6mm diameter and 0.677mm wall-
thickness[113] 

 A Physical perspective linked forward-inverse intelligence 
strategy is also available for theoretical guidance of acoustic 
parameter selection of automatic inspection of small-diameter 
and thin-wall tubes by B.Gao et al.[46&114] 

Western 
Instruments, 
Canada[115] 

 Ultrasonic Testing Systems available for measurement of wall 
thicknesses> 0.028” and diameters> 0.750” for welded tubes and 
pipes [116] 

 Diameter measurement precision is 2.5% in pressure tubes  
Karl Deutsch 

[108&110] 

 Tubes in the diameter range from 20 mm to 170 mm are 
inspected with the ‘HRPR-ECHOGRAPH’ system 

 Large tubes with diameters up to 610 mm are inspected in partial 
immersion with the ‘RPS-ECHOGRAPH’ system 

 Third type of tube inspection system is the ‘RPT-
ECHOGRAPH’.  suitable for an offline inspection of tubes 

Kinectrics 

Inc, Canada 

[99&105], 
 
[97 & 98], [102] 
 
 

 Ultrasonic inspection of Tubes without transducer rotation 
significantly simplifies the delivery system and decreases the 
inspection time by increasing axial scan speed of the inspection 
system 

 Quasi-Tomographic ultrasonic inspection of tubes is possible 
 TRUSTIE™* with transducers has proven to be a valuable tool 

for inspecting the unique design configuration of CANDU steam 
generator (SG) tubes. Ultrasonic inspections with TRUSTIE™ 
system offers capabilities that can accurately assess the severity 
of flaws in SG tubes and monitor the growth of defects 

 

 

2.3.  Flaw Detection Techniques for Pressure Tubes in Nuclear Industries 

The International Atomic Energy Agency (IAEA) initiated a Coordinated Research 
Programme (CRP) on Intercomparison of Techniques for Pressure Tube Inspection and 
Diagnostics involving countries, which include Argentina, Canada, China, Korea, Romania 
and India. The objective of this CRP was to intercompare inspection and diagnostics 
techniques for pressure tubes during their service, as being used and developed by 
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participating countries. Phase 1 of this CRP, which deals with Flaw Characterization in 
Pressure Tubes by in-situ conditions [1& 117]. 

Non-Destructive Examination (NDE) techniques involved round-robin transfer of pressure 
tube samples containing artificial flaws amongst participating laboratories. The flaws are 
machined in such a manner that they closely resemble the real defects of concern, like 
delayed hydride cracking and fretting damage due to debris and bearing pads [2 & 118]. The 
flaws are also masked by an outside cover so that the inspection personnel are unaware of 
the number, location and type of flaws in the sample [119]. As part of this CRP, pressure 
tube samples from all the participating countries are examined. Apart from the conventional 
ultrasonic angle beam pulse-echo technique, new methodologies such as angle beam pitch-
catch technique and normal beam pulse-echo technique, are used for flaw detection [120]. 
This approach ensures that flaws in all orientations such as axial, circumferential, equiaxed, 
inclined on inside and outside surface of pressure tube are detected with high 
reliability [121]. Advanced techniques like ultrasonic imaging and time-of-flight based 
sizing techniques are used to accurately characterize the flaws [164]. At the end of Phase 1, 
the results of the NDE examination by participating countries will be compared with the true 
dimensions of the flaws (found out by profilometry or destructive means) for all the 
samples. This helps to identify the most accurate and reliable methods of characterization 
for different kinds of flaws in pressure tubes and also define areas of future R&D to fully 
meet the flaw characterization requirements of PHWRs [55]. Some of the major results 
where research has been carried out for inspection of tubes and pipes and their brief details 
are as described below:  

2.3.1.  Argentina 

Keywords: Pulse echo, Shear wave transducer, Flaw detection, Flaw characterization, Flaw 
sizing Pressure tube 
Argentina employed UT for detection, location and characterization of flaws in the various 
PT samples. The shear wave pulse-echo technique was employed using four shear wave 
transducers, two (in opposite directions) are in the axial direction for circumferential 
indications and two (in opposite directions) are in the circumferential direction for axial 
indications. The UT transducers used had four numbers of 10 MHz, 38 mm focus, 0.250” 
diameter transducers. The reference sensitivity was set according to the Canadian Standard. 
The four reference notches from the Canadian Standard (ID axial, ID circumferential, OD 
axial and OD circumferential) were used for calibration and setting of the detection level. 

2.3.2.  India 

Keywords: Angle Beam, Normal Beam, Time of Flight difference, Flaw detection, Flaw 
characterization, Flaw sizing, Pressure tube 
 India primarily employed UT for flaw detection, location and characterization of PT 
samples. The inspection head comprises six UT transducers, four angle beam and two 
normal beam. The angle beam transducers are used in pairs, one located axially and the 
other circumferentially. The following UT techniques were employed for detection of flaws 
in PTs  
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 Angle beam pulse-echo in the axial direction (reflection mode);  

 Angle beam pulse-echo in the circumferential direction (reflection mode); 

 Amplitude drop monitoring during angle beam pitch-catch in the axial direction 
(transmission mode);  

 Amplitude drop monitoring during angle beam pitch-catch in the circumferential 
direction (transmission mode);  

 Amplitude drop monitoring during normal beam examination using 10 MHz 
transducer focused on OD of PT. 

Once the flaw was detected and recorded, its length, width and depth were sized. The length 
and width of the flaws were determined using the 6dB drop technique using angle beam and 
normal beam signals. However, for flaws not necessarily small but having unfavorable 
orientation for normal beam reflection, flaw depth determination from the normal beam 
time-of-flight was not possible. In such cases, the shear wave amplitude comparison method 
was used. It consists of comparing the shear wave amplitudes of the flaw with a calibration 
feature of similar dimensions (known depth). Following techniques were employed for 
assessing the depth of flaws: [6] 

 
 Time-of-flight in axial pitch-catch configuration 

 Time-of-flight in circumferential pitch-catch configuration 

 Time-of-flight using 10 MHz transducers for OD flaws 

 Time-of-flight using 25 MHz for ID flaws (surface profiling) 
 

For the standardization of techniques for flaw detection, reference notches were used. For 
example, the notch dimension is 6 mm long × 0.15 mm wide × 2% wall thickness deep, as 
per AERB guidelines and both axial & circumferential notches were machined on OD & ID 
of pressure tube of Indian PHWR, for circumferential and axial scanning respectively. 
During this standardization process, specific notch signal was picked up by the respective 
transducer [1&51]. 

2.3.3.  Romania 

Keywords: Normal Beam, pitch-catch, shear wave, TOFD, C-Scan, Flaw detection, Flaw 
characterization, Flaw sizing 
Romania-NNDT has conducted seven UT examinations with the ISIS system to cover the 
requirements of the Canadian Standard. These are: normal beam – surface echo, normal 
beam – flaw echo, normal beam – back echo, pitch-catch (transmission) axial, pitch-catch 
(transmission) circumferential, shear waves (reflection) axial, shear waves (reflection) 
circumferential. Romania-NNDT also used a 25 MHz normal beam broadband transducer 
focused on the OD with spectral analysis of the echo signals. Romania-NNDT also applied 
the Time-Of-Flight Diffraction (TOFD) technique. This technique uses the modulation of 
the TOF versus flaw sound path generated by the interference of the elementary waves 
reflected on different surface elements of the flaw. The flaw depth is determined from the 
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maximum variation ΔTOF. Flaw sizing was essentially based on the evaluation of the 
various C-Scan images obtained during the different examinations. 

2.3.4.  Canada 

Keywords: UT, B-Scan, C-Scan, PE, CW PC, CCW PC, T-R, Pressure tube, Flaw detection, 
Flaw characterization, Flaw sizing 
UT with two angle beam transducers are directed circumferentially to detect and size axially 
oriented flaws and two are directed axially to detect and size circumferentially oriented 
flaws. Firstly, the 10 MHz transducer, detects laminar discontinuities or sub-surface voids 
and secondly, the 20 MHz transducer, detects and sizes inside surface fretting. The C-Scan 
image is particularly used for estimating the length and width of the flaws and depth for 
large volumetric flaws using the 20 MHz transducer. UT imaging techniques are applied to 
help the characterization of an indication. These may be performed using pulse-echo or 
pitch-catch method, and usually generate a third method of data display known as a B-Scan. 
The B-Scan uses all the reflection versus time data of the transducer, at different adjacent 
locations of the tube, to create the UT cross-sectional view of the tube wall.  

The flaw detection methodology is based on the requirements of the Canadian Standard 
CAN/CSAN285.4-94 [123]. The Standard requires that an amplitude-based inspection 
philosophy be used when performing periodic inspection of pressure tubes of CANDU 
reactors [124]. The currently used calibration reflector is a rectangular notch, 6 mm long, 
0.15 mm deep and 0.15 mm wide. The actual system calibration uses four such notches: 
axial ID, circumferential ID, axial OD, and circumferential OD [126]. Flaw investigation 
threshold is established at 50% (-6 dB) of the calibrated levels for most of the pressure 
tubes. Certain regions of the pressure tube may have this threshold lowered even further, to 
20% (-14 dB) due to the non-uniform stress field in the area.   

Ultrasonic inspection of pressure tubes sometimes is not satisfactory due to the inability to 
identify and characterize a flaw (i.e. determine its type, shape and orientation) and 
accurately size it. Modification of the existing CIGAR software for data analysis provides 
very convenient and reliable information concerning flaw orientation, geometry and 
dimensions because images are now generated using various ultrasonic techniques at the 
flaw from different directions and at various angles of incidence. 

2.3.4.1. Combined Technique for Flaw Root Radius Assessment [127 & 128] 

 The direct measurement of flaw root radius R cannot be performed using existing UT 
inspection systems, due to the following limitations:  
1. The transducer does not notice flaw root radius if UT wavelength λ≥0.2mm, which is 
much larger than R and flaw root radius is R<0.1mm.  
2. The diameter of the UT beam is larger than the typical root radius. Therefore, only a 
small portion of the transmitted UT wave impinges on the notch root and gets reflected from 
it. 
3. The wave reflected from the small area of the flaw root is usually has a complex shape. 
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Thus, only a small fraction of the reflected wave goes back in the direction of the receiving 
transducer and impinges on it. The most reliable indirect method for R assessment is 
probably the “combined” technique, which employs Pitch- catch (PC), PE clock-wise (CW) 
and PE counter-clock-wise (CCW) reflections simultaneously. (Fig.2.39) shows the Side 
view and front view of PT with axial V- notch (600/600). The obtained image contains 
responses typical of these three techniques. The combined technique can also be realized by 
using three standard B-Scans, CW, CCW and PC and data fusion software, as shown in 
(Fig.2.40). 

 
Fig.2.39.  (a) Side view of Pressure Tube (b) Front view of Pressure Tube 

2.3.4.2. Technique for Depth Measurement of Sharp Flaws 

Typically, the standard CIGAR Normal Beam (NB) technique of AECL, Canada is used to 
estimate depth and shear wave angle PE technique is used to measure flaw root. However, if 
NB reflection from within the flaw or angle PE reflection from the root of the flaw is very 
weak or cannot be detected at all, then flaw depth cannot be measured. Nevertheless, it is 
still possible to detect it by applying the CW/CCW PE responses and using the method 
where flaw depth is proportional to the CW/CCW response length and/or duration of the 
response. At the same time, recall that, the duration and length of the flaw response depend 
not only on the flaw depth but also on the inclination angle of the flaw side. Therefore, this 
factor should be taken into account in order to determine the correct flaw depth. (Fig.2.41) 
shows the side view and front view of the pressure tube of the CANDU Reactor, Canada, 
with axial V-notches. (Fig.2.42) shows CCW PE B-Scan of axial ID symmetric 750/750 V-
notches [124]. 
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Fig.2.40.  Combined CW+CCW+PC B-scans of ID symmetric 600/600 axial -notches 
[127] 

 

 
 

Fig.2.41.  (a) Side view of Pressure Tube (b) Front view of Pressure Tube 
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Fig.2.42.  CCW PE B-Scan of axial ID symmetric 750/750 V-notches [127] 

2.3.4.3. Off-Axis Flaw Characterization and Sizing 

In the CIGAR System of AECL, Canada for CANDU nuclear reactors, shear wave 
transducer in the PE mode can hardly detect the off-axis flaws. Particularly flaws oriented 
approximately at ±450 to the tube axial axis because the reflected signals do not return to the 
transducer. Such a flaw can be detected in the Normal Beam and Pitch-Catch modes of 
operation, but only as a shadow in the main NB or PC response because the signal, reflected 
from the bottom of such an angle-oriented flaw, usually does not return to the transducer. 
Such a shadow does not allow measuring the flaw depth. Four novel methods, such as 
“quasi-NB” technique, “double angle” PC technique, “double angle” PE technique, and 
technique employing cylindrically focused transducer, allow distinguishing angle 
orientations of the off-axis flaws and sizing their depths. Obtained “quasi-NB” 2D 
circumferential B-scans are presented in (Fig.2.43). These two images clearly demonstrate 
that “quasi-NB” method allows detecting angle orientations of the off-axis flaws and 
measuring their depths. Similar results were obtained using the double-angle PC method.  

 
Fig.2.43.Circumferential B-images of ID axial asymmetric V-notch 900/150 0.25mm 
deep (a), Trapezoidal notch 1mm deep and 0.5mm wide (b), Undercut notch 1350/1500 
0.8mm deep (c), Symmetric V-NOTCH 450/450 0.4MM DEEP (d), Asymmetric V-notch 
600/450 0.4mm deep (e), and Symmetric segment notch 0.5mm deep [127] 
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3.  REVIEW OF WORLD WIDE RESEARCH ON ULTRASONIC INSPECTION 

SYSTEMS FOR METALLIC PIPES 

3.1. Introduction 

Ultrasonic testing is used during the manufacturing stage of pipes as well as during the in-
service inspection of pipes. The particulars of pipeline insulation may require ingenious 
ways of getting the ultrasonic transducers into contact with the pipe to be tested [83,129 & 
130]. In 2006, Yi-Mei Mao and Pei-Wen Que investigated a new ultrasonic signal 
processing method for the inspection of oil pipelines. They compared “ultrasonic signals 
reflected from pipelines with defect and without defect’’ [131& 132] and reconstructed 
waveforms with the Hilbert-Huang transform (HHT) [131 & 132]. The results of the 
technique are suitable to locate and determine the extent of discontinuities in oil pipes. In 
2009, H. Lei et al. [133] have developed a device, called Pipe Inspection and Gauging 
(PIG), utilized to identify loss of wall thickness, corrosion and to identify areas of wall 
thinning which are then categorized using the American Petroleum Institute (API) standards 
in oil pipelines using UT [134]. In 2015, Wissam Alobaidi et al. studied seven types of 
defects commonly found in pipe joint welds, and five often-used types of welds for 
manufacturing stage. The correlation between each defect type and the NDT technologies 
can reveal the defects [135]. The ability of ultrasonic NDT techniques for testing pipe is that 
ultrasonic testing can detect surface or subsurface flaws [87 & 136]. The 
PrototypeUltrasonicThickness Measurement Equipmenthas been developed by Centro de 
Ingenieriay Desarrollo Industrial (CIDESI), Mexico to measure thickness of pipe [137] and 
it has been used to develop a specialized technique for the on-line detection of signals [86 & 
138]. China has used shear wave ultrasonic testing method for the detection of flaws of steel 
pipes having thick wall of which the thickness to outer-radius ratio (t/D) ratio is more than 
0.26 [109 &140]. 

Pipe Inspection and Gauging (PIG) Systems are employed for the inspection of Carbon-
Steel pipelines used for the distribution of oil and water [141]. The angle beam and straight 
beam acoustic waves are the ultrasonic nondestructive evaluation (NDE) technologies that 
are most commonly utilized in the automatic inspection of pipelines [122, 130, 
142&143]. Many PIG systems use the ultrasonic pulse-echo method (Normal beam) for the 
automatic inspection of the pipelines because it provides better results than a manual 
inspection or other techniques used to determine the health and safety of the 
pipelines [119,125 & 144]. The pulse-echo method allows volumetric inspection, which is 
possible because the ultrasonic waves are able to travel through the fluid and the walls of the 
pipeline [145& 196]. These waves enable to detect internal and subsurface defects, such as 
cracks that occur parallel to the surface [146-148], as well as corrosion and pitting within 
the structure of the pipeline [31, 59&149]. The reflected echo from both the inner and outer 
walls indicates remaining wall thickness [150-151&195]. The pulse-echo digital thickness 
gauge with waveform display evaluated for this study would be an excellent choice to 
replace the currently used digital thickness gage for performing thickness gauging on piping 
systems required for Navy [102, 130 & 152]. The PIG system must be able to cover 
distances for UT inspection up to 100 km at speeds up to 0–2 m/s [130 & 153]. 
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The PIG apparatus is one of the most useful gadgets available for inspection of 
petrochemical pipes. One of such PIG systems is from Germany for inspection of oil 
carrying pipelines. American Petroleum Institute (API), USA has developed an Advanced 
UT Rotary System for inspection of steel tubes and pipes, including accurate measurement 
of WT, ID, OD and longitudinal (circumferential) and transversal (axial) defects in the 
pipe. Ultrasonic Crack Detection System by Tokyo, Japan on Multi-Diameter PIG Robots is 
available for crack and corrosion Detection as well as inspection of multi-diameter 
pipelines. It has used ultrasonic transducers with software filtering techniques which are 
used to improve measurement accuracy [154]. China has developed a Measurement System 
for the Wall Thickness of Pipe for accurate measurement of wall thickness with high speed 
(416 mm / sec). The operating principle is based on the measurement of Time of Flight 
values [150 &153]. An Ultrasonic Testing system has been developed for the detection of 
creep damage in welded steel pipes by Kaunas University of Technology, Lithuania. It is 
able to detect the defects with accuracy in microns. An Ultrasonic inspection system has 
been developed for flaw detection of long-range gas pipelines using ultrasonic guided waves 
by South Korea. Karl Deutsch, Germany has developed an Automated Ultrasonic Pipe Weld 
Inspection system for wall thickness measurement and flaw detection using contact and 
immersion testing techniques.   So far, worldwide a very few PIG systems are available 
using ultrasonic Immersion technique for critical and strategic applications in the industries.  

 

 
Fig.3.1.  Schematic for Pipe Inspection Gauging (PIG) apparatus by Mexico [155] 

A review has follows, on the worldwide design and development work carried out on the 
Ultrasonic inspection of pipes utilized for critical and strategic applications in the industry.  
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3.1.1. External Inspection of Pipe 

An Ultrasonic External Pipe Inspection system (Ultrasonic PIG) has been developed by 
Germany [156]. Ultrasonic Transducer is operated in contact mode. Ultrasonic waves are 
transmitted in the pipeline. Part of the waves are reflected by the inside wall of the pipe and 
thus the echoes are received. The principle of the setup is explained by means of (Fig.3.2). 
Results of External Pipe Inspection System get affected due to loss of track of mechanized 
head during motion and loss of contact. Experiments are carried out for hazardous gas 
pipeline also.  

Transducer
Electronics

                                   Power Supply

Control 
unit

          Hazardous          
area           

  

                  
Transducer

  Non hazardous  area

Pipe

 

Fig.3.2.  Typical Ultrasonic PIG instrument set up for external pipe inspection and 
gauging (Couplant Water) 

3.1.2. Internal Inspection of Pipe 

An automated Ultrasonic internal pipe inspection system is mainly based on non-contact 
technique (i.e. immersion technique) [157 &158]. The pipeline characteristics will not get 
affected due to the non-contact technique (i.e. immersion technique) of the measurement. 
Ultrasonic internal pipe inspection tool consists of Transducer electronics, data storage, 
Ultrasonic Transducers and DC Supply as shown in (Fig.3.3). Normal Beam Transducers 
are used to measure the wall thickness [159 & 160], corrosion measurement and flaw 
detection. The position of pipe inspection head is monitored by means of an encoder and 
GPS device. The major challenge of the inspection tool is the collection and storage of 
enormous amounts of data and major R&D efforts are required to be put into designing of 
electronics to handle it. Measurement accuracy is improved with the advancement of 
electronics, mechanical designs and digital processing algorithms, etc [161 & 162]. 
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Fig.3.3.  Typical Ultrasonic PIG instrument set up for under-water internal pipe 

inspection and gauging 

Inspections by automated ultrasonic systems to detect thinning of the wall due to corrosion 
or erosion and cracks in the base material are carried out as specified by codes and standards 
specifications. Ultrasonic waves are transmitted and received by the test object in the 
transducers, either by non-contact or in an immersion mode. The non-contact method is 
carried out by electromagnetic acoustic transducers (EMAT) and the immersion mode by 
piezo-composite immersible transducers [163]. When the transferred fluid is liquid, it is 
used as a coupling medium to transmit ultrasonic waves from the piezo-composite 
transducer into the wall of the pipeline. Normal transducers are used to inspect wall 
thickness and 450transducers are used to inspect radial cracks [162]. 

3.2.  Advanced NDE for Pipes, API 

Keywords: UT, Dimension measurement, Seamless carbon steel Pipe, Flaw detection 
A new design has been developed for the ultrasonic testing (UT) of seamless carbon steel 
pipe that enables manufacturers to test with fewer adjustments to accommodate varying 
diameters of material, without the need for time-consuming configuration changes [165-
167]. There are many alternatives regarding nondestructive testing of carbon steel for small 
and medium diameter pipe up to approximately 178 or 203 mm (7” or 8”) in diameter. 
Depending on the end-use and characteristics of the pipe, eddy current encircling coil or 
tangent coil inspection is very common. In some cases, even rotary eddy current testing is 
done. However, for a large number of applications where the wall thickness is very large, it 
becomes necessary to move to UT or magnetic flux leakage (MFL) testing. In these cases, 
the faster means of testing is usually by rotary testers that can test up to 1.5 m/s (60 in./s) 
linear or higher. A rotary inspection is still a reliable option up to 495 mm (19.5 in.) 
diameter. However, depending on the type of discontinuities that need to be detected, the 
speed of testing required and other considerations, it is often more practical to spin the pipe 
if permissible in the application. In general, some of the advantages of this new design for 
pipe are:  

 Can handle larger diameter pipes 

 Can test pipe that is less straight  

 Can be expanded to detect many types of discontinuities at one time 

 Operator ease of use reduces downtime and training requirements 

 The mechanical configuration can be used with other NDT technologies 
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Advancement in UT Rotary System [168] 

UT rotary system is utilized for steel tube and pipe inspections, including wall thickness, 
OD & ID measurement, OD & ID longitudinal, transverse and oblique flaw detection. A 
typical setup for longitudinal or transverse notches can detect defects oriented within +/- 5 
degrees of the intended direction. The other orientations are not detectable with this setup. 
Existing UT rotaries are mostly aimed to detect notches in these two main orientations, 
namely longitudinal and transverse and they meet most of the standards. Newer 
requirements are emerging which include oblique notches oriented other than the 
longitudinal or transverse directions. This is modeled with notches oriented at 25-45 degrees 
to either main direction. To detect an oblique notch with known orientations, a combination 
of typical transverse notch detection transducer, which is cylindrically focused with the 
centerline of the beam at 19 degrees to the centerline of the transducer housing and 
horizontal offset typically used for longitudinal flaw detection, as shown in (Fig.3.4). 

Wate`

Beam angle
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Ultrasonic Transducer

Ultrasonic Transducer
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WaterWater

 Longitudinal Flaw detection Flaw detection transverse

 
 

Fig.3.4.  Oblique defect detection [168] 

3.3.  China 

Keywords: UT, Dimension measurement, Carbon steel Pipe 
The ultrasonic wave detection system is based on ultrasonic detecting technology. It mainly 
includes four sub systems: a tube transmission line, an ultrasonic wave continuously 
detection equipment, HY6070 data acquisition card and inspection software [169].  

The ultrasonic wave detection equipment is continuously used to acquire signals of steel 
pipe wall thickness. Ultrasonic transducers send ultrasonic signals, which are perpendicular 
to the pipe surface. When pipes pass through the detection zone, the water column generated 
by water coupler around the pipe is sprayed on the pipe. The eight ultrasonic transducers 
distributed uniformly around the steel pipe send ultrasonic signals, which are coupled by 
water coupler to pipe. On the inside and outside surfaces of the rigid pipe, reflection wave 
and transmission take a long time of acquisition. Transducers convert echo into electrical 
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signals and form echo pulse. Because the echo signal is weak, it must be amplified. Then 
interference minimizing circuit (or filters) removes spurious signals from the reflected wave. 
The stable wall thickness pulse can be obtained by wall thickness pulse forming circuit 
(Fig.3.5). 

The automated scanning system serves to move the transducers on the inspected surface; in 
most cases, an encoder is added to record the transducer co-ordinates. To encompass a 
larger test volume more than one transducer or multiple elements phased array transducers 
are used which are controlled by an electronic scanning system. It is used to guide the beam, 
acquire data and visualize the pipe in 2D dimensional images. 

 
Fig.3.5.  Principle of Ultrasonic wave continuous examination equipment[169] 

 
3.4.  Ultrasonic In-Line Inspection Tools, NDT Systems & Services AG, Germany 

Keywords: UT, Pulse echo, Dimension measurement, Pipe, Flaw detection, Flaw sizing 

1) Ultrasonic In-Line Inspection Tools [170 & 171]: 

Ultrasonic inspection tools are in general fitted with a sufficient number of ultrasonic 
transducers to ensure full circumferential coverage of the pipe. They work in a pulse-echo 
mode with rather high repetition frequency. Straight incidence of the ultrasonic pulse is used 
to measure the wall thickness and 45º incidence is used for the detection of cracks. While 
the wall thickness measurement is more or less established, on-line crack detection of 
pipelines has only been made available in recent years.  

In terms of data processing, ultrasonic tools represent one of the most challenging tasks in 
ultrasonic non-destructive testing. Several hundred sensors have to be controlled, their 
echoes have to be recorded, on-line data processing has reduced the amount of data recorded 
and ensure that all relevant data are stored. The inspection speed of the tool depends on the 
coupling medium, flow rate and inspection speed which varies within a certain range. The 
inspection process has to be fully automatic and cannot be supervised during a run. The data 
are stored on solid state memories that are the safest and most reliable means of storing data 
in such a hostile environment. The distance is measured using several odometer wheels.  
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2) Hardware - Introducing the Tools: Some design elements have been proven successful 
and are modified in the new generation. (Fig.3.6) shows a photograph of a typical tool 
suitable for 24" pipe. The tool is made up of a number of pressure vessels and a trailing 
sensor carrier. The front of the tool is covered by a protecting bumper unit, covering the 
transmitter housing shown here. The individual pressure vessels are connected through 
universal joints which allow the tool to negotiate bends. The first body contains batteries 
ensuring a safe DC supply to the tool for up to several days. The electronic and recording 
unit of the tool is housed in the second vessel and incorporates enough channels to cover 
pipeline diameters from 20" to 42" for flaw detection applications. The sensor carrier is 
made of polyurethane and houses the ultrasonic transducers. To adapt the tool to a different 
pipe diameter the polyurethane cups are exchanged, which can be carried out quickly. Tools 
can cover pipeline diameters below 20" and the smallest diameter for crack detection is 10".  
 

 
Fig.3.6.  High resolution ultrasonic in-line inspection tool for 24" pipeline the tool is 

made up of Two Pressure Vessels housing Batteries, Electronics, recording 
devices and a Trailing sensor carrier housing Ultrasonic Transducers[172] 

In general, there are two different sensor carrier designs for ultrasound tools. One for wall 
thickness or corrosion measurement and another for flaw detection. The flaw detection 
version, shown here, contains sensors orientated at a predetermined angle to the pipe wall 
which ensures that ultrasonic shear waves will travel under a 45º-angle within the 
metal [172 & 173]. (Fig.3.6) shows the arrangement of the ultrasonic sensors for flaw 
detection. In order to avoid any blind zones in the vicinity of the longitudinal weld, the 
sensors are mounted in a clockwise orientation and the other half in an anti-clockwise 
orientation. All sensors are mounted on metal plates. 

3) Improvements Regarding Earlier Tool Types:  

Another important issue in tool design is system availability. Inspection PIGs are inherently 
complex tools. In addition, there is never a large number being built and thus most tools 
have some prototype characteristics. This is one of the reasons, why in-line inspection tools 
are not commodities but are maintained by a service vendor. For easy serviceability, the new 
tool can be hooked up to the internet. This will allow us to provide service to the tool from a 
remote place. In addition, a data analyst will be able to check the data on-line via the 
internet directly.  Some of the important features of the On-Line Inspection Tool are shown 
in (Table.3). 
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Table.3.  Features of In-Line Inspection Tool[171] 

Maximum Wall Thickness 50 mm 
Depth Sizing Accuracy ± 0.5 mm 
Defect Location Accuracy axial: ± 20 cm from nearest girth weld circumferential: ± 

10° 
Defect Type axial cracks and crack-like defects (e.g. SCC, fatigue 

cracks, weld cracks) 
Length Sizing Accuracy ± 10 mm for L = 100 mm ± 10 % for L > 100 mm 
Defect Location Accuracy axial: ± 10 cm from nearest girth weld circumferential: ± 

10° 
 

Similarly, some of the advanced Ultrasonic Imaging and Gauging system and key 
parameters for pipes developed by various national and international researchers and 
manufacturers are discussed in (Table.4). 

Table.4.  Advanced Ultrasonic Imaging and Gauging systems and key parameters for 
inspection of pipes 

Country/ 
Institute/ 
Industry 

Research Features 

China 

[169] 

Measurement System for the 
Wall Thickness of Pipe  

. 

 Stable, reliable, and high-speed 
system 

  Scan speed 25m/min 

 Measurement accuracy is 0.1mm 

SONOTEC, 
Germany 
[156] 

Ultrasonic PIG System for 
oil pipelines. 

 Wall Thickness Measurement in 
petrochemical pipes 
 

South Korea 

[174] 

Long Range Inspection of 
City Gas Pipeline Using 
Ultrasonic Guided waves 

 Optimal frequency (32 kHz ~ 256 
kHz) 

  Detection of flaws hidden inside 
pipe 

American 
Petroleum 
Institute (API), 
USA 
[165 & 167] 

Advanced UT Rotary 
System for inspection of 
steel tubes and pipes 

 

 Accurate measurement of WT, ID, 
OD 

 Detection of longitudinal and 
transversal defects in pipes 

Kaunas 
University of 
Technology, 
Lithuania[146] 

Detection of creep damage 
in welded steel pipes using 
Ultrasonic Testing  

 Enables to detect defects with 
accuracy of micrometers 
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Karl Deutsch, 
Germany 
[108&110] 

Automated Ultrasonic Pipe 
Weld Inspection  

 Flaw detection 

 Wall Thickness Measurement 
 

Tokyo, Japan 

[154] 

Ultrasonic Crack Detection 
System on Multi-Diameter 
PIG Robots 

 Multi-Diameter capabilities of PIG 
tool 

  Resolution in microns. 

 Crack and corrosion Detection 
Dacon, 
Thailand[175] 

UT Pigging  Inspection of any diameter greater 
than 3” 

 Minimum Wall Thickness -1mm 
and maximum less than 1000 mm 

 Scan speed   0.5m/sec 
 

3.5.  Signal Processing methods for Inspection of Pipes 

UT is one of the most important methods used for the detection of corrosion in a 
pipeline [176 & 177]. The principle of UT is to determine the degree of wall corrosion by 
computing the transit time interval between the inner and outer surface of a pipeline and 
multiplying by the acoustic velocity. The most important part of a processing algorithm is 
the transformation of the data from A-Scan to C-Scan. An ideal algorithm can process 
ultrasonic data with low measurement error, high precision and high speed [178]. There are 
large amounts of data in UT and it requires multiple channels working at the same time to 
ensure that the scan can cover the entire circumferential wall when operating the pipeline, 
[179] thus further increasing the difficulty of processing the test data. The ultrasonic A-scan 
echo data which is processed by automatically wall thickness measurement algorithm is not 
one single scan point data, but an echo data of thousands of scan points, which require 
strong adaptability. At present, there are many algorithms to compute the wall thickness 
from the ultrasonic A-scan data, mainly single-point processing or automatic detection of 
demanding testing conditions, such as fast Fourier transform method, wavelet analysis, 
Support Vector Machine (SVM), neural network, cross-correlation analysis, etc. Fast 
Fourier Transform (FFT) is a traditional algorithm for spectrum analysis of the A-scan data. 
It is a specific approach to remove the DC component in the frequency domain, to identify 
the frequency of wall thickness, then to compute the wall thickness [180]. If using this 
method with automatic thickness measurement of the scan points of a region, in the 
ultrasonic echo spectrum, it will appear multiple maxima before the frequency of the actual 
wall thickness and thus prone to false positives, then affecting the test results. 

Wavelet analysis is commonly used to process non-stationary signals. It has an excellent 
time-frequency localization capability and commonly used in the A-scan signal de-noising. 
However, wavelet analysis cannot provide high-frequency resolution and high temporal 
resolution at the same time, because the window width and bandwidth are restricted, which 
cannot be made arbitrarily small simultaneously [181]. If the wavelet analysis method is 
used to automatically detect the pipeline internal corrosion, it will not be able to use the 
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same standard to analyze high-frequency signals and low-frequency signals when facing 
multiple scan points. So, the choice of the wavelet basis is also complicated [182]. The 
support vector machines and neural network methods fall into the category of classification 
methods and the success rate of these methods are directly related to the choice of the 
training sets. If the sample sets are selected inappropriately, it will cause huge errors. In 
addition, the training time is usually long [183]. When processing points scanned from an 
area, it will not be pre-informed about the region containing the types of corrosion, resulting 
in the training sample set is not easy to select, thus affecting the test results. Although the 
cross-correlation method can effectively eliminate the impact of noise on the echo signal, 
such computation needs 2N times of multiplications and N (N-1) times of additions. When 
there are large amounts of data in the ultrasonic echo signal, the computation will be very 
intensive, so real-time detection cannot be realized [140&184]. The algorithm above for 
processing a single scan point of A-scan data or automatic detection in stable detecting 
conditions is able to meet the needs. However, when using these methods to automatically 
processing A-scan data of a region in certain unstable testing conditions, it is often prone to 
false positives, lack of precision, poor real-time, or even it fails to calculate the thickness 
values but only to make the classification. An advanced twice FFT automatic thickness 
measurement algorithm has been developed for the real-time automatic measurement of the 
wall thickness of pipeline corrosion with high accuracy [185]. 

4.  ADVANCED ULTRASONIC INSPECTION SYSTEM FOR TUBES/PIPES 

4.1.  Guided Wave Technique 

The tests (In-Line  Inspection) implemented by intelligent PIGs, which use the ultrasonic 
(UT, Ultrasonic Testing) or electromagnetic method (ET, Electromagnetic Testing) of 
damage detection, allow to more thoroughly assess the physical condition of underground  
pipelines[186]. In this case, it is possible to detect, locate and determine the size (geometry) 
of  corrosion defects (including Stress Corrosion Cracking(SCC)), both inside and outside 
the  pipeline and to detect hidden defects in the pipe wall material (various types of 
discontinuities).  A drawback point of this technique is the necessity inside to insert a large-
size device to the pipeline, which is in-situ not always possible to achieve for in-situ 
applications. 

In recent times, a long-range ultrasonic method, which is based on the phenomenon of 
guided waves (Ultrasonic Guided Wave Testing), has been used for testing the  underground  
pipelines [187]. The test is conducted by generating guided (torsional) waves in the pipe 
wall, which  propagate to a maximum distance of approx. 200  m, depending on the pipe 
material conditions and operating conditions and  the  detection location of the damage  are  
possible by calculating  the transit time of reflection of waves from the location of the 
damage. The disadvantage of this  method is a significant decrease in energy of waves 
propagating on the weldsconnecting  individual elements of the pipeline, as well as a result 
of the material degradation, especially  the corrosion damage, which causes the decrease in 
the test distance even down to 8 to 10 m [188]. 

62



UT Guided Wave (GW) method can be a reliable and a rapid technique for assessing the 
condition of tubes by detecting various flaws [189 &190]. The idea of the UT detection of 
flaws located far from a transducer is based on the excitation of the traveling acoustic GW, 
propagating along the tube in the axial or circumferential direction. The term “guided” is 
used, because the UT wave travels along the tube guided by its geometric boundaries i.e 
through Wall- Thickness [191]. Different types of inspection: longitudinal, shear, surface, 
torsional and Lamb waves can be adopted for inspection of tubes/ pipes. Each of these 
waves has its advantages and limitations [192]. Signals reflected from geometric 
irregularities, material imperfections and/or defects are detected in the PE mode. As a result, 
the location of the defect and sometimes its size can be estimated. Because of the long-
inspection range, the GW inspection technology is useful for quickly surveying the structure 
for defects from the outside surface of the tube and pipe, including areas that are difficult to 
access directly due to protective covers/shields around the tube and pipe [193]. Typically, 
the sensitivity of the GW technique is lower than the sensitivity of the standard UT 
methods [194].  

A method to test thin-walled tubes with diameters of a few centimeters by guided ultrasonic 
waves is reported [194]. The principle is the application of two types of axially symmetric 
ultrasonic tube modes: “longitudinal” modes with particle displacements coupled in axial 
and radial directions for transverse failures and torsional modes, applying in the 
circumferential direction only, for the detection of longitudinal failures. Both types of 
modes propagate along the tube in the axial direction. A pulse-echo technique, therefore, is 
useful. The pulses are excited and received at one end of the tube by another method such as 
contactless electrodynamic transducers for the EMAT technique. As soon as the tube is 
placed inside the transducer coil at one end, testing of the whole tube can be accomplished 
in a few milliseconds. Transportation or rotation of the tubes is not required during the 
test [197].  

(Fig.4.1) shows beam-tracing simulation for surface and shear/longitudinal waves, 
respectively, propagating along the tube length. 
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Fig.4.1. Beam-tracing simulations for (a) Surface and (b) Shear/Longitudinal waves, 
respectively, propagating along the tube length[194] 

Circumferential PE B-scans using surface waves, propagating in the axial direction, can be 
performed to detect circumferential ID notches (Fig.4.1) using contact non-focused angle 
beam transducer (f=2.5MHz and D=12.5mm) with prism wedge fitted on the ID of a large 
diameter tube. Using acoustic waves propagating around the tube in the circumferential 
direction, the GW technique does not need a rotation of the transducer. In (Fig.4.2) the 
beam-tracing simulations of surface and shear waves, excited within the tube wall and 
propagating around the tube in the circumferential direction are shown. 

Lamb waves are guided ultrasonic plate waves that can follow the curvature of pipe-like 
structures. By transmitting and receiving many helically propagating Lamb waves via 
longitudinal transducers in contact with the surface of a pipe, cross-hole tomographic 
geometries can be simulated and tomographic reconstructions are performed in order to 
locate and size the flaws. A meridional-array scheme has been described which simulates a 
single ray of the transducer, wave along the exterior surface of the pipe in the axial direction 
and show a proof of concept results on a pipe sample with an internal wall-thinning. 
Improved reconstructions for the other helical ultrasound tomography geometry have been 
demonstrated where the transmitters and receivers lie along with the parallel circumferential 
rings. It has been observed that the frequency smoothes out some of the noise and artifacts 
that appear in the reconstruction [198& 199]. 
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Fig.4.2.  Simulation of guided wave propagation  in tube wall[194] 

4.2.  Phased Array Ultrasonic Testing 

The ability to perform the UT inspection without mechanical rotation of the transducer 
module will lead to a significant simplification of the DAQ system and there is a decrease in 
the inspection time due to an increase in the axial speed of the inspection head. Moreover, 
the necessity of rotation decreases reliability and sensitivity of the inspection head because 
of mechanical vibrations, radial shifts, possible jams, electromagnetic noise from rotating 
motor and so on. Therefore, in general, the possibility to get rid of the rotation is extremely 
beneficial and it will lead to significant financial benefits [103,125& 200]. One of the most 
typical solutions is to apply a one-dimensional circular cylindrical phased array or even a 
two-dimensional cylindrical matrix array instead of a single transducer [201 & 202]. At 
present many researchers and manufacturers are engaged in the development of UT 
inspection systems with phased array transducers for tube and pipe testing [203]. Phased 
array system has significant advantages: electronic focusing; high resolution in the 
circumferential direction; electronic steering of the Ultrasonic beam; and high electronic 
scanning speed. Circular cylindrical phased array system for tube inspection has 
disadvantages: high cost; special complex Pulser-receiver; large size of fixture and 
instrumentation, inability to inspect small tubes and low resolution is sought in the axial 
direction; need to have specially trained personnel, etc. [103, 204 &205]. 

PAs house multiple piezoelectric elements a sub-section of the transducer can be utilized 
simultaneously. The main flexibility offered by the technology is in the ability to undertake 
different inspections without physically moving the transducer [206 & 207]. Typically, a 
delayed firing and reception pattern (focal law) is sent to the elements in the active sub-
aperture of the array allowing the generation of plane waves at different angles and 
electronic scanning. The stacked display of all the A-scan recorded in this fashion is termed 
B-Scan. It often contains enough data to properly characterize the defects. An alternative 
approach is to individually energize and receive with all pairs of elements in the array to 
record a full matrix capture (FMC) of A-Scans. This large amount of data can be post-
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processed to form an image in a region of interest (ROI) [189, 208 & 209]. The defect 
characteristics can be obtained directly from this image [210& 211]. In pipeline 
applications, the operation of PAs is currently limited to transmission and reception patterns 
simulating the monolithic transducers orientated at different angles [211]. Applying these 
techniques for ultrasonic PIG units is challenging because they perform the in-situ 
inspection. 

Olympus NDT has developed a novel semi-automated small diameter pipe scanner with 
two major features: [212 & 213] 

 Low profile for clearance  

 Focused arrays to minimize lateral beam spread  

 Adaptable from 21 mm to 115 mm diameters of pipes 

 One-side access for contact scanning  

 It Works for both Carbon and Stainless Steel  

Automated phased array Rotating Tube Inspection Systems (RTIS) by OLYMPUS has 
been developed for accurate flaw detection in multiple discrete orientations and is now 
required to meet the stringent quality standards required by the industry [214]. However, 
this inspection method assumes that the manufacturing process generates flaws at discrete 
angles. To improve the quality control of seamless tube manufacturing, homogenous flaw 
detection over a broad range of oblique angles is required. The gapless calibration and 
inspection method has investigated for the growing requirements of major oil & gas 
companies for more robust quality control of Oil Country Tubular Goods (OGTG) 
tubes/pipes in manufacturing. Discrete vs. Gapless Coverage inspection method as shown in 
(Fig.4.3).The gapless inspection method manages to overcome the hurdle of calibrating for 
flaw detection without a reference notch for each oblique orientation. The gapless method 
uses only one transmitting angle and a high number of receiving channels to cover a range 
of oblique defects. 

 
Fig.4.3.  Discrete Versus Gapless Coverage [214] 
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5.  REMARKS AND DISCUSSION 

Considering the worldwide research and manufacture of techniques, instrumentation system 
and transducers for inspection and gauging of metallic tubes and pipes, overall remarks are 
as below: 
 
1) Techniques for Tube Inspection 

Immersion or Contact type ultrasonic testing techniques are routinely utilized for dimension 
measurement and flaw detection of tubes/pipes. Pulse-Echo (PE) Water Immersion mode is 
one of the simplest and widely used configuration for inspection of mechanical components, 
as the couplant is always present during the inspection. The measurement results of the 
ultrasonic system can get affected due to the erroneous motion or position of the 
mechanized inspection head during the inspection and thus a loss of contact. Generally, high 
frequency, focused - immersion transducers are required for this purpose. In general, 
Conventional ultrasonic angle beam pulse-echo contact/immersion technique is used for 
tube testing to detect, characterize and size flaws located within the tube wall or on the 
Inside Diameter (ID) region or on the Outside Diameter (OD) region. Apart from the 
conventional ultrasonic angle beam pulse-echo technique, methodologies such as angle 
beam pitch-catch technique and normal beam pulse-echo technique are also used for flaw 
detection. This approach ensures that the flaws in all orientations (axial, circumferential and 
equiaxed and inclined) on the inside and outside surface of the tube are detected with high 
accuracy and reliability. Advanced techniques such as ultrasonic imaging, ultrasonic 
tomography and time-of-flight based sizing techniques are employed to accurately 
characterize and size the flaws. 

Alex Karpelson’s focused Bi-transducer based inspection technique has been a modified UT 
technique and SAFT kinds of signal processing technique provide improved flaw 
identification, characterization and sizing. Such techniques and software lead to more 
accurate determination of flaw orientation and shape, improved accuracy of measurement of 
flaw length, width and depth measurements, the estimation of flaw root radius, which will 
lead to reduction in decreased analysis time and improved efficiency of inspection analysis 
[103].  

