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[bookmark: _Toc507550008]1. Introduction
Ultrasonics in the form of analysing materials for defects was conceived in 1925 by Sergei Sokolov. It was inspired by sonar technology used for under-sea scanning.  Sokolov saw its potential to detect flaws in metal objects and he demonstrated just that in 1928. (NDT Resource Center, 2018) (Woo, 2002). Ultrasonic technology for NDT applications has come a long way since. In the present day many methods of ultrasound exist and its effectiveness has increased dramatically due to advances in computational power. Even so, advancements and innovation in the field are still being made. 
Pipelines serve as the primary source of transport for oil, gas, water and other products all around the world. There are many existing NDT methods for scanning pipelines. All have their strengths and weaknesses. What the majority of methods have in common is that they require the pipe itself to be exposed, this allows for the sensors to have direct contact with the face of the pipe. This applies for the complete length of the section of pipe being scanned. Only two methods don’t need contact with the pipe surface for its full length. These being PIGs and LORUS probes. PIGS are sent down the interior of the pipeline and scan from the inside. LORUS is the other and more detail into it will be discussed further on.
The focus of this project is to look into the use of a phased array probe setup for long range ultrasonics (LORUS). The aim is to build upon the work of Muhammed Alayyash on LORUS techniques to detect corrosion under pipe supports, however, in this case by using only one probe that is configurable for all desired angles and not induvial probes with varying wedges. 
[bookmark: _Toc507550009]2. Background to the Proposed Research
Long range ultra-sonics (LORUS) is an NDT method that was primarily developed to scan for hidden corrosion in hard to reach areas, typically along pipelines, beams or walls. As many pipes have thick layers of insolation on, it is impossible to get a probe to the inner pipe surface. LORUS gets around this by sending an ultrasonic wave down the length of the pipe from a single position, meaning the only insulation needed to be removed would be where the probe itself will contact the pipe wall. Hidden corrosion can cause havoc in oil refineries, and other chemical processing facilities as a hidden defect in a pipe may go unnoticed for long periods of time until corrosion passes its critical point and a breach is created leaking fluid. Historically whole sections of processing plants would have to be temporarily taken offline to enable full analysis of the various components. This was costly for client companies. What LORUS achieves is the scanning of components without the need to take them out of service. 
LORUS probes work by sending a long range ultrasonic wave horizontally along a component like a pipe and scans the for defects. The range of some LORUS systems can be as high as 100 meters. Corrosion that can be a few meters down the length of the pipe may be impossible to access without dismantling large parts of the structure. The LORUS probe can find corrosion without that need.
[image: http://www.arudra.co.in/assets/images/lrut01.jpg]
[bookmark: _Toc507546467]Figure 1 – Diagram showing how the LORUS sound wave propagates along the length of the pipe walls to a defect. SOURCE: (Arudra Engineers PVT. LTD, 2017)
[bookmark: _Toc507550010]2.1 Sound waves
The wave type generated by a transducer is that of a longitudinal wave. Longitudinal waves in solids are the same type as exist in sound waves we hear in air every day. They are best explained as one molecule bouncing into the next molecule and transferring its kinetic energy to it. Similar to how a snooker ball transfers all its kinetic energy into the next. A longitudinal wave goes though a process of compression and then rarefication. This is visualised in figure 2.
[image: http://www.echocardiographer.org/Echo%20Physics/Longitudinal%20Wave.jpg]
[bookmark: _Toc507546468]Figure 2 – Diagram visualising a longitudinal wave (Echocardiographer.org, 2018)
Shear waves (also known as transverse waves) are another type of sound waves and nearly all the time only exist in solids.  They act more like electromagnetic waves and are represented by the traditional sine wave format. They typically travel about half the velocity of longitudinal waves. When a longitudinal wave travelling through one medium and hits another medium at an angle, then the refraction results in a shear wave being produced. 
[image: Angle Beam Inspection]
[bookmark: _Toc507546469]Figure 3 – Diagram showing the splitting of the longitudinal wave and the shear wave when the incident wave hits the material at an angle (Olympus scientific solutions, n.d.)
As two wave types are always produced when any angle is involved (unless the incident velocity is identical to the refracted velocity) then one needs to be eliminated otherwise they can interfere with each other. The refracted angle must be great enough to force the longitudinal wave to effectively disappear and instead run along the surface. This is called the 1st critical angle. For the shear wave to do the same the angle must be increased even more until it too disappears. This is known as the 2nd critical angle. The shear wave is used for ultrasonic testing the majority of the time when angles are being used. 
[bookmark: _Toc507550011]2.2 Probes
There are a wide variety of ultrasonic probes and techniques. The most basic is the single crystal probe.  There are also twin crystal and phased array. Single crystal probes are the most basic of probes. They consist of a single piezoelectric crystal (technically known as the transducer) that vibrates with kinetic energy when an electrical current is passed over it. The crystals vibrations send a high frequency sound wave through the material it is in contact with. Most single crystal probes operate between 1 and 10 megahertz. 
The probe is timed so there are gaps in the pulse rate where the crystal can receive reflected sound waves coming back. These in turn vibrate the crystal and generate a current that is read by probe hardware. 
Phased array probes operate in a similar way however give significant advantages. Phased array probes rather than having one element (crystal) have many. Their primary selling point is that phased array probes have the ability to ‘steer’ and focus the ultrasonic beam.
[image: spdksept03f2.jpg]
[bookmark: _Toc507546470]Figure 4 – Diagram showing the basic operating principle of a phased array probe and how it can steer or focus wavefronts (Davide Kleiner, 2003)
The probe being used in this project will be the phased array probe. Phased array probes, have multiple crystals (elements) inside. The advantage of this is that phased array probes allow for ‘steering’ of the sound wave. This is especially useful when going through different mediums to another as the refracted angles will change depending on the different speeds that sound propagates with through various materials. With a normal single or dual crystal probe, different angled wedges are needed. This is necessary as sound waves propagate through different materials at varying speeds. The difference in velocity effects the angle of refraction as stated in Snell’s Law with the equation shown in Eq1. The greater the difference in speed between the wedge material and the test material, the greater the refracted angle. As a result, different incident angles are needed to scan different materials. Failing to do so will result in sound waves not going in the correct direction and even being eliminated altogether past the 2nd critical angle. 

[bookmark: _Toc507549955]Equation 1 – Snell’s Law of refraction
Where  is the incident velocity and  is the refracted velocity. Additionally, is the incident angle and   is the refracted angle.
When soundwaves are refracted they split into two waveforms. Longitudinal remains but a sheer wave is also generated. 


[bookmark: _Toc507550012]2.3 Probability of sizing and probability of detection studies
PoD and PoS are two analytical tools that are used to evaluate the effectiveness of different NDT methods. Probability of detection PoD is designed to quantify how effective an NDT method is at finding defects of varying sizes. The analysed data produces a PoD ‘curve’. A PoD curve is a graph which shows a scale of sizes of defects and the probability of that method detecting those defects (Limited, 2006) A typical PoD curve is shown in figure 5.
[image: ]
Figure 5 – Graph showing typical example of a PoD curve (George A. Matzkanin, 1997)
Probability of sizing is simply an evaluation of how accurate an NDT method is at measuring the size of defects. The true size of the defects are compared to the size measured by the operator. The difference in the results determines how accurate the system is. Multiple operators are used in both PoD and PoS. The more, the better. 




[bookmark: _Toc507550013]3. Aims & Objectives
The primary objective of this project is to build on the work done by (NAME) by implementing LORUS using a phased array probe setup, as opposed to the single crystal used in Muhammed Alayyash’s project. The main benefit of this is to take away the need for using multiple probe wedges and instead have one ‘all in one’ probe that is adjustable and able facilitate testing on a variety of different materials. 
The goal is to conduct simulations of Muhammed’s experiments but use a phased array probe. The wave angles will not be generated by different angled wedges but the firing order of the multiple elements at different delay intervals to ‘steer’ the wave front at the desired angle.  Real world experimentation will then be conducted to verify the simulations. 
The expected outcomes will be:
· Research the application of a phased array setup on LORUS
· Conclude if it is feasible to use phased array for LORUS
· If not feasible then further explain to why
· If feasible then expand to how it could be implemented 
· Conduct a PoD and possibly a PoS on the method to further validate its accuracy and limitations


[bookmark: _Toc507550014]4. Research Methods
The following section puts forward the methods and tools that will be used in the project to acquire the desired outcomes. 
[bookmark: _Toc507550015]4.1 Philosophy and ethics
As this is an engineering research project and due to the nature of how it is being conducted there are few significant ethical issues or philosophical issues that need to be raised.   
Ethics might play a part in the PoD and PoS studies of the LORUS. The two studies are conducted by human operators. A primary aspect of PoD and PoS is the ability to not only analyse the effectiveness of a NDT method but also the effectiveness of individual human operators. It is reasonable be expect that due to factors including experience in profession, amount of time spent with equipment and level of qualification that certain operators will outperform other operators. This could have an effect on the psyche of the individual in reference to their confidence levels and how they compare themselves to other technicians.  

[bookmark: _Toc507550016]4.3 Approaches
To make sure the project aims are met, specific measures must be taken. 
[bookmark: _Toc507550017]4.3.1 Document Review
To make sure the final document is coherent, drafts will be made along the timeline of development. Each draft will be read through and checked for quality of writing and use of professional practice. The project supervisor will also review the drafts to help with guidance. 
[bookmark: _Toc507550018]4.3.2 Software use
Extensive use of the CIVA software package is expected. This is a powerful tool to predict the behaviour of sound waves through different materials and shapes. It will be the first step in the development in this project. Different wedge designs and wave angles will be experimented with in the simulations. 

[bookmark: _Toc507550019]4.3.3 Case Study / Experiment
The experimentation will primarily consist of testing the phased array probe with the prototype wedge on different test components. The delays for each element will be adjusted and fine-tuned to allow the correct refracted angles for the application it is applied to. 
To achieve this, the desired angle required to give the correct sheer wave will be defined. The set of delays will be calculated for each element to give the required angle. This can be known by the speed of wave propagation in both the wedge and the test material. 
The wave will then propagate towards a known defect along the length of the pipe wall. The return signal will define the defect. If no defect is detected then the element firing delays will be adjusted until the defect is detected.  Once the defect is detected for each pipe material and thickness then fine tuning of the delays will take place until the defect is defined up to a acceptable standard. Acceptable standard being a signal that enables the characterisation of the defect (size and nature) to a certain degree of accuracy. 
[bookmark: _Toc507550020]4.4 Risks & Limitations
The physical extermination for the project will be conducted in the work labs of Oceaneering International’s Swansea branch. The labs themselves are free of any harmful substances and are generally low risk. There is however a storage area with large steel components and other heavy equipment. This can provide a potential health hazard. The appropriate PPE will be worn for that area including steel toe capped boots to minimise injury from heavy objects. 
The full limitations of the project are not known at this point it time. They will likely become clear as the project progresses. Oceaneering International are NDT specialists in the field of ultrasonics and should have a wide variety of suitable equipment for use on this project. 
[bookmark: _Toc507550021]4.5 Data Evaluation
The data will be analysed using package CIVA for the simulations. For the experimentation data collected by the probe will be put into spreadsheet form and evaluated. The main factor being looked at is if the phased array probe can detect corrosