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Abstract 
 

High Temperature Ultrasonic Testing is an unexplored area of non-destructive testing with lots of interest 

for the industry. The ability to carry out inspections in certain sections of the plant without the need of 

an outage can save lots of money to the industry. The sectors that would most benefit from this type of 

inspection are: power generation, petrochemical, offshore, steel, among others. This type of inspection 

allows the reduction of the frequency and/or duration of outages due to the possibility of on-line 

monitoring of the defects or degradation of components, enabling a better planning of the action to take. 

 

Due to this market niche, the elaboration of an automated system for inspection of pipes at high 

temperatures, up to 450ºC, was approved. A modular system has been designed to be carry out 

ultrasonic and eddy current tests. There is also a challenge in finding a couplant that allows proper 

acquisition of results under these conditions. 

 

The automated and modular system developed was tested at temperatures of 450ºC, under more 

adverse conditions than those found in factories, allowing the inspection of pipes of variable diameter 

with the aid of an orbital guide where it travels. 

Thickness measurement tests were also performed at high temperatures in order to verify the 

attenuation of longitudinal waves emitted by the ultrasonic probes prepared for high temperature. 

Common oils were used in order to employ an economically viable and easily available couplant, having 

been reliably employed up to 370 °C. 

 

Key-words:  High Temperature Ultrasonic Testing (HT UT); Non-destructive testing (NDT); Automated 

modular system; Signal attenuation; Couplants. 
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Resumo 
 

Inspecção por ultra-sons a altas temperaturas é uma área dos ensaios não destrutivos pouco explorada 

com bastante interesse para a indústria. A possibilidade de realizar inspecções em determinadas 

secções da fábrica sem a necessidade de recorrer a uma paragem permite poupar muito dinheiro à 

indústria. Os sectores que têm mais a beneficiar deste tipo de inspecções são: geração de energia, 

petroquímica, offshore, aço, entre outras. Este tipo de inspecções permite a redução da frequência e/ou 

duração das paragens, devido à possibilidade de monitorizar o estado dos defeitos ou degradação dos 

componentes durante o seu funcionamento, propiciando também um melhor planeamento para a 

reparação a seguir. 

 

Devido a este nicho de mercado foi aprovado a elaboração de um sistema automatizado para inspecção 

de tubagens a altas temperaturas, até aos 450ºC. Foi projectado um sistema modular de forma a poder 

realizar ensaios de ultra-sons e correntes induzidas. Existe também um desafio em encontrar um 

acoplante que permite a acquisição de resultados nestas condições. 

 

O sistema automatizado e modular desenvolvido foi testado até temperaturas de 450ºC em condições 

mais adversas que as encontradas em fábricas, permitindo a inspecção de tubagens de diâmetro 

variável com o auxílio de uma guia orbital onde este se desloca.  

Foram também realizados ensaios de medição de espessura a altas temperaturas de modo a verificar 

a atenuação de ondas longitudinais emitidas pelas sondas de ultrasons preparadas para alta 

temperatura. Óleos comuns foram utilizados de modo a empregar um acoplante economicamente viável 

e de fácil disponibilidade, tendo se conseguido empregar fiavelmente até aos 370ºC. 

 

Palavras-chave: Inspecção por ultra-sons a altas temperaturas; Ensaios não destructivos; Sistema 

automatizado modular; Atenuação de sinal; Acoplantes. 
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1. Introduction 
 

Non-destructive Testing (NDT) is continuously improving and changing. The employment of new 

techniques or the inspection of new materials is continuously pushing and developing new ways to 

perform non-destructive testing. One of the most prominent and flourishing techniques is ultrasonic 

testing. It’s continuously gaining ground and becoming as common as radiographic testing, being more 

economical and safer for the operator than the later [1]. One of the fields that’s gaining attention and still 

has a long road to travel is High Temperature Ultrasonic Testing (HT UT). Its ability for performing on-

line inspection without the need for shutting down or paralyzing part of a factory while assessing defects 

can change the way companies plan their factory stoppages. Commonly, outages must be made to 

allow the inspection area to cooldown for inspection as plant operating temperatures are usually higher 

than existing contact inspection technologies. 

 

High Temperature Ultrasonic Testing is a continuously developing technique with a lot of interest in 

the industry. HT UT struggles with finding a suitable couplant as well as an enduring probe. High 

temperatures are demanding conditions for most commonly used materials for probes and probes’ 

wedges, as they tend to quickly degrade and damage the materials. High temperature couplants are 

available but there isn’t an optimal solution, specially concerning price, ease of use and corrosive 

properties. 

 

 Following this industry need the Hi2Tust project was created with the aim to develop an 

automated system for inspection and continuous monitorization of critical components in operating 

conditions at high temperatures, up to 450ºC. This project continues the work previously started in 2013 

with the HiTrust project and aims to tackle the hardships found before, related to the limits of the 

inspection technique used, the EMATs and problems with the initial prototype. 

 In partnership with ISQ, an automated system capable of enduring this harsh environment was 

developed with the bonus of being able to perform ultrasonic testing as well as eddy current Testing 

(ET). Many concepts were drawn before choosing to develop a module system with a toothed gear to 

run along an orbital track, illustrated in Figure 1. After many modulations on SolidWorks, the prototype 

was assembled. Compressed air and water cooling was chosen for keeping the inspection system up 

and running. 



 

2 
 

 

Figure 1 Final prototype for scanning system 

 Finished the development of the automated system and since it’s aimed at high temperature 

inspection, it was necessary to assess/evaluate couplants and probes capable of carrying out this type 

of job. Most common probes have operating temperatures up to 60ºC so it was necessary to find a way 

to keep the probe cooled and seek materials with low thermal expansion and resistant to thermal 

degradation. Two polymers were used to keep the probe insulated from temperature and a water 

channel was developed to cool the probe and perform the inspection.  

 Concerning the ultrasonic testing, it was analysed the effect of temperature on the sound waves 

through the measurement in the changes of sound velocity and attenuation. An effort was made to 

employ economical and easily accessible couplants in a way to find suitable couplants for HT UT and 

these were compared with a gel paste usually employed by the industry. 

  

 The structure of this thesis composes of five chapters, including the introduction. The first 

chapter is directed to the motivation and objectives of the intended work.   

 In the second chapter the state-of-the-art of the subject is reviewed. A brief summary of some 

topics related to the project is made, like ultrasonic testing and ultrasounds basic principles with a focus 

on the effects of high temperature. Ultrasonic inspection techniques and equipment is also looked at.  

 At chapter three is described the work undertaken to execute the project. Requirements and 

following concepts are shown, leading to the final prototype. It’s presented the construction of the many 

subsystems that compose the workstation, the tests made to meet the requirements imposed, the 

automated scanning system and the systems that control it and enable it to perform HT UT. Also, it’s 

exposed the adaptions made to the ultrasonic testing equipment for this type of inspections.  

 Chapter four is the validation and evaluation of the scanning system, as well as the rehearsal 

made to the verify the effects of temperature on ultrasounds.  

 Finally, at chapter five, conclusions and prospects for future work are presented.  
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2. Non-destructive testing 
 

 There is a need to assess components during its production as well as its in service life to ensure 

the integrity and predict future complications and repairs. There are many methods to evaluate the 

physical, chemical, mechanical and dimensional characteristics of components through destructive and 

non-destructive testing. In destructive testing there is no reutilization of the test piece. Some examples 

of destructive tests are tensile testing, hardness testing, creeping, among others. 

 In non-destructive testing the test piece remains intact, making it possible to inspect the whole 

piece in the totality of its volume, depending on the technique, and prevent service failures. This allow 

to detect defects, characterize materials or use it in metrology applications. The methods employed in 

non-destructive testing are: 

• Penetrating Testing; 

• Magnetic Particle Testing; 

• Electromagnetic Testing; 

• Radiography; 

• Ultrasonic Testing; 

• Among others. 

 

In the following chapters we will review the state of the art of ultrasound evaluation, from 

conventional ultrasonic testing to phased array and time-of-flight diffraction (TOFD), as well as looking 

into the basic ultrasound physical principles and ultrasonic equipment, like transducers and couplants. 

Finally, we will look into high temperature ultrasonic testing and its limitations.  

 

2.1. Ultrasonic testing 
 

 Ultrasounds as a method of component diagnostic employs the use of high frequency 

soundwave propagation, usually between 1 and 10 MHz but it can reach 0.2 to 100 MHz for specific 

applications. Before World War II, soundwaves were only used in sonars to detect submerged objects 

in water but it inspired investigators to explore means to apply its concept to other areas. Beginning in 

1929, Sokolov studied the use of ultrasonic waves in detecting metal objects. Mulhauser obtained a 

patent for ultrasonic waves, using two transducers to detect flaws in solids in 1931. The first practical 

commercial ultrasonic flaw detector was patented by US researcher Floyd Firestone, this instrument 

was called the Supersonic Reflectoscope and used the pulse/echo technique commonly used today [2–

4]. 

 The use of ultrasonic testing is constantly employed to detect discontinuities inside components, 

thickness measurements, assessing bonding between different materials, determining physical 

characteristics of materials, among others. 
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This method has its advantages and disadvantages [5]: 

Table 1 Advantages and disadvantages of ultrasonic testing 

Advantages Disadvantages 

High penetration power which allows to detect 

flaws inside components, among numerous 

materials and thicknesses 

Operators qualification  

High sensitivity in detecting very small 

discontinuities 

Hard to apply to components with complex 

geometry and/or very small thickness 

Precise in locating, sizing and determining the 

shape of the flaws 

Hard to use in materials with high acoustic 

impedance 

Only requires access to the surface Sometimes it can be difficult to interpret the 

surface defects 

Suitable in maintenance inspections  Usually requires the use of couplants 

Equipment usually portable  

   

As a matter of interest in these thesis, special relevance will be given to high temperature 

ultrasonic inspection. There is an interest in developing methods and techniques for reliable and precise 

NDT inspections at typical factories operating temperatures, since the interruption of plant operations 

can be costly and time consuming. Since normal contact inspection probes can’t withstand the high 

temperatures there is a need for cooling prior to inspection and each day off-line can cost in excess of 

$1M due to loss of production [6]. 

 High temperature ultrasonic testing is a challenging practice since it affects not only the physical 

principles of wave attenuation and velocity, as well as it puts to the test the scanning equipment, like the 

probe and coupling fluid. All these elements will be studied in the following chapters and a special 

attention will be given to the effect of temperature on the sound wave and the hardships it presents to 

UT equipment. 

 

2.2. Basic principles of ultrasounds 
 

 Sound is the propagation of mechanical vibrations through a medium which can be solid, liquid 

or gaseous. A sound wave moves a small volume of its medium back and forth around its neutral 

position. When these mechanical movements are repeated periodically and in a given length of time, 

they are classified by their number of cycles per second or hertz. They are organized in a sound 

spectrum which delimitates what’s audible by the human ear and what is above or below our hearing 

ability. The human ear can perceive sounds between 10 and 20 000 Hz, which can vary from person to 

person. Sound waves whose frequency is below 10Hz are characterized as infrasound and above 

20 000 Hz are named as ultrasound.  
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Figure 2 Sound spectrum and respective applications [7]. 

 

 

  

 

  

Technical applications of ultrasound are usually divided into two groups: Primarily, it can be 

used in machining processes, like ultrasonic machining where material is removed by abrasion and 

secondly as an auxiliary technique for more common operations like drilling, turning, among others. It is 

also used as an inspection method, like mapping the ocean floor, locating ships or checking the condition 

of materials, namely its mechanical flaws, thickness and elastic and metallurgical properties.  

A mechanical wave is the oscillation of discrete particles of material. Its oscillation it’s sinusoidal, which 

means its path as a function of time is represented as a sine curve. This wave results from the oscillation 

of its elastic medium and propagates in all directions. If it was a rigid medium they would oscillate 

simultaneously but since it is an elastic medium it has a delay, this delay is one half oscillation. 

 

  

Figure 3 Longitudinal wave [8]. 

 In Figure 3 is illustrated the propagation of movement in a longitudinal wave. It shows the phase 

shift of the oscillations creating zones where the particles approach each other closely, this compression 

zones alternate with rarefied zones. This chronological propagation pattern of the wave shows the 

waves traveling at constant speed and uniformed intervals which portrays an elastic wave. 

 The main parameters of a wave are: frequency, i.e. the number of oscillations of a given particle 

per second (usually quantified as hertz = cycle per second = c/s), this is uniform among all wave particles 

and identical to the generator’s frequency. Wave length which is the distance between two particles at 

the same state of motion, i.e. compression or rarefaction. This is inversely proportional to frequency, 

which means for a higher frequency the wave length will be smaller and vice-versa. The speed of sound 

is the velocity of propagation of a condition, e.g. of a compression zone. This velocity is a characteristic 

of the material acting as a medium. Also, when it comes to ultrasonic inspection there is an important 
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quantity in any given sound field which is the sound pressure. At compression zones there is a higher 

particle density and, usually, a higher pressure, where at rarefaction zones it is lower. This alternating 

pressure along the soundwave is perceived as the sound pressure. The maximum deviation from the 

normal pressure is called the amplitude of the sound pressure [9]. 

 

2.2.1. Modes and forms of waves 
 

 The wave pictured in Figure 3 is a longitudinal wave because its oscillations occur in the 

longitudinal direction, i.e. the direction of propagation. There are at least two more important types of 

wave: transverse wave and surface (or Rayleigh) wave, although the longitudinal wave is the most 

important. 

 

Figure 4 Longitudinal and transversal waves [8]. 

 In Figure 4 it’s shown the longitudinal and transversal waves, despite the direction of 

propagation of the wave being identical the particle movement is different. In longitudinal waves the 

oscillations occur in the direction of wave propagation, meanwhile in transversal waves the particles 

oscillate perpendicular or transverse to the direction of propagation. These transversal waves occur in 

solid medium and cannot be effectively propagated in liquids or gases. The vibrations excite the particles 

sinusoidally up and down due to a periodical shear force, this can also be called a shear wave.  

 Surface waves, also known as Rayleigh waves, travel the surface of a flat or curved solid surface 

at a maximum depth of one wavelength.  
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Figure 5 Rayleigh wave [10]. 

 Surface waves combine both longitudinal and transversal motion so that particle movement is 

not exclusively sinusoidal describing an elliptic trajectory. Rayleigh waves are valuable since they can 

detect surface defects (among other surface features) and they propagate surfaces around curves, 

reaching areas that otherwise were difficult to inspect.  

 There are many more wave modes like Lamb waves or Love waves (parallel to the surface plan, 

perpendicular to wave direction) which are both plate waves, Stoneley waves (wave guided along the 

interface) or Sezawa waves (antisymmetric mode). 

 Lamb waves are one of the most used waves in non-destructive testing and are similar to 

surface waves, except they can only be produced in materials with a few wavelengths thick. These 

waves propagate parallelly to the surface. Lamb waves are generated at an incident angle where the 

parallel component of the velocity of the wave generated is equal to the velocity of the wave in the test 

material. 

 

Figure 6 Asymmetric and symmetric Lamb waves [11]. 

 There are many modes of particle vibration in Lamb waves but the most common are 

symmetrical and anti-symmetrical. Symmetrical Lamb waves move in a symmetry about the median 

plane of the plate.  This is sometimes called the extensional mode because the wave is “stretching and 

compressing” the plate in the wave motion direction.  The asymmetrical Lamb wave mode is often called 

the “flexural mode” because a large portion of the motion moves in a normal direction to the plate, and 

a little motion occurs in the direction parallel to the plate. In this mode, the body of the plate bends as 

the two surfaces move in the same direction [8, 11]. 
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2.2.2. Wave Attenuation 
 

 Concerning ultrasonic attenuation, this is caused by a loss of energy in the ultrasonic wave 

through a medium, this can be represented by a reduction of wave’s amplitude. This is influenced by 

many factors such as ultrasonic beam spreading, energy absorption, dispersion, nonlinearity, 

transmission at interfaces, Doppler effect, scattering by inclusions and defects, among others [12]. 

 Sound attenuation of solid materials increases with temperature, this effect may imply significant 

increase of instrument gain when testing over long sound paths, adjustment to the DAC 

(distance/amplitude correction) curves or TVG (Time Varied Gain) programs that were defined at room 

temperature. A typical value for attenuation of fine grain carbon steel alloy at 5 MHz at room temperature 

is approximately 2 dB per 100 mm of sound path. If you increase its temperature to 530ºC or 930ºC, the 

attenuation value rises to nearly 15 dB per 100 mm of sound path [13]. 

 

2.2.3. Wave Velocity 
 

 The velocity of a wave is a vital parameter to Ultrasonic Testing in order to get correct and 

precise results. The velocity at which a sound wave propagates through a medium depends not only on 

the structure and geometrical shape but also on the medium itself. Its values can be obtained from wave 

equations resultant of the elastic properties and density of the medium. Usually the longitudinal velocity 

of a wave propagating through a medium is twice the velocity of a shear wave [12]. 

 Sound wave velocity through a medium also changes with temperature, as it reduces as the 

temperature increases. Its values change by 1% per 55ºC in steels (the exact value depends on the 

alloy) and by 50% per 55ºC in plastics and other polymers [13].  

 The relationship between sound velocity and temperature must be taken into account, if not it 

can lead to misleading results, such as those demonstrated by Kelly et al. 

 

Figure 7 Sound velocity variation as temperature increases [6]. 
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Figure 8 Error of defect placement at 500ºC [6]. 

 As shown at Figure 8 the defect position and size could be misrepresented if the proper 

calibrations aren’t made for high temperature inspection. The UT inspection should show a range of 

38.6 mm at 39° instead of a range of 42.56 mm at beam angle 45°, this means a misrepresentation of 

the real position by 6 mm [6]. 

 

2.3. UT Equipment 
 

The necessary equipment for ultrasonic testing are: the pulser/receiver, the probes or ultrasonic 

transducers, the couplants and a display device to present the acquired data. The pulser/receiver is an 

electronical equipment responsible for producing high voltage electrical pulses that will drive the 

transducer, this will generate a high frequency ultrasonic wave, which with the aid of the couplant will 

transmit an ultrasonic wave to the test piece. A look will be given to transducers and couplants in the 

following pages, as well as a special focus to high temperature application. 

 

2.3.1. Conventional Transducers 
 

Ultrasonic transducers are responsible for the generation and reception of the high frequency 

waves used for flaw sizing and detection in small probes. Their size, frequency and case style is 

selected accordingly to the required inspection needs, they can be used for thickness measuring in 

paper-thin coatings or flaw detection in thick steel plates. 
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Figure 9 Ultrasonic evaluation equipment [14]. 

 A transducer is a device that converts one form of energy into another. In ultrasonic NDT, 

transducers convert an electrical energy pulse from the probe into a sound wave (mechanical energy) 

that propagates through the test piece. When these sound waves come across a flaw or reach the 

backwall, they are reflected and then are converted into an electrical energy pulse which is processed 

and displayed by the equipment. 

 The active element of a transducer is usually a piezoelectric ceramic or composite that 

transforms electrical energy into mechanical energy and vice-versa, it can come in many shapes and 

sizes. In the beginning quartz crystals were used, so these elements came to be known as crystals, but 

ceramics such as lead metaniobate and lead zirconium titanate had become the norm. Recently there 

is an interest in using composite elements, the traditional ceramic disk (or plate) is replaced by small 

cylinders of piezoelectric ceramic embedded in epoxy matrix, which provide increased bandwidth and 

sensitivity in flaw detection applications. 

 

Figure 10 Cut away of a piezoelectric transducer [15]. 

As seen above, the piezoelectric element generates sound waves through an electrical pulse 

and converts the returning vibrations into voltage. The active element is protected from damage by the 

aid of a wear plate or acoustic lens and has a dampening material (backing material) which quiets the 

transducer after the sound pulse has been generated. This subassembly is all mounted in a case with 

proper electrical connections [16]. 

 There are many types of transducers, they tend to be labelled by their type of interaction, contact 

or immersion transducers, their element configuration, single or dual element. Different types of 
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transducers apply to different situations, like phased array inspection which requires a transducer with 

a large group of elements. 

 Transducers are often classified in two groups: 

 

• Contact transducers which are used in direct contact with the test piece. They have a thin and 

hard wear plate cut to a thickness of one-quarter the wavelength which protects the active 

element from damage in normal use. Usually, coupling materials like water, grease, oils or 

commercial solutions are used to eliminate the air gap between the transducer and the test 

piece. 

 

• Immersion transducers do not contact the test piece. They are designed to work in a liquid 

environment, usually water, and have an impedance matching layer that helps to get more 

sound energy into the liquid and therefore the test piece. They often incorporate an acoustic 

lens that focuses the sound beam into a small spot, increasing sensitivity. They are regularly 

used for on-line or in-process tests on moving parts, for scanned tests, and for optimizing sound 

coupling into sharp radiuses, grooves, or channels in test pieces with complex geometry.  

 

 

Contact transducers are available in a variety of configurations to adapt to a specific application, 

these are [16]: 

 

Table 2 Types of contact transducers 

 
Figure 11 Flat contact transducer [16]. 

Flat contact transducers are usually used in 

normal beam inspection of rather flat surfaces, if 

it’s a curved surface a shoe that matches the 

curvature is used. 

 
Figure 12 Angle beam transducer with wedge [16]. 

Angle beam transducers are designed to work 

with angle beam wedges which generate sound 

tilted at an angle to the coupling surface. The 

most common wedge angles used are for 

refracted shear waves of 45, 60 or 70 

degrees.  They are usual in most weld 

inspections since most common weld geometries 

involves aiming sound waves at an angle. 
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Figure 15 Single a) and dual b) element transducer [18]. 

 

 
Figure 13 Delay line transducer [16].  

Delay line transducer introduce a time delay 

between the generation of the sound wave and 

the arrival of any reflected waves. This improves 

near surface resolution since it allows the 

transducer to complete its “sending” function 

before it starts “listening”. Delay lines are often 

used as a thermal insulator, protecting the heat-

sensitive transducer element from direct contact 

with hot test pieces. 

 
Figure 14 Dual element transducer [17]. 

Dual element transducer incorporates separate 

transmitting and receiving elements which are 

mounted on a delay line at a small angle to focus 

sound energy a selected distance beneath the 

surface of the test piece. These are primarily 

used for rough, corroded surfaces, but also prove 

useful for high-temperature inspections since 

they tolerate contact with hot surfaces. They are 

very useful when measuring small thicknesses or 

inspecting near surface defects. 

b) a) 
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 Dual element transducers, Figure 15, have different construction because they have separate 

transmitting and receiving elements divided by a sound barrier, no backing material, and an integral 

delay line to focus and couple the sound energy instead of a wear plate or lens. 

 

2.3.2. High Temperature Transducers 
 

 At HT UT transducers fail mainly due to the loss of piezoelectric properties of the its materials. 

Conventional ultrasonic transducers will tolerate temperatures up to approximately 50°C. At 

higher temperatures they will eventually suffer permanent damage due to internal disbonding caused 

by a thermal expansion [13]. 

 Most commercially available ultrasonic contact transducers designed for high temperature have 

a short duty cycle, resort to delay lines or dual elements. This high temperature ultrasonic transducers 

are sold by companies such as Panametrics, Hagisonic, SIGMA transducers, among others. 

Panametrics high temperature transducers are designed with a duty cycle in mind. Although the 

delay line insulates the interior of the transducers, the recommended duty cycle for surface temperatures 

vary between 90°C and 425°C and contact with the hot surface should be no more than ten seconds, 

being five seconds the suggested time, followed by a minimum of one minute of air cooling [13]. For 

design reasons, there are no high temperature contact transducers in the standard product line. 

Hagisonic high temperature transducers are single element contact transducers designed to 

operate at up to 500°C. It is not clear if they are intended for continuous operation up to 500°C, or in 

duty cycle mode. They are suited for detection of defects at high temperature, high temperature 

thickness and corrosion measurements [19]. 

SIGMA contact transducers allow operations at 204ºC continuously, and with the help of a delay 

line it can reach 232ºC or 426ºC with a 15% duty cycle. There is also a stainless-steel wedge high 

temperature transducer which has been tested to 565ºC for 600 hours. During this test the signal 

amplitude improved with time at temperature. The probes have also been placed in a 500/550ºC furnace 

three different times for a total of 1100 hours and when the probes returned to room temperature the 

signal amplitude barely changed from the original [20]. 

General Electric also has high temperature transducers which can measure and repeat 

accuracy requirements (linearity and temperature compensation) even in rough or curved coupling 

faces. Its DA 305 probe can operate up to 600ºC, although it doesn’t specify if it is continuously or in 

duty cycle [21]. 

Passive cooling of these transducers is achieved through its housing design, but there is the 

option to actively cool the probes. An independent cooling system can be engineered to provide the 

necessary cooling needs and keep the transducers at desired temperature. 

Optel offers a water cooled delay line transducer made from stainless steel or ceramics [22]. 

 A comprehensive study of high temperature ultrasonic transducers and the development of a 

prototype ultrasonic probe was made by Mrasek et al. and Kažys et al. It is highlighted, that at 

temperatures above 200°C ultrasonic testing is mainly made by electromagnetically generated 

ultrasound by means of EMAT transducers. 
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2.3.3. Coupling 
 

 Coupling materials are responsible for removing the air gap between the transducer and the 

component being inspected, it helps the transmission of ultrasonic energy from the transducer to the 

test piece. 

 

Figure 16 Example of a scanning system using couplant [25]. 

 Couplants are necessary due to the large acoustic impedance between air and solids, this 

impedance means that all the energy is reflected and very few actually reaches the test piece. The 

couplants keeps the air out and ease the transmission of sound energy into the test piece [26, 27]. 

 

 There are three main types of acoustic coupling: dry, liquid or solid coupling. 

 

 Dry coupling involves high pressures. It’s necessary a high-quality surface finish and high 

pressures so the air between the transducer-test piece interface is expelled. Even with highly polished 

surfaces it’s required pressures up to 300MPa to expel the air and optimize the contact between them 

since even very small air gaps (>0.01 µm) substantially reduce the acoustic energy from reaching the 

material [24, 28, 29]. 

 

Liquid coupling involves two sorts: liquid at the room temperature (silicone, oil and specialized 

high temperature couplants) or solids at room temperature which melt preceding the operation, like glass 

solders. 

Silicone oil as a couplant is only viable until 250ºC as it starts to evaporate progressively. In a 

prolonged operation, the liquid couplant can flow out of the interfaces due to the piezoelectric element’s 

vibrations [24, 29].  

 High temperature liquid couplants must be used carefully since they tend to dry out or solidify 

jeopardizing its role as ultrasonic energy transmitter. Olympus has a gel couplant that can be used at 

high temperatures, this H-2™ couplant can be used at temperatures up to 510ºC under certain open 

environment conditions [26]. Sonotech offers it Pyrogel 100 as a solution for high temperature couplants, 

it can be used for thickness gauging to temperatures up to 429ºC and flaw detection up to 318ºC [30]. 

Although many solutions are provided there isn’t an optimal coupling fluid, especially concerning 

its corrosive properties. 



 

15 
 

 In principle, internal acoustic coupling could be accomplished with glass solder, which becomes 

liquid in the temperature range established.  However, the use of glass solder still induces problems like 

corrosion of the test component, medium term degradation, difficulty in achieving a high quality couplant 

layer in the inspection area  and solidification of the glass layer when the test component is cooled [28]. 

A glass solder solution called “NaPoLi”, consisting of sodium oxide, phosphor oxide and lithium oxide, 

was used as coupling medium in temperatures up to 500ºC but at higher temperatures the glass solder 

started to react chemically with the probe’s components, except of platinum and gold. There are also 

less chemically reactive glass solders (LG-K1, LG-K2) unfortunately there is still a problem concerning 

adhesion between the transducer elements, as 60% revealed adhesion problems [24]. 

 Concerning solid coupling many approaches can be used: soldering; diffusion bonding; 

ultrasonic welding; cementing; epoxy bonding; sol-gel or chemical vapor deposition (CVD) technology. 

 At higher temperatures, only a limited number of suitable soft solders are found. They should 

be elastic in order to compensate thermal expansion of the protector, backing and piezoelement; it 

should not dissolve thin electrodes of the piezoelement, among others. There is a soldering technology, 

with an Ag based solder and a melting point of nearly 500ºC, for the bonding of LiNbO3 crystal to the 

steel block using Ti foil interlayer. 

When it comes to diffusion bonding at high temperatures, bismuth titanate piezoelement 

bonding was tested in a stainless-steel protector using thermocompression (temperature at 400ºC, static 

pressure >200 MPa) with gold foils to provide interface between the piezoelement and the protector. 

Sometimes the results obtained were good, other times it showed cracks and delaminations. Therefore, 

for the diffusion bonding of piezoelectric ceramics, the temperatures and the pressures must be carefully 

and lightly applied. 

In the ultrasonic welding technology, Morgan Electro Ceramics produces piezoelements with 

the silver electrodes, polished to the surface flatness within 5 light waves, the surface finish within 0.3 

μm. 1-3 conectivity composite material made of lithium niobate and cement for ultrasonic condition 

monitoring at elevated temperatures was bonded permanently to the test object with the same cement 

Al2O3. Unfortunately, after reaching 456ºC and cooling, the composite transducer disbanded from the 

metal test block. However, the composite material itself was still intact and had survived. Further 

investigations are necessary to determine at what stage the material disbonds from the test block and 

whether this can be prevented. The same Al2O3 cement was used for bonding of LiNbO3 crystal to the 

Ti block and operated up to 600ºC in the experiments with liquid Sn. 

Epoxy as a bonding material can also provide a good high heat resistance. A commercially 

available inorganic silver epoxy, Aremco Pyro-Duct™ 597 is silver filled with one part paste and is 

intended to use up to 927ºC. It is thermally and electrically conductive. This technology is used for the 

development of high temperature piezoelectric wafer sensors, based on ALN and GaPO4, which are 

capable of performing in-situ non-destructive evaluation. 

Sol-gel and chemical vapor deposition (CVD) technologies were developed in order to avoid 

coupling problems. These technologies are being developed and are far from a final solution, so 

experiments are quite limited and there is no information about the adherence quality, thermal expansion 

coefficients, influence of the thermal shocks, etc [24, 28]. 
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2.4. Ultrasonic Inspection Techniques 
 

Ultrasonic testing receives the ultrasound waveform back from the test piece either by reflection or 

diffraction. These two are applied to two different methods, Phased Array and Time-of-Flight Diffraction 

(TOFD), respectively. Phased array uses an array of elements, individually activated to create a 

focalized beam of the area we want to inspect. Phased array beams can be steered, scanned, swept 

and focused electronically. The TOFD technique is based on diffraction of the ultrasonic waves on tips 

of discontinuities and is great at accurately identifying the height, length and position of a flaw [31]. 

These two techniques will be more thoroughly explained in the following chapters. 

 

2.4.1. Phased Array 
 

Phased array is a specific method from ultrasonic testing which employs many transducers with 

lots of elements that through a good software post-processing produces detailed images of internal 

flaws, just like the ultrasound images obtained in Medicine. It is used in critical inspections of 

manufacturing, aerospace components, pipelines or other applications where the additional information 

provided by phased array is crucial. 

 In order to understand the physics behind phased array inspection is necessary to understand 

the principle of constructive and destructive interaction of waves demonstrated by Thomas Young in 

1801. In an experiment, he used two-point sources of light in order to create interference patterns, he 

observed that waves with the same phase reinforced each other’s, while waves that combined out-of-

phase would cancel each other. 

 

Figure 17 Thomas Young’s two-point sources of light experiment [32]. 
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One way to control these interactions can be time-shifting of the wave fronts that originate from 

multiple sources, this is called phase shifting or phasing. Phasing is used to bend, steer or focus the 

energy of the wave front to the area we want to inspect. 

 The first commercial phased array systems where used for medical applications in 1970, 

producing cross-sectional images of the human body. This method was initially confined to medical 

applications due to predictable composition and structure of the human body making instrument design 

and results analysis straightforward.  Its transition to industrial applications faced larger difficulties due 

to the diversity of varying acoustical properties of metals, composites, ceramics, plastics and fiberglass, 

besides the distinct thicknesses and geometries encountered across the scope of industrial testing. On 

the account of the these challenges the first commercial phased array system for industrial applications 

was only introduced in the 1980s, although it wasn’t very portable and required data transfer to a 

computer to do the processing and image presentation. Alongside microprocessors and low power 

electronic components evolution, this equipment became more compact and allowed for electronic 

setup, data processing, presentation and analysis all in a portable device [32]. 

 

2.4.1.1. Phased Array’s operating principle  
 

 Phased array equipment usually consists of numerous elements, from 16 up to 256, which are 

independently pulsed with different time intervals through software. Through the principle of destructive 

and constructive interference it is possible to generate a unique wave front with the desired direction 

and angle by pulsing the numerous elements individually. The different echoes are later received and 

combined to display the echoes information the results in several standard formats. 

 The probe elements can be arranged in several geometries: a strip (linear array), a ring (annular 

array), circular array (circular matrix) or other more complex geometries. They can be used in direct 

contact with the test piece, with a wedge as an angle beam assembly or for immersion with sound 

coupling through a water path. 

 

Figure 18 Range of probe assemblies [33]. 
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Figure 19 Geometries used in phased array elements [34]. 

 The beam generated by the probe can be dynamically directed through various focal distances, 

angles and focal spot sizes enabling a single probe to inspect the test piece across a range of different 

perspectives. Through software  processing it is possible to realize a linear scan, varying the sequence 

of pulsed elements from a fixed angle, or a sectorial scan, in which the desired area is inspected through 

different angles. 

Probe elements can be pulsed in groups of 4 to 32 in a way to enhance the effective sensitivity, 

increasing the dynamic aperture and allowing a sharper focusing and reducing beam spreading. The 

returning backwall echoes, discontinuities or other flaws are received by the numerous elements or 

group of elements and later post-processed to compensate for the varying wedge delays.  

 

Figure 20 Example of angled beam generated by flat probe by means of variable delay [33]. 

 

Figure 21 Example of a focused linear scan beam [33]. 

With the ability to use various elements to direct and focus the sound beam with just one 

transducer, we can scan and inspect test complex geometries components with the desired angle and 
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barely move the probe, making it more versatile than conventional ultrasonic probes especially in areas 

with limited mechanical access. The ability to scan an area through many angles increases the 

probability of flaw detection. Also, beam steering improves the signal-to-noise ratio in more complex 

applications and the analysis of multiple group elements allows for faster C-Scan images. 

The disadvantages of phased array systems involve high equipment costs and the requirement 

of a qualified operator, although this costs eventually pay-out due to the increased flexibility and 

subsequently the reduction of the time required to perform one inspection [33]. 

 

2.4.1.2. Data Analysis of Phased Array 
 

 Image presentation from conventional flaw detectors and phased array systems are usually 

presented in one or more of four formats: A-scans, B-scans, C-scans or S-scans. These images are 

based on the information relative to time and amplitude of the processed radio frequency waveforms. 

 The most basic data presentation is the A-scan which is a simple radio frequency (RF) waveform 

representing the amplitude and time of an ultrasonic wave. 

 

Figure 22 a) General beam profile alongside its b) A-scan [33]. 

 The flaw detector represented in Figure 22 is inspecting a steel reference block with three side-

drilled holes and its results are presented in the A-scan. The sound beam generated by the flaw detector 

perceives two of the three holes and its A-scan shows two different reflections at different times that are 

proportional to the height of the holes. The third hole is not within the beam path so it can’t be detected 

without moving the transducer. 

 A-scans are in most cases supplemented by B-scans, C-scans or S-scans. These standard 

imaging formats aids the operators to inspect and detect flaws in a test piece. 

 The B-scan requires that the sound beam be scanned along a certain axis of the test piece to 

provide an image of a cross-sectional profile, showing the depth of the flaws and their linear position.  

a) b) 
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Figure 23 a) General beam profile and its b) B-scan [33]. 

 As it can be seen in the data provided by Figure 23, the flaw detector identifies two holes at the 

same height while a third one is slightly shallower, localizing the positions of the side-drilled holes. 

 

Figure 24 Electronic linear scan (B-scan) image displaying hole position and depth across the length of a linear array [33]. 

 While a conventional flaw detector must be moved laterally across the test piece to create a 

cross-sectional profile, a phased array system can use electronic scanning along the length of a linear 

array (exemplified in Figure 24). 

 A C-scan is a two-dimensional presentation of the top or planar view of a test piece, comparable 

to an x-ray image. When using conventional probes, the single-element transducer must be moved in 

an x-y raster scan pattern over the test piece. While when recurring to phased array systems, the probe 

must be moved along one axis while the beam electronically scans along the other. 

a) b) 
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Figure 25 C-scan representation [35]. 

 Finally, the S-scan is a sectorial scan representation of a two-dimensional cross-sectional view 

based on multiple A-scans that have been plotted according to time delay and refracted angle. The 

horizontal axis corresponds to test piece width and the vertical axis to depth.  

 

Figure 26 A-scan and  S-scan of an angular component [33]. 

 The sound beam sweeps through a series of angles to generate an approximately cone shaped 

cross-sectional image of the scanned area. In the example above, by sweeping the beam the phased 

array probe is able to localize all three holes from a single transducer position. This is the most common 

format for industrial phased array images [33, 35]. 
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2.4.2. TOFD – Time-of-Flight Diffraction 
 

 Time-of-flight diffraction is an advanced method of ultrasonic testing that instead of resorting to 

pulse-echo and amplitude to localize and assess the size of a defect, resorts to the arrival time of flaw 

tip diffracted waves and the position of ultrasonic transducers [36]. 

 The first experiments using TOFD to assess weldments were made in Harwell’s laboratory by 

Maurice Silk in 1977. Although being extensively studied in British and German publications it wasn’t 

fully acknowledge until 1996, due to the lack of standards and guides it was restricted to a tool for sizing 

and mapping flaws found during in-service inspections of pressure vessels. After European standards 

relating TOFD being established, this method has gradually gained recognition and has been replacing 

radiography [37]. 

 Time-of-flight diffraction is a flaw sizing and locating method based on the monitorization of the 

forward-scattered diffracted energies from the tips of defects instead of the reflected ultrasonic energies. 

Two wide beam angle probes are used in transmitter-receiver mode. A wide beam is used to cover the 

entirety of the area containing the defect, this enables the entire volume to be scanned in just one pass 

along the inspection line. This technique allows for a precise measurement of the flaw size, location and 

orientation because it depends only on the forward scattered diffracted signals from the flaw edges [38]. 

 

 

Figure 27 Principle of conventional TOFD technique and respective A-Scan [39]. 

 Two angular ultrasonic probes are used, one acts as a transmitter and the other as the receiver. 

These must be placed in the same surface of the test piece. The distance between them is calculated 

according to the wall’s thickness [38]. 

 

2.4.3. Data Analysis of TOFD 
 

 During TOFD inspections A-scans are gathered in order to create a B-scan of the weld. After all 

the information is gathered, it’s examined in the acquisition unit or by a post-analysis software and the 

flaws are identified and measured. 



 

23 
 

 

Figure 28 Typical a) A-scan and b) B-scan of a weld inspection by TOFD [40]. 

TOFD allows the sizing of flaws based on the diffraction echoes of the edges. In Figure 28 it can 

be identified the lateral wave, the backwall echo and the top and bottom echoes of the flaw, allowing to 

measure its length and position [40, 41]. 

 

 The main verified advantages of TOFD are: 

 

• TOFD doesn’t depend on flaw orientation to identify a crack, opposing to pulse echo techniques, 

increasing its probability of flaw detection; 

• Due to its precise defect height determination, it’s the best method to monitor growth or changes 

in known defects; 

• Inspection results are readily available, making it cheaper than other methods and permitting to 

inspect more welds in less time; 

• If applied during construction, it can distinguish pre-service and in-service defects, making the 

unit stay longer and safely in production, saving expenses; 

• More efficient, time wise, than X and Gamma ray in the inspection of thick-walled vessels; 

• TOFD is safer than X and Gamma rays due to its free radiation nature of inspection; 

• In a single uni-axial pass along the length of the weld it can scan the entire volume of the 

workpiece. 

 

The principal disadvantages found in TOFD are: 

 

• Crack tip echoes can be not so clear as what was represented before, as there can be noise 

from other diffraction echoes of inhomogeneity, leaving the TOFD image inspector to decide 

and evaluate the sizing of the flaw; 

• If the gain (sensity level) of the instrument is very low, the TOFD image can display no diffracted 

echoes. Also, if the gain is too high, above the electronic noise level, it will appear a lot of 

diffracted echoes due to small inhomogeneities of the weld, not necessarily implying that it’s 

bad. 

a) 
b) 
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• It can’t be used for the detection of small flaws at backside of containers or piping due to the 

small amplitude of the crack tip echo produced in flaws too close to the backwall; 

• If the gain is very high, it produces a very high backwall echo which is not suitable for coarse 

grained materials; 

• For the flaw detection, its crack edges must be sharp which can’t always be guaranteed; 

• Defects close to the surface can’t be detected since there is a dead zone for defect detection in 

that area; 

• The angle of the crack can influence the magnitude of the return signals, as it can’t always be 

vertical; 

[38] 

 

2.5. Closing Remarks 
 

In this chapter a brief introduction and review was given to the subject of ultrasonic testing at high 

temperatures as a prelude to the work presented ahead. High temperature ultrasonic testing is a 

scarcely researched area with rare implementation in the industry, although it will gain more relevance 

as the years go by and the most common obstacles are overcome.  

Ultrasonic testing at high temperatures is a challenging procedure regarding both the equipment 

and the physical laws ruling the ultrasonic waves.  

There is a need to develop probes which can withstand high temperatures, although this can be 

overcome with the aid of liquid cooling and wedges which materials don’t deteriorate in contact with 

those harsh environments. The bigger challenge will be the development of a suitable couplant for these 

inspections since there isn’t a viable solution yet, which is economical and practical. These couplants 

tend to be expensive, comparing to the most commonly used at room temperature (25ºC), and not 

readily available comparing to water which is commonly used as a couplant. These can also be harmful 

to the environment, having corrosive properties and releasing toxic fumes. They also tend to quickly 

evaporate and can be a challenge to properly apply them to an irregular geometry, which hinders the 

inspection conditions making it difficult to obtain proper results. 

Ultrasonic waves propagation on high temperature’s objects tends to be affected due to changes in 

sound attenuation and velocity. There is a higher attenuation as the temperature increases due to 

ultrasonic beam spreading, energy absorption, dispersion, among others, which can challenge the 

correct detection of defects.  Sound velocity is also affected with temperature increase, as the 

temperature rises the sound velocity decreases, if these changes are not taken in account it can induce 

misleading results. 

Bearing in mind the hardships of this type of ultrasonic inspection, the main purpose of this master 

thesis was to develop a practical system for automated inspection of pipes at temperatures above 200ºC 

up to 450ºC, as well as testing economically and suitable couplants for these conditions.  In this 

dissertation, it was developed a system that could operate at these adverse conditions, making it 

feasible for an automated inspection of pipes. It was also tested the viability of certain couplants at high 



 

25 
 

temperatures, taking into account their price, availability and how ease to apply and if they stick to the 

inspected area. 

These systems have a constant development since there is always an interest for pipeline inspection 

and the ability to check for defects on their pipes without shutting down the factory. Taking into account 

that ultrasonic testing is a more and more common procedure, it’s mandatory to develop and find new 

couplants for this type of inspections.   
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3. System development for High Temperature Ultrasonic Testing 
 

 The HI2TRUST project aims to develop an automated inspection and monitoring system for 

components up to 450ºC. The specific aim of the project is to assess weldments in pipes during its 

service time, which means there is no need to stop production to inspect the pipeline and will allow for 

better predictability of scheduled maintenance operations due to emerging flaws. This system will resort 

to various inspection techniques like Eddy Currents, Phased Array or TOFD.  

In this chapter we will show the work done at developing and testing the many systems required for 

high temperature inspection of pipelines, as well as the building of the workstation necessary for heating 

up the test pieces, which is composed of a heating and exhaustion system. The planning and 

construction of these systems will be described in the following chapters. 

 

3.1. Workstation 
 

 In order to achieve the desired temperature it was necessary to develop a workstation able to 

endure the high temperature. There was a need to resort to a kind of oven that could provide safe 

working conditions for the users, that means it must retain the heat and expel the harmful gas produced 

by the evaporation of couplants. An hotte was used to provide secure working conditions for all 

experimental work. 

 The main purpose of the hotte is to: 

• Allow the calibration block to achieve and maintain temperatures up to 450ºC 

 

• Expel harmful gases 
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This workstation, Figure 29, is made of stainless steel and the interior space, with a volume of 

0.34 m3 (695 mm *695 mm *695 mm), allows for the placement of the calibration blocks and the 

assembly of the inspection system. 

3.1.1. Heating system 
 

The heating system responsible to achieve the desired temperature was originally made of four 

electrical resistances connected to two potentiometers, in order to control the amount of heat produced. 

Each of this resistance has 1000 Watts, making it a combined power of 4000 Watts. 

 

Figure 29 Workstation - hotte 

Figure 30 Electrical resistance 
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The resistances were placed through two disks of refractory concrete which were then inserted 

in the pipes (used as calibration blocks). As well as providing a place to hang those resistances it allowed 

for better insulation of the produced heat. 

 

 

Two potentiometers were installed, one potentiometer for a pair of resistances, with a maximum 

capacity of 2800 Watts each. They control the heating rate of the resistances and allow to set a certain 

temperature in the workpiece. 

 

Figure 31 DIsk of refractory concrete 

Figure 33 Assembly of the heating system in the pipe 

Figure 32 Potentiometers 
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3.1.2. Exhaust system 
 

The high temperatures desired in this project can lead to the formation of harmful gas from the 

couplants used, in order to prevent the unwanted inhalation of these gases an exhaust system was 

installed in the roof of the workstation. 

 Ultrasonic testing usually resorts to liquid couplants to ensure there is no air between the probe 

and the component being evaluated. At high temperatures this couplants may release toxic gases which 

can harm the operator, so to provide a safe environment an exhaust system was installed with an AC 

motor of 220/240V and 1 A, alongside a flexible aluminium hose. 

 

3.1.3. Insulation and drainage system 
 

To prevent heat escaping to the outside a Plexiglas window was used to insulate and to provide 

a clear view of the workpiece. Besides, the floor of the hotte was stuffed with refractory bricks. 

Figure 34 Exhaust system 

Figure 35 Bricks filling the workstation's floor 
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The floor of the workstation would accumulate with the liquid couplants from the ultrasonic 

testing, so a drainage system had to be used. The workstation floor isn’t flat, it tilts towards the centre 

which has a hole to drain liquids. This drainage hole is linked to some pipes which allow for a discharge 

of the liquids into a deposit. 

 

 

 

3.2. Initial Temperature Tests 
 

Following the assembly of the heating system, an initial test was made to check which 

temperatures were achievable by the workstation. The aim of these tests is to achieve temperatures 

upwards of 400ºC, this temperature was set as standard in the application for the project HI2TRUST 

since the intention is to test the system in real world application in a factory whose pipes are at 

temperatures 400ºC and slightly higher. 

Table 3 First Temperature test 

Temperature test 

Time (hours) Temperature (ºC) 
Temperature gradient 

(∇T) 

00:00 23 - 

00:16 121 98ºC 

00:31 170 49ºC 

01:07 260* 90ºC 

01:21 255 -5ºC 

 

 This first rehearsal resorted only to the power of the four resistances (4000 W) and the hotte 

had no thermal insulation in its walls, although the floor was insulated with refractory bricks, and the 

exhaustion system was powered to the maximum. The instrument used for checking the temperature in 

the pipe was a thermometer made by Lutron Electronics (model TM-914C) that uses thermocouples of 

K type to measure temperatures ranging from -40 to 1200ºC (depending on the thermocouple), but one 

Figure 36 Drainage system 
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measure was taken by a laser pistol thermometer (Tempil IRT-16, temperature range - -60 to 625ºC) 

which value is identified with an asterisk. This measure is higher than the following taken by the 

thermometer but the door that gives access to the pipe was left open, allowing more heat to escape. 

Alongside these inconsistencies the potentiometers weren’t regulated to provide the resistances its 

maximum power to better control the temperature gradient and final temperature. 

 Since the values obtained were far from the desired thermal insulation was added to the 

workstation walls and ceiling. Insulation to the walls and ceiling was provided making use of a heat 

reflector foil. The insulation used was tesamoll® heat reflector foil, which is an aluminium-coated foam. 

This managed to keep the heat “trapped” inside the hotte and raise the temperature in our test piece. 

Following the installation of the insulation, three more tests were made to evaluate the improvements: 

 

 

Table 4 Second Temperature Test 

Temperature test 

Time (hours) Temperature (ºC) Temperature 

gradient (∇T) 

Temperature 

– laser (ºC) 

00:00 22 - - 

00:15 118 96ºC - 

00:30 201 83ºC - 

00:45 225 24ºC 280 

01:00 250 25ºC 298 

01:15 255 5ºC 305 

01:30 262 7ºC 312 

01:45 270 8ºC 320 

 

The second test was made using the same methodology of the first one, except it was more 

timely controlled since every measurement was in an 15 minute interval. Some discrepancy is found 

due to the time the Plexiglas door was left open during measurements. These measurements were 

taken by the same thermometer coupled to some thermocouples and show a slight increase in 

temperature. It also shows a variation regarding the laser pistol thermometer. 

 

Table 5 Third Temperature Test 

Temperature test 

Time (hours) 
Temperature - laser 

(ºC) 

Temperature gradient 

(∇T) 

00:00 24,5 - 

00:15 167,2 142,7ºC 

00:30 238 70,8ºC 
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00:45 285 47ºC 

01:00 303 18ºC 

01:15 310 7ªC 

01:30 334 24ªC 

01:45 340 6ºC 

 

The third test set the exhauster fan speed at low speed and even turned it off in the last two 

measurements. Besides that, all measurements were taken by the laser pistol since there were some 

suspicions that the thermometer was not working correctly. 

 

Table 6 Fourth Temperature Test 

Temperature test 

Time (hours) 
Temperature - laser 

(ºC) 

Temperature gradient 

(∇T) 

00:00 24 - 

00:15 186,8 162,8ºC 

00:30 276 89,2ºC 

00:45 322 46ºC 

01:00 349 27ºC 

 

The fourth test was made with the exhauster fan turned off. In one hour we managed to increase 

the temperature from 24ºC to 349ºC, but this resulted in minor damage to the exhauster fan, its plastic 

started to melt in some areas although it still remained functional.  

Following these three tests we noticed that the added insulation proved itself useful in 

decreasing the energy loss through the walls and ceiling and trapping more heat inside the workstation. 

And turning off the exhaust system was a benefit to achieve higher temperatures but not a viable solution 

since it will be necessary to expel the harmful gases produce by the evaporation of some coupling 

materials. 

The next step was to improve the insulation system and increasing the number of resistances 

in the pipes in order to achieve temperatures higher than 400ºC. 

The thermal insulation provided by the aluminium-coated foam was deemed not sufficient so 

stone wool was acquired to further reduce the heat loss through the walls and ceiling.  Stone wool panels 

coated by aluminium foil with a thickness of 30 mm were used in the following tests. 

Table 7 FIfth Temperature Test 

Temperature test 

Time (hours) 
Temperature - laser 

(ºC) 

Temperature gradient 

(∇T) 

00:00 201 - 

00:15 300 99ºC 
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00:30 327 27ºC 

00:45 340 13ºC 

01:00 335 -5ºC 

 

This test was recorded when the pipes were at 200ºC but still used the same time intervals. This 

was made with the insulation provided by the stone wool, the exhauster fan speed was set to maximum 

and only 4 resistances were used. The Plexiglas door was removed in the second-to-last measurement 

which explains the temperature drop.  

Although the temperatures recorded weren’t higher than the ones taken in the preceding tests, 

it’s worth noticing that the exhauster fan was at its maximum speed and the temperature measured was 

the same as if the fan was off. 

Since the temperatures weren’t high enough it was decided to increase the number of 

resistances in each pipe from 4 to 8, providing a total heat power of 8000 Watts.  

Table 8 Sixth Temperature Test 

Temperature test 

Time (hours) 
Temperature - laser 

(ºC) 

Temperature gradient 

(∇T) 

00:00 23,3 - 

00:15 227 203,7ºC 

00:30 370 143ºC 

00:45 410 40ºC 

01:00 416 6ºC 

01:11 423 7ºC 

 

With the exhauster fan set to its maximum speed and the 8 resistances providing its maximum 

power we achieved the temperature of 423ºC, measured by the laser pistol thermometer. In the last two 

measurements the Plexiglas door was taken off since it was severely damaged by the high 

temperatures.  

Following the goal of achieving temperatures higher than 400ºC final details were added to 

provide a safer and more robust working conditions. It was installed a warning light to the workstation to 

advise when the pipes were being heated. Some cooling fans were added to the exhaustion system to 

prevent it to enter in overheating and shutdown.  
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The Plexiglas door was swapped for a steel door with wool stone insulation, since it was more 

robust and decreased the heat losses. And finally, electrical wires with fiberglass insulation were used 

in the resistances to prevent them from melting the cover and short-circuiting.  

After all these improvements a seventh temperature test was made to assess the temperatures 

achievable by this system. 

 

Table 9 Seventh Temperature Test 

Temperature test 

Time (hours) 
Temperature 

(ºC) 

Temperature - 

laser (ºC) 

Temperature 

gradient (∇T) 

00:00 38 45 - 

Figure 38 Hotte warning light and improved 
exhaustion system 

Figure 39 Electrical wires for the resistances 

Figure 37 Thermal insulated door 
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00:17 241 275 203ºC 230ºC 

00:41 340 408 99ºC 133ºC 

01:02 370 440 30ºC 32ºC 

 

This test was made with the exhaustion system to its maximum and the 8 resistances providing 

its maximum power. The new steel door was used and all the measurements were made through the 

window inserted in the door. The measurements were made with the thermometer and the laser pistol, 

which provide two different values for the temperatures recorded in the pipes. Following this 

discrepancy, the thermometer was sent for calibration to improve its sensitivity to higher temperatures.  

Although the temperatures seem to be in our desired range, the pipe’s temperature isn’t even 

across its length. Therefore, to achieve a more homogeneous temperature across the whole pipe, it was 

decided to install two fans inside the pipe to circulate the heated air and achieve a more constant result. 

3.3. Final Temperature Tests 
 

After the Lutron Electronics’ thermometer went for calibration, where it turned out to be a -10ºC 

deviation from the measured value, which meant that if the test piece was at 400ºC the thermometer 

would indicate 390ºC, that didn’t explain the discrepancy between the thermocouple thermometer and 

the laser pistol. This is explained through operator error while using the thermocouple, because it’s hard 

to maintain a steady position with constant contact between the thermocouple and the test piece. 

Besides, the laser pistol measures temperature through the emission of the test piece and so is 

susceptible to a greater error. 

Figure 40 System assembled for a more homogeneous heat dissipation 

Figure 41 Heating system assembly 
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To address this problems with our workbench and to correctly measure the test piece temperature, 

a thermocouple with a rounded edge was bought and some holes were made in the test pipe of 323,9 

mm of diameter. Four holes were drilled with approximately 6 mm of depth and 5 mm of diameter to 

stick the thermocouple probe and measure the temperature gradient of this test piece. 
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Figure 43 Temperature gradient along the 4 spots along the pipe with 329,6 mm of diameter 

Figure 42 Four holes drilled for temperature measurment: in the center of the pipe, weldment, border 
of the weldment and the near the edge of the pipe  
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In Figure 43 we can see the variation of temperature along the test piece with 329,6 mm of diameter, 

as expected the middle of the pipe heats up faster than in the extremities but we can still achieve a 

homogeneous temperature along the pipe after some time. The test that lead to this graphic was made 

with the resistances at full power, the exhaustion system at the highest rpm and the fan inside the pipe 

was turned on. All tests were halted around 420ºC because the thermocouple used at the time of this 

test was only indicated for temperatures up to 400ºC. This was later substituted with a thermocouple 

which can tolerate temperatures up to 750ºC. 

After checking the temperature alongside the test piece, a second test was made with the 

temperature probe in the central position to check the maximum temperature we can achieve with 8000 

Watts and make a correlation between the different levels of the potentiometer and the stable 

temperature we can achieve. This test was made with all the security features, exhaustion system at 

maximum, internal fan turned on and with the hotte closed. 

 

Figure 44 Correlation between power level and temperature 

Figure 44 shows the temperature gradient for the different levels obtained through the 

potentiometers. A maximum stable temperature of 457ºC was achieved with this test piece.  

Table 10 Correlation between power level and temperature 

Level 
Temperature 

(ºC) 

1 94 

2 147 

3 174 

4 208 

5 257 

6 319 

7 360 

94

147
174

208

257

319

360

397

448
457
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8 397 

9 448 

10 457 

 

3.4. Scanning system 
 

The inspection of the heated pipe must be made by an automated system resilient to the high 

temperatures and able to follow a circular path. This system had to be made in metal and the electronical 

components must be refrigerated to endure the hostile environment. 

The scanning system design was inspired by orbital welding machines and many approaches were 

made to develop the most robust and simple scanning system. 

 

Figure 45 exhibits various approaches to the locking mechanism purposed to engage with the orbital 

track. Screws and toothed gearing were initially taught although discarded because it didn’t provide a 

secure fit to the track and couldn’t adapt to different track widths or compensate for slack in the locking 

mechanism. 

Figure 45 Different approaches to locking mechanism between the scanner and orbital rail 
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 Besides the locking mechanism, it had to be decided whether the motor would align vertically 

or horizontally to the toothed wheel. The horizontal approach, where the motor would sit perpendicularly 

to the toothed wheel, was discarded since the system would occupy to much space and would cause 

big track widths. A vertical approach with direct coupling to the toothed gear was chosen, since there 

was no need for an external gear reduction. 

 

 

 

 

 

 

 

 

 

Figure 46 Horizontal a) and vertical b) engine configuration 
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Figure 47 Final prototype for scanning system 

 The system at Figure 47 resorts to two engines, one in each module, mounted transversally to 

the orbital track. The motion is assured by a toothed wheel that engages with the orbital track. The 

electronics inside the module are refrigerated by compressed air and water. This design was inspired 

by orbital welding machines. 

 

3.4.1. Drivetrain system 
 

 

 

 A simple orbital track made of steel is responsible for allowing the scanning module to rotate 

around the pipeline and examine the whole weldment. It has a toothed path along the borders of its 

circumference so it engages with the toothed wheel of the motor. A single ring can be fitted to some 

diameters, but to be able to provide an inspection service for different pipelines many tracks were built 

Figure 48 Orbital track 
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to adapt to the required dimensions. The locking mechanism of the orbital track consists of two halves 

of the ring held together with a hinge system on one side and a locking mechanism on the other for 

better handling. 

 

Figure 49 Drivetrain system 

 Erro! A origem da referência não foi encontrada. illustrates the toothed wheel of the motor c

onnected to the orbital track. A good setup of the system allows for a inspection with a maximum 

deviation error from the weld cord of 2 mm. 

 

3.4.2. Fast locking mechanism 
 

The locking mechanism responsible for the pairing of the scanner system and the orbital track 

accounts for a screwing bolt that forces the scanner toothed wheels to the track. 

 

The mechanism, Figure 50, allows for adjustment of the grip according to the track width and can 

compensate for slacks acquired through its use . Below is the mechanism in operation in a small orbital 

track. 

Figure 50 Fast locking mechanism 
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3.4.3. Scanner 
 

 The scanning module uses a Maxon® motor that contains the planetary gearhead, the motor 

and the encoder. The part number of the motor assembly is 272264. 

 

Table 11 Components of the scanning module motor [42] 

 

Encoder 
Encoder HEDL 5540, 500 

CPT, 3 Channels, with Line 
Driver RS 422 

 

Pulses/N: 500 
Channels: 3 

Line driver: Yes 

Figure 52 Scanning module with the motor, 
refrigerated systems and toothed wheel 

Figure 51 Fast locking mechanism in operation 
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Motor 
A-max 32 Ø32 mm, 

Graphite Brushes, 20 Watt, 
with terminals 

Diameter: 32 mm 
Type performance: 20W 

Nominal Voltage: 24V 
Idle speed: 6460 rpm 

Maximum torque: 45.5 
mNm 

 

Combination Gear 
Planetary Gearhead GP 32 A 

Ø32 mm, 0.75 - 4.5 Nm, 
Metal Version 

 

Diameter: 32 mm 
Ratio: 66:1 

Torque: 0.75Nm 

 

In order the cool the engine, so it doesn’t surpass its operation temperature of 125ºC, a special 

component made of aluminium was made to attach the motor to the base of the system. 

 

  

 

 

 

 

 

 

 

 

 
Figure 53 Cooling base for motor: a) 3D CAD render 

and b) actual component 

a) b) 
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 This piece has a water channel that in combination with the heat dissipaters cools the motor 

from the heat conducted by the other parts. 

A thermal analysis of the component was made by tools provided by SolidWorks®. The mesh 

of the cooling base had 20977 nodes with 11924 tetrahedron elements of 3 mm. It was assumed a 

constant temperature of 100ºC in the bottom of the part and it was simulated a constant waterflow along 

the water channel at a temperature of 20ºC. It was also accounted the influence of the compressed air 

that cools the piece through convection. After research in many sources, it was decided to use a 

convection coefficient of 200 W/m2.K of air at 25ºC. The result of the simulation is shown at Figure 54, 

showing a great cooling close to the water channel but lacking the further away we get, which is 

expected. 

Figure 54 Temperature Simulation for the cooling base 
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Figure 55 Assembly of the motor with the cooling base and full assembly of the scanning module 

 

 

 

Figure 56 Top view from the assembly 
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3.5. Control unit 
 

Concerning the control of the many electromechanical systems of this project, an electrical briefcase 

with connection to a laptop is responsible for the control of all mechanical systems. 

 

 

 This briefcase manages the scanner locomotion system, the cooling systems and is the 

connection between the motion and thermal constraints of the hardware to the laptops software. 

 The contents of this briefcase are: 

  

• Compact RIO (A) – A real-time embedded industrial controller made by National Instruments 

where modules are attached based on the application and parameters that we desire to 

control. In our case it’s responsible for the temperature readings of the different 

thermocouples and PT100. This records the temperatures measured in the left engine, the 

probes, the cooling water, the transformer and the EPOS digital positioning controller, 

alongside external thermometers that can be positioned wherever we want.  

 

• EPOS digital positioning controller (B) – This digital positioning controllers are responsible 

for controlling the scanners’ engines and providing information of their velocity and position. 

 

C 

A 

B 

Figure 57 Control Unit: a) Compact RIO, b) EPOS digital positioning controller, c) Transformer 
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• Transformer (C) – Converts 220V of AC current to 24V DC, powering the EPOS controllers, 

the Compact RIO and the cooling fans of the briefcase and electro valves of the cooling 

system. 

 

The Compact RIO controller was connected to two temperature input modules, the NI-9213 and NI-

9217. The 9213 module measures temperatures resorting to thermocouples, these determine the 

temperature using two different metals to produce a voltage. This module supports up to 16 

thermocouple channels and has a sensitivity up to 0,02ºC. The 9217 resorts to resistance temperature 

detector (RTD), these measure a temperature through their electrical resistance value, when the metal 

becomes hotter the electrical resistance rises and vice-versa. RTDs measurements are based on 

changes of the electrical resistance of metals, so the metals used must have electrical resistances which 

are known and referenced. This module allows to monitor 4 RTDs and a sensitivity up to 0,20ºC. 

Both modules were used since monitoring distant locations, like the external thermometer, water 

pump and motor, implies RTDs because thermocouples gave bad readings with wire extensions 

(welding electrical wires to thermocouple wires) due to incorrect voltage measurements. RTDs only 

monitor electrical resistance changes which is better transmitted through standard electrical wires. 

 

The control unit is also responsible for actuating the electro valves and pump of the fluidic system, 

measure temperatures resorting to external thermometers and feeding other appliances through the two 

outlets in the upper left corner. Connections to the laptop are made through USB and Ethernet, and the 

scanner resorts to LEMO connectors. 

 

 

 

 

a) b) 

Figure 58 Temperature input modules: a) NI-9213; b) NI-9217 
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3.5.1. Control Software 
 

In order to control the many components of this system, two computer programs were developed 

using LABVIEW to monitor the temperatures among crucial points and to move the scanner.  

In the interface of the scanner with the motion software a previous setup is needed, there it’s 

necessary to input the parameters concerning the diameter of the pipe (in imperial units) to be inspected 

and over lapse desired by the operator in the scanner’s path. After the setup, it’s presented the path 

length of the scanner in the AUTO option. 

After the setup it’s possible to precisely steer the scanner. In the GUI we can order the scanner to 

travel up or down, manually or to a predefined distance (AUTO option). It’s also possible to monitor and 

adjust the travel velocity, as well as command the scanner to a full stop. It’s also displayed the distance 

travelled by the scanner, being the user allowed to establish a new origin point when desired. In the 

event of a system error regarding the motion software of the scanner, these are signalled through a 

warning light in the graphic interface regarding the faulty motor. These errors can occur due to system 

overload, the motor may get blocked, or the connector may get damaged. The current provided to the 

electric motors is monitored to avoid situation which can damage the scanner, as a spike in current can 

be a sign of an obstruction in the motion system. These errors must be cleared from the interface in 

order to resume the scanner’s operation. 

Figure 59 Graphic interface of the movement of the scanner and setup 
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Figure 60 Graphic interface of the temperature monitor software and setup 

Figure 60 displays the temperature monitor software to check the temperature along the crucial 

points in the system. In the setup window of the program we must state the type of thermocouples that 

are going to be used and the parameters of the PT100 probes. It’s also possible to enable or disable 

the digital thermometers which we want to observe in the main window (although these can be disabled 

all temperatures are being recorded). 

In the main window we can choose the refresh rate at which the data is recorded and observe 

the temperature of the different monitored locations. All collected data is saved in an Excel file for further 

analysis. The displayed thermometers display the information obtained by two types of probes, either 

PT100 or thermocouple, these temperatures are displayed in Celsius. The PT100 probes monitor the 

temperatures in the motors, in the UT probes and in the water provided to cool the whole system. 

Meanwhile, the thermocouples monitor the temperatures of the transformer, the digital positioning 

controller and an external thermometer that can be placed where desired. Not all the slots of the 

temperature control cards were used, allowing for further monitorization of different locations which may 

prove to be important. 
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3.6. Cooling Unit 
 

A cooling unit was developed in order to attend the cooling needs of the system, so two separate 

subsystems were built making use of the refreshing abilities of compressed air and cold water. 

 

 The hydraulic subsystem which resorts to cold water incorporates a quick-release intake 

connecter followed by a water filter (for water supplied by a canister), a pump, a water reservoir, a 

bypass water intake for grid supply, a manometer, an electro valve and a quick-release exit connecter. 

Two water intakes are installed in the event that there is no water outlet provided by the grid or it has a 

low pressure near the inspection location, in that event it obliges to pump the water from a cannister. 

Figure 61 3D CAD render of the cooling unit 
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 The pneumatic subsystem includes a quick-release intake connecter, an air filter, an electro 

valve, a manometer, a flow regulator and a quick-release exit connecter. This system cools the interior 

of the scanner through compressed air. 
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Figure 62 Cooling unit: A) Water reservoir; B) Water tap; C) Bypass water intake; D) Water circuit manometer; E) 
Compressed air flow regulator; F) Connecter for control unit; G) Air circuit manometer; H) Quick release water exit 

connecter; I) Quick-release air intake; J) Quick-release water intake connecter; K) Quick-release air outlet 
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3.7. Ultrasonic testing modules 
 

3.7.1. Equipment 
 

 

The ultrasonic testing module can be divided in two key components, the equipment responsible 

for generating and processing the signal and the probes. The equipment chosen for signal generation 

and processing is MultiX by M2M. 

 

Figure 63 MultiX by M2M with a laptop to communicate [43]. 

 MultiX is an equipment which can build systems with 32 to 128 channels, this allows for every 

combination between transmitter/receiver and digital channels. It can connect to every phased array 

probe (linear, matrixial, among others) and all conventional types of inspection (pulse-echo, tandem, 

TOFD and so forth). It’s a versatile equipment which can adapt to each task. Although it needs a 

computer as an interface. 

 

 Besides the MultiX, another equipment is considered which is better suited for industrial 

environment and handling, this is OmniScan by Olympus. 
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Figure 64 OmniScan by Olympus [44]. 

This equipment allows for many non-destructive tests like conventional ultrasonic testing, 

phased array, TOFD or induced corrents. It supports phased array probes with 64 elements with beams 

made by 32 active elements. Unlike the MultiX this equipment doesn’t require a computer to operate 

and it’s portable and versatile, it ca be upgraded with modules for the desired purpose. 

 

Figure 65 Modules for OmniScan [44]. 
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3.7.2. Probes 
 

3.7.2.1. Phased array 
  

After making simulations with probes’ specifications on CIVA, NDE simulation software, a few 

probes were chosen: 

 

Table 12 Phased array selected probes 

Specifications Imasonic 12051 Imasonic 6091 Imasonic 11386 

Frequency (MHz) 3.25 10 5 

Bandwith 55% 60% 66% 

Nº of elements 20 32 64 

Elements 
thickness (mm) 

1 0.26 0.4 

Inter element 
spacing (mm) 

0.2 0.05 0.1 

Width of the 
element (mm) 

16 7 15 

Maximum 
operating 

temperature (ºC) 

60 60 100 

 

 As it can be seen above, the operating temperature of the probes is below the desired objective, 

not being suited for high temperature inspection. However, these probes won’t be in direct contact with 

the hot surface to be inspected. A solution was devised by employing active cooling that doesn’t allow 

these probes to surpass their maximum operating temperature, allowing the use of conventional probes 

in a different environment. A housing for the probe was constructed in order to cool it and provide a 

water path for the sound beam. Also, wedges of heat resistant materials were used in order to cope with 

these temperatures. 

 

3.7.2.2. Probe wedges 
 

Flat and angular wedges were developed for the probes, in a way that allows the sound beam 

to reach the weld bead in the best possible angle for the detection of defects. A two-stage wedge was 

developed to keep the probe safe from the heat released by the pipes. This assembly consists of a 

wedge made in Duratron® PBI, for heat resistance, and in PEEK, as the assembly “board”. Both of 

these polymers are light and have a low thermal expansion coefficient. 

Duratron® PBI is a polymer, developed by Quadrant Plastics, with a running temperature 

service up to 310ºC continuously and 500ºC for short periods of time. It will be responsible for keeping 

direct contact with the pipes and isolating the heat from the probe since it has a high resistance to 

thermal degradation. 

 PEEK is also a polymer but with a lower operating temperature of up to 250 ºC and is also highly 

resistant to thermal degradation. This wedge will be responsible for probe assembly, since it connects 
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the probe housing with the wedges. It also has a water channel where the sound beam will travel from 

the probe to the Duratron® wedge and then to the inspection piece. 

 A study was made to check the acoustic impedance of the module to evaluate the percentage 

of original energy transmitted back to the transducer, based on the equation to calculate the coefficient 

of reflected energy (R) taking into account two different acoustic impedances of different materials 

(𝑍1, 𝑍2): 

 𝑅 = (
𝑍2 − 𝑍1
𝑍2 + 𝑍1

)
2

 (1) 

  

The amount of reflected energy plus the transmitted energy equals the total amount of incident 

energy, so to the coefficient of transmission is obtained by subtracting one from the reflected coefficient. 

Multiplying these coefficients by 100 gives the amount of energy reflected or transmitted as percentage 

of the original energy. 

 The acoustic impedance(Z) of a material is calculated by: 

 𝑍 = 𝜌 ∗ 𝑣 (2) 
 

 In order to calculate the acoustic impedance it’s necessary to know the material density (ρ) and 

the sound velocity in the material (v). The greater the impedance mismatch, greater the amount of 

energy reflected at the interface between the materials. 

 

Table 13 Acoustic impedance of the ultrasonic module 

Material ρ (kg/m3) v (m/s) Z (Pa*s/m) 

Water 1000 1480 1480000 
PBI 1300 3047 3961100 

Steel 7860 5920 46531200 
Total - - 51972300 

 

 There isn’t a great mismatch in impedance between the water and the PBI wedge, so not a lot 

of energy is reflected. Nonetheless, that can’t be said about the PBI wedge and the steel pipe. Resorting 

to the equation 1 we calculated the percentage of original energy transmitted back to the transducer. 
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Figure 66 Study of acoustic impedance of the ultrasonic module 

 As seen in Figure 66, the percentage of original energy transmitted back to the transducer is 

5,3%. Compared to a solution only embracing a PBI wedge and the steel pipe, which result was 8,3% 

of original energy, there was only an increment of 3%. Considering the price of the PBI and the cooling 

capabilities of the water, it’s better to keep the water channel and the PEEK wedge, who also acts as a 

thermal insulator. 

 

3.7.2.3. Probe housing 
 

The probe will be integrated in a inox base which will act as a cooling platform. This housing 

has internal channels for water to circulate and fill the water path for the sound beam. 
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Figure 67 Probe housing for the 5 MHz probe 

 The probe housing above features four water channels so it can cool the probe uniformly, two 

drilled holes with threads for the accessories responsible for joining the water hoses, holes for the probes 

and wedges screws. In order to prevent water leaks there is cut-outs for the O-rings placed between the 

housing and the probe and the wedges. 

 

 A simulation concerning the cooling capabilities of the probe housing was made resorting to 

SolidWorks Simulation, its mesh had 23715 nodes with 13728 tetrahedron elements of 2,65 mm. It was 

considered that the water was at 20ºCelsius and the PEEK wedge at 70ºC. The water channels did a 

Figure 68 Thermal efficiency simulation of the probe housing 
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good job of cooling the piece, although this simulation doesn’t take into account the cooling provided by 

the water channel inside the PEEK wedge. Further test must be made with the actual probe housing 

and the system fully running.  

   

3.7.2.4. Probe holders 
 

In order hold the probes in place and ensure a good alignment with the weldment and a constant 

contact with the surface a solution concerning a linear guide and a spring mechanism was adopted. 

  

 At Figure 69 the whole system is represented, containing a linear guide to correctly place the 

probes in the desired position which serves as track to a spring mechanism which constantly pushes 

the probes to the surface. 

 

This probe holder adjusts itself to whatever length the wedges may have, since the “arms” can be 

manipulated to whatever dimension required. Different probes and wedges can be applied in this 

system, as well as different diameters of pipes can be inspected, enlightening the versatility of the 

system. 

Figure 69 Solution used for aligning the probes with the welds and ensure a constant contact with the surface 

Figure 70 Spring mechanism and probe holder 



 

59 
 

3.8. Closing Remarks 
 

In order to develop a system for HT UT several other systems were required to be built in order to 

emulate the proper environment found in this type of inspections. A workstation was developed to 

provide a safe work environment, containing the heat inside a designated area and expelling the toxic 

fumes originating from the evaporation of the couplants. This also comes equipped with safety lights 

and illumination of the working area. Stone wool coated by aluminium foil was used to insulate the hotte 

and enabling the heating system, composed of 8 electrical resistances providing 8 kW of power, to reach 

temperatures up to 457ºC.  

A modular and automated inspection system was built to perform ultrasonic testing at pipelines. It 

uses two motors coupled to toothed gears to move around an orbital ring which is attached to the pipe 

aimed for inspection. Since it has to endure high temperatures and there are components which fail 

under these conditions, the system is cooled with the aid of compressed air and water. Two additional 

briefcases were built to accommodate the mechanisms that control the cooling of the system and its 

movement. Also, a computer program was developed to drive the system and monitor temperatures in 

critical points. 

Regular ultrasonic phased array probes were used so in order to cool them and provide a water 

path to the sound wave, a housing and two probe wedges were developed. The probe is actively cooled 

by a housing made of inox steel with water channels drilled inside. And the wedges, made of two different 

polymers, keep the heat away from the probe and were engineered to provide a water path responsible 

for the cooling and the transmission/reception of the sound beams.   
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4. System Validation 
 

4.1. Scanning system evaluation 
 

Following the complete construction of the scanning system it was necessary to test it at the desired 

temperatures, upwards of 400ºC, to check if it can withstand the harsh environment and record the 

various temperatures in the system, taking special attention to the probes and the engines. 

The scanning system was assembled inside the hotte with the pipe of 323,9 mm in diameter and 

the heating system was turned on at maximum power. The conditions provided inside the hotte are 

harsher than in a factory due to the oven like atmosphere created compared to a more open space 

environment. 

 

Figure 71 Fuly assembled scanning system 

 

 The high temperature test was monitored using the thermocouples provided by the control unit 

and an infrared thermography camera. The thermographic camera used was a FLIR® T620 which has 

a 5 MP digital camera, capable of producing 640x480 thermal images which is exceptional for infrared 

cameras allowing to get a clear image of the temperature gradient across the photographed subject. For 

better results these cameras need to be calibrated because reflective areas, like our probe housing 

which is made of inox steel, are hard to record, so results can slightly fluctuate on the recorded images. 
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  With the aid of the thermographic camera 4 different points were monitored: the pipe, the orbital 

track, the base of the scanning system which is in contact with the orbital track and the probe’s 

temperature. 

  

Figure 72 Thermal image of the a) orbital track and b) scanning system 

 The pictures taken with the thermographic camera appear with a temperature scale, indicating 

the maximum and minimum temperature found in the photographed area which colour scheme 

fluctuates between white and dark, for highest and lowest temperature value respectively. The 

temperature value found at the top left of the image indicates the maximum temperature recorded inside 

the box in the middle. At Figure 72 is noticeable the efficient cooling through compressed air and water 

of the scanning system, maintaining the motors below 60ºC in spite of the fact that the pipe’s 

temperature is around 400ºC, allowing them to work and perform an automated inspection at these 

conditions.  Also, the orbital track doesn’t seem to exceed temperatures of 144ºC, transmitting few heat 

into to the scanning system. 

 

Figure 73 Infrared photography of the probe 

b) a) 
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 In Figure 73 can be observed the temperature variation between the probe, probes’ wedges and 

the pipe. Although the pipe is at 428ºC the probe’s temperature around its housing is roughly 40ºC. The 

PBI and PEEK wedges did a good job at dissipating energy with the aid of water cooling. It’s essential 

that the probe’s temperature doesn’t surpass 60ºC since surpassing its maximum operating temperature 

could damage the probe. 

 This test validates the designed system and proves it can endure temperatures near 450ºC, 

which means it is able to inspect the areas intended in a factory environment where there is refreshing 

air around instead of an oven atmosphere. 
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4.2. Signal attenuation vs Temperature 
 

Signal attenuation is a major concern regarding high temperature ultrasonic testing and it’s very 

hard to find a suitable couplant which is economically viable and easy to apply, so various experiments 

were made resorting to common vegetal and mineral oils and compared to a standard gel for thickness 

measurement. 

A thickness measurement inspection was made to a pipe with 323,9 mm of diameter with a thickness 

of 7,1 mm.  

 

Figure 74 Mockup of a real pipe of 323,9 mm of diameter 

This mock-up, Figure 74, was made to simulate one of the pipelines encountered at the 

NAVIGATOR factory in Figueira da Foz, it was also machined artificial defects on this mock-up to mimic 

the most common defects encountered on these cases, although these won’t be inspected in this thesis. 

 During these trials couplants were applied by hand with the aid of a dispenser filled with the oil 

to test. To properly apply these oils, a thin layer of couplant should be created between the wedge and 

the pipe which became more challenging as temperatures increased due to oil evaporation and trying 

to keep the operator safe. Better results could be obtained if a proper automated couplant injection 

system was developed which filled the gap between the wedge and pipe and kept the operator safe. 

 

The probe used in these experiments was the IMASONIC 12501 mounted on a flat wedge. The low 

frequency of the probe translates to a small signal loss due to attenuation, originating better responses 

in amplitude, comparing to the other selected probes. Also, this probe has mechanical focusing which 

means it’s geometry enables a natural focusing of the sound beam. 
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Table 14 Probe's specifications 

Specifications Imasonic 12051 

Frequency 3.25 MHz 

Bandwith 55% 

Nº of elements 20 elts. 
  

 

Figure 75 Probe used mounted on a flat edge 

The selected probe and cables were also shrouded around two different thermal sleeves from 

Techflex for better resistance against heat and abrasion, enduring temperatures up to 650ºC. 

 

 Following the preparation for the rehearsals, signal attenuation of longitudinal waves variation 

due to temperature was recorded from 50ºC to the temperature at which the couplant was no longer 

usable. The measurements were taken at intervals of 10ºC and the application of the couplant was 

made by hand for every measurement with an effort to obtain the best possible result. For better result 

visualization on Multi2000, the program used to analyse these experiments, a TVG (Time Varied Gain) 

was added in the A-scan located at the pipe’s thickness echo to increase the amplitude of the signal by 

13 dB. 
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Figure 76 Combined A-scan of the thickness measurement 

 In Figure 76 we can see the data to be analysed, the combined A-scan of the multiple shots 

taken at the mock-up show the echo from the interface between the PBI wedge and the steel pipe 

followed by the backwall echo from the pipe. The subsequent echoes relate to repetition of the signal 

emitted by the interface PBI/steel and backwall echo. 

After reading the paper from Carswell , it was decided to test three vegetal oils (peanut oil, corn 

oil and coconut oil), as well as a high temperature high viscosity chain oil, hot glue and the industry 

standard gel for wall thickness measurements from General Electrics – GE ZGM. 

 

4.2.1. Vegetal Oils 
 

Based on the work from Carswell three vegetal oils were selected for these trials to attempt a 

economical solution for high temperature couplants. Peanut oil, corn oil and coconut oil were put to the 

test to measure its signal amplitude while the temperature increases. Every oil was tested three times 

and a mean value was calculated to ensure a good approximation of the values to expect. 
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Figure 77 Signal amplitude of longitudinal waves as temperature increases with vegetal oils 

 

 Figure 77 is a signal amplitude percentage vs temperature graphic, and at 50ºC all oils report 

values of echo amplitude percentage higher than 70% and this must be higher than 2/3 of the noise 

level (which was around 6%), which was observed along all the experiments. We can clearly see the 

effect of temperature to the echo signal as it decreases in a linear pattern. 

 

Table 15 Signal amplitude vs temperature equations for vegetal oils 

 Equation Coef. of determination  

Corn oil y = -2,3211x + 99,221 R² = 0,991 

Peanut oil y = -2,0753x + 93,122 R² = 0,9639 

Coconut oil y = -2,1367x + 86,895 R² = 0,9874 

 

 In Table 15 it’s shown the equation for the expected amplitude percentage (y) according to the 

temperature (x) in Celsius. Based on the results obtained, a fairly accurate description of the expected 

signal along the curve can be made, since its coefficient of determination (R2) is higher than 85% across 

all cases and the linear approximation is the best approach. 
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Figure 78 Signal amplitude variation at: a) 50ºC, b) 100ºC, c) 200ºC, d) 300ºC and e) 380ºC (left – corn oil; center – peanut 

oil; right – coconut oil) 

a) a) a) 

b) b) b) 

c) 
c) c) 

d) d) d) 

e) e) e) 
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 Vegetal oils seem like a good couplant for temperatures up to 300ºC, they are easy to apply, 

liquid at room temperature, economical compared to other alternatives and they only start to produce 

fumes near 260ºC. There is a special need to clear the probe and pipe after use, if not it will leave 

residues which can lead to misleading results when reusing the probe. 

 

4.2.2. Mineral Oil 
 

High viscosity high temperature chain oil was used as a mineral oil to test its aptitude as a 

suitable couplant for high temperature ultrasonic testing. Test conditions were the same as those with 

the vegetable oils. 

 

Figure 79 Signal amplitude of longitudinal waves as temperature increases with chain oil 

   

Echo amplitude of the backwall echo was barely higher than 70% on all three experiments so 

the signal was acceptable but never higher than those obtained with vegetable oils. Besides, this oil 

can’t be safely used at temperatures higher than 350ºC since it’s flammable at 380ºC. 

 

Table 16 Signal amplitude vs temperature equations for chain oil 

 Equation Coef. of determination  

Chain oil y = -1,2769x + 76,625 R² = 0,7729 
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 Comparing to the results obtained with vegetable oils this seems to retain its transmission 

abilities as temperature increases, but its amplitude values were never as high as those obtained with 

the later. 

   

  
Figure 80 Signal amplitude variation at: a) 50ºC, b) 100ºC, c) 200ºC, d) 300ºC and e) 350ºC) 

 Chain oil isn’t as a good couplant as vegetable oils, but it’s equally easy to apply, starts to 

produce fumes near 250ºC although not as much as the vegetable oils but these are more harmful to 

the operator. There is no special need to clear the probe and pipe after use since it doesn’t leave 

residues. 

 

4.2.3. Hot glue 
 

Hot glue was the next candidate as a suitable couplant for high temperature ultrasonic testing. 

It’s solid at room temperature (~20ºC) and only starts to melt around 250ºC, so should endure h igher 

temperatures than the other couplants. Test conditions were the same as those with the vegetable oils 

but it was used up to 420ºC. 

a) b) c) 

d) e) 
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Figure 81 Signal amplitude of longitudinal waves as temperature increases with hot glue 

Signal amplitude at 250ºC was barely higher than 35%, which came short for the expectations 

for these couplant but it’s usable up to 420ºC. Although the signal obtained isn’t the best it’s the best 

candidate for temperatures higher than 350ºC, since it doesn’t evaporate as quickly and reaches higher 

temperatures. 

 

Table 17 Signal amplitude vs temperature equations for chain oil 

 Equation Coef. of determination  

Hot glue y = -1,3502x + 38,792 R² = 0,9185 

 

 Hot glue doesn’t lose its transmission capability as fast as the vegetable oils, but like the chain 

oil doesn’t have very high values for echo amplitude, it seems as it attenuates the sound beam. 
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Figure 82 Signal amplitude variation at: a) 250ºC, b) 300ºC, c) 350ºC, d) 400ºC and e) 420ºC) 

 Hot glue isn’t as a good couplant as hoped since it’s amplitude values came short and isn’t easy 

to apply, but it’s the better candidate for inspections higher than 250ºC. It begins to release fumes right 

immediately at 250ºC, quick to evaporate under the probe’s wedge and hard to apply in curved objects. 

It’s imperative to clean the probe and pipe during and after the inspection as the hot glue tends to leave 

residues which are hard to remove and can result in inaccurate outcomes. 

 

4.2.4. General Electric thickness measurement gel (GE-ZGM) 
 

Finally, a rehearsal with an industry standard couplant gel for high temperatures was made. The 

coupling gel used was GE ZGM, a high viscosity paste specially made for wall thickness measurements 

on hot objects, with temperatures ranging from 200ºC to 600ºC. 

 

Figure 83 Signal amplitude of longitudinal waves as temperature increases with GE-ZGM 
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Contrary to the other couplants tested, the gel by GE delivers excellent results all throughout 

the test run. Its values tend to stay above 80% right around 100ºC until 430ºC, it wasn’t possible to test 

the gel limits since the maximum temperature value recorded with the protection door of the hotte open 

was 430ºC. If we had put the protection door we were capable of reaching nearly 460ºC but we weren’t 

capable of applying the couplant to the inspection area. Some points don’t have an echo amplitude 

result because there was a problem applying the gel and retrieving a proper signal, so it was dismissed. 

 

Table 18 Signal amplitude vs temperature equations for GE-ZGM 

 Equation Coef. of determination  

GE-ZGM y = 0,5355x + 75,797 - 

 

 Only one rehearsal was made using this high viscosity gel since the results obtained were very 

similar across the temperature range, seeming to rise as temperatures increase although a more 

extensive test (up to 600ºC) should provide a more realistic trend. 

   

   
Figure 84 Signal amplitude variation at: a) 50ºC, b) 100ºC, c) 200ºC, d) 300ºC, e) 400ºC and f) 430ºC) 

 GE high viscosity paste it’s the ideal couplant for high temperature thickness measurement 

since it delivers excellent amplitude signals and it works for manual inspection. But it isn’t applicable for 

an automated solution since it’s necessary to apply the gel to the wedge and let it solidify on the 

inspection area, which isn’t practical when referring to the system developed at this thesis. Furthermore, 

it leaves residues due to the solidification of the gel on the probe’s wedge and on the area being 

inspected. These are easily removed with water if performing a manual inspection where the wedge is 

easily accessible, but it’s not as effortless when concerning the pipe or the automated system. Also, the 

gel releases fumes around 370ºC. 

 

b) c) a) 

d) e) f) 
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4.3. Closing Remarks 
 

The assembled system was tested and it passed the adversities imposed. The active cooling system 

was put to the test at temperatures up to 450ºC and it kept all the components up and running. The 

compressed air and water cooling kept the engines below its maximum operating temperature of 60ºC, 

and the water path provided to the probe for inspection, besides enabling a path for the sound beam it 

kept the probe below 60ºC, which is also the maximum operating temperature of this component. 

Regarding the rehearsals made using different couplants, it can be seen the effects of sound 

attenuation as result of temperature increase. It must be taken into account that poor alignment of the 

probe with the pipe, misapplication of the couplant or inadequate cleaning of the probe and inspection 

area could cause misleading results and are signalled as operator errors. The most challenging difficulty 

to overcome is the application of the couplant, a proper layer between the wedge and the pipe is difficult 

to obtain. 

 

Figure 85 Signal attenuation of longitudinal waves of all tested couplants 

 As observed in Figure 85, the industry standard gel for thickness measurements at high 

temperatures is the ideal couplant for these inspections providing a clear signal all throughout these 

tests. But it’s not suitable for automated inspections because its application directly on the probe is 

aimed at manual inspections. Leaving the offerings provided by the industry and paying attention to the 

more common solutions, peanut oil should be taken into account. The results obtained were promising, 

specially disregarding the third trial run which brought the oil mean values down which could be 

attributed to operator errors, it provided good signal through this temperature range up to 370ºC but 

special attention must be taken to probe cleaning since it leaves a lot of residues. Corn oil also provides 
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good results and is much cleaner than peanut oil as it doesn’t release much residues. Hot glue was 

taken as a promising couplant since it can endure temperatures up to 420ºC and possibly onwards, but 

it fell short due to low amplitude values and the amount of residues it leaves.  
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5. Conclusions 
 

The following work aims to be a milestone in high temperature ultrasonic testing which can bring 

many benefits to ultrasonic testing and to the industry. With the ability to properly inspect factories 

without having to shut down. Companies can save lots of money derived from loss of production. The 

ability to perform inspections while the plant is on-line reduces the frequency of planned outages and 

the capability to monitor known defects or degradation could make regulators less prone for these 

interruptions at the first sign of an anomaly. This type of inspection can help to plan future interventions 

according to the problem at hands, improving general health and safety. 

 

 Regarding the planning and construction of the scanning system, a thorough research was 

made to develop a system capable of enduring the conditions that where imposed (being able to endure 

environments where the inspection area is up to 450ºC) and it was tested in more demanding 

environments than those found at the factories it was proposed to inspect. A fairly compact and 

lightweight system was developed to perform high temperature inspections with the aid of air and water 

cooling, this was tested up to 450ºC. Also, this system is capable of adapting to different pipe diameters 

and has the ability to attach other inspection probes besides ultrasounds, like Eddy currents. 

 The probes’ design for active cooling proved to be up to the task and delivered a good water 

path for the sound beam. The polymers were also good thermal insulators, helping to keep the probe at 

operating conditions. 

 Besides the construction of the scanning system and the probes’ cooling system, a workstation 

and heating system was needed to be constructed in order to assess its viability. The workstation, also 

called hotte, has a working space of 695x695x695 mm insulated with stone wool coated with aluminium 

foil and it’s fitted with an exhaustion system and warning lights to prevent injuries. For the heating system 

8 electrical resistances were employed, demanding a total of 8 kW when in full power. Also, two fans 

were added to the system in order to prevent the resistances from failing and to distribute the heat.  

Temperatures up to 457ºC were recorded and it provides a safe environment for the user to 

experiment with high temperature ultrasonic testing. 

  

 Finally, concerning the rehearsals made using different couplants to check longitudinal wave 

attenuation, it can be seen the effects as result of temperature increase. Results must take into account 

that poor alignment of the probe with the pipe, misapplication of the couplant or inadequate cleaning of 

the probe and inspection area could cause misleading results. The most rewarding difficulty to overcome 

is the application of the couplant, if a proper layer could be applied between the wedge and the pipe 

results for signal amplitude will be higher than those obtained. 

 As expected the gel provided by General Electrics for HT UT for thickness measurements it’s 

the ideal couplant for these inspections providing a clear signal all throughout these tests, but it’s not 

suitable for automated inspections as it requires direct application on the probe’s wedge, which is 

common in manual inspections. The results obtained with peanut oil were promising, specially 

disregarding the third trial run which brought down the mean values for signal amplitude. It provided 
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good signal up to 370ºC even though special attention must be taken to clean the probe after 

inspections. Hot glue can endure temperatures up to 420ºC but didn’t live up to expectations due to low 

amplitude values and the amount of residues it leaves. Also, it can be a challenge to automate an 

injection system for hot glue since it only begins to liquefy around 250ºC and due to its nature and 

viscosity could plug the channels for its injection. 

 

5.1.  Future works 
 

Since this work was enveloped in the HI2TRUST project which had a maximum temperature goal 

of 550ºC, it would be promising to test the scanning system at this temperature to check if it can cope 

with these conditions and for how long. An effort should be made to slim down the system and reduce 

the overall weight, particularly on the probes’ housing and holders. Aluminium could be tested as a 

substitute for the Inox steel although it must be treated to prevent alumina. 

 A couplant injection system should also be studied to facilitate the application of liquid or gel 

paste options to the area to be inspected, safeguarding the operator from being in contact with the hot 

area and providing a good coupling area between the wedge and the pipe. 

 Only a single probe was used at high temperature inspection, so the other probes should be put 

to the test with the same conditions to see which behaves more competently. Besides, attenuation of 

transversal waves should be studied at high temperatures to predict the results we can expect from 

those inspections. Since transversal waves don’t propagate across fluids, longitudinal waves must be 

sent with an angled wedge through the water channel until it diffracts in the PBI and transversal waves 

from this interaction propagate in the steel tube, allowing for inspection in the weld bead. Further studies 

to the most common defects in welds, like lack of fusion and porosities, ought to be made to test and 

optimize the system ability to recognize them. 

 The most challenging objective is to find or develop a couplant that’s economical, easily 

accessible, easy to apply and that can cope with temperatures up to 500ºC while providing a good 

transmission of the sound wave when making an automated inspection. 
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7. Appendixes 
 

Appendix A -Technical Drawings of the Scanning System 

 

Figure 86 Protective housing for the motors 
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Figure 87 Top lid for the protective housing 
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Figure 88 Bottom component for motor assembly 
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Figure 89 Handle for scanning system 
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Figure 90 Front component of scanning system 
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Figure 91 Back component for scanning system 
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Figure 92 Locking mechanism lever 
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Figure 93 Cooling base for motor 
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Figure 94 Adjustment sleeve between motor and toothed gear 
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Figure 95 Probe holder component for arm length adjustment 
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Figure 96 Probe holder arm 



 

91 
 

Appendix B -Technical Drawings of the Probes Wedges and Housing 

 

Figure 97 Cooling base for probe
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Figure 98 Component responsible for coupling of mechanically focused probe (with curvature) 
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Figure 99 PEEK wedge 
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Figure 100 PBI wedge 
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Appendix C -Inspection assembly scheme 

 

 

Figure 101 Inspection assembly scheme with all connections to different components 
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Appendix D -Hydraulic circuit blueprint 

 

Figure 102 Hydraulic circuit blueprint 
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Appendix E - Probe’s technical drawings and parameters 

 

Figure 103 Parameters of IMASONIC 12051 1006 3,25MHz 20ch 
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Figure 104 Technical drawing of IMASONIC 12051 1006 3,25MHz 20ch 