2) Techniques for Pipe Inspection 

The angle beam and straight beam acoustic waves are the ultrasonic nondestructive 
evaluation (NDE) techniques most commonly utilized in the automatic inspection of 
pipelines. Many PIG systems utilize the ultrasonic water- immersion pulse-echo method 
(straight beam technology) for the automatic inspection of the pipelines because it provides 
better results than a manual inspection or other techniques used to determine the health and 
safety of the pipelines. The pulse-echo method permits volumetric inspection of pipes, 
which is possible because the ultrasonic waves are able to travel through the fluid and the 
walls of the pipelines. The ultrasonic waves enable to detect internal and subsurface planar 
defects, such as cracks that occur parallel to the surface, as well volumetric defects such as 
corrosion and pitting within the body of the pipeline. The reflected echo from both the inner 
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and outer walls indicates the remaining wall thickness. In automated ultrasonic systems for 
external inspection of pipe, the mechanized head has offset/during the motion, resulting in 
false location and conditional indication size and in some cases a loss of contact. To 
eliminate the above-mentioned drawbacks, Water Immersion Ultrasonic Testing method is 
available where pipe is inspected from inside the pipe, water/oil in the pipe and immersion 
transducers are used, such system is called PIG, which are routinely used in petrochemical 
industry.  

3) Worldwide research on Inspection of Tubes   

i) Nuclear Industry 
 AECL, Canada has developed a completely automatic CIGAR (Channel Inspection 

and Gauging Apparatus for Reactors) system for the inspection of coolant channels 
of CANDU reactors. [53, 69&74] 

 Ultrasonic Research Laboratory, Lithuania has developed Ultrasonic-Zirconium 
Tube meter for automated inspection of coolant channels of RBMK nuclear reactors. 
This system is mainly used for the measurement of wall thickness, inner diameter 
and the outer diameter of Zirconium tubes. [81] 

 BARC, India has developed BARCIS (BARC Channel Inspection System 
Apparatus for Reactors) which is used to perform gauging and flaw detection of 
pressure tubes of Indian PHWRs[4&79] 

 China, A novel intelligent compensation ultrasonic system has been developed by 
China for wall-thickness and diameter measurement of the zirconium alloy cladding 
tube. [111] 

 Another System TRUSTIE, Canada has been proven to be a valuable tool for the 
inspection of the unique design configuration of CANDU Steam Generator (SG) 
tubes. [86] 

 Japan, has designed equipment for inspection of RBMK reactor fuel channels and it 
has been developed by a Japanese joint company group.[85]  
 

    ii) Other Industries 

 Internal Rotary Inspection System (IRIS), USA is also available for the inspection 
of heat exchanger’s small diameter tubes. [93] 

 Ultrasonic Testing Systems are available for measurement of wall thicknesses of 
above 0.7 mm and diameters of above 18.75 mm for welded tubes from Western 
Instruments, Canada. [116] 

 Karl Deutsch has developed Ultrasonic Inspection Systems for Tubes of diameter 
range from 20 mm to 610 mm using contact and immersion techniques. [110] 

 Ultrasonic inspection of Tubes without transducer rotation has been developed 
by Kinectrics Inc., Canada, for improvement in inspection speed. A quasi-
Tomographic approach using ultrasonic technique is also available for flaw 
characterization of tubes [99]. 
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4) Worldwide research on Inspection of Pipes 

 Germany has developed a Pipe Inspection and gauging system for inspection of oil 
pipelines. [156] 

 American Petroleum Institute (API), USA has developed Advanced UT Rotary 
System for inspection of steel tubes and pipes, including accurate measurement of 
WT, ID, OD and longitudinal and transversal defects in the pipe.[165] 

 Ultrasonic Crack Detection System of Tokyo, Japan on Multi-Diameter PIG Robots 
is available for crack and corrosion Detection as well as inspection of multi-diameter 
pipelines.[154] 

 China has developed a Measurement System for the Wall Thickness of Pipe for 
accurate measurement of wall thickness with high speed (416 mm / sec). [169] 

 An Ultrasonic Testing system has been developed by Kaunas University of 
Technology, Lithuania for the detection of creep damage in welded steel 
pipes. [146] 

 An Ultrasonic inspection system has been developed for flaw detection of long-
range gas pipelines using ultrasonic guided waves by South Korea. [174] 

 Karl Deutsch, Germany has developed an Automated Ultrasonic Pipe Weld 
Inspection for wall thickness measurement and flaw detection using contact and 
immersion testing techniques. [108&110] 

 Dacon, Thailand has developed UT PIG systems for inspection of Pipes of any 
Diameter greater than 3’’ and minimum Wall Thickness of 1 mm. [175] 

5) Advanced Techniques for inspection of tubes and pipes  

i) Guided Wave Technique 
 GW inspection technology is useful for a quick survey of the structure for defects, 

including areas that are difficult to access directly and the GW technique, using 
acoustic wave propagating around the tube in the circumferential direction, does not 
need a rotation of the transducer but the sensitivity of GW technique is lower than 
the sensitivity of the conventional UT methods. 

 An inspection system is available from China for detection of circumferential 
defects of boiler tubes using Ultrasonic Guided Wave technique [194] 

ii) Phased Array Ultrasonic Testing 

PAUT has the ability to perform the UT inspection without mechanical rotation of the 
transducer module and it leads to a significant simplification of the DAQ system and 
decrease in the inspection time due to an increase in the axial speed of the inspection 
system. Phased array system has significant advantages: electronic focusing; high resolution 
in the circumferential direction; electronic steering of the Ultrasonic beam; and electronic 
high scanning speed. Circular or cylindrical phased array system for tube inspection has 
disadvantages: high cost; special complex Pulser-receiver; the large size of fixture and 
instrumentation, inability to inspect small tubes; low resolution in the axial direction; needs 
to have specially trained personnel, etc [103&200]. 
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6) Futuristic requirements 

Major developments carried out by various countries in the field of ultrasonic gauging and 
imaging of metallic tubes and pipes suitable for key areas of the industry have been covered 
in the review report. Further to this, with the advent of technology and the science of 
Ultrasonic Testing, new trends of advanced ultrasonic inspection technologies have been 
worldwide developed [217-220]. Some of the new trends of ultrasonic inspection 
technologies are described below: [215 & 216] 

  There is a major thrust on the combined numerical simulation analysis with the 
ultrasonic inspection technique. 

 Robotic vehicles play an important role in future ultrasonic testing systems for pipes 
due to their affordable cost, safety and accessibility to areas where manual 
inspection is not possible 

 Signal processing and wavelet transforms have been developed to improve the 
quality of image and flaw sizing accuracy 

 High-speed systems capable of both, B/C-Scan imaging and high-resolution gauging 
of tubes/pipes are the requirements of many industries 

 The test method should be indirect; system should be reliable; system should provide 
quantitative data such as remaining wall thickness or depth/ size of defect; system 
should provide accurate measurement and the system should be easy to use. Due to 
the availability of such instrumentation systems, life assessment of tubes and pipes 
can be made with a very high level of confidence. 
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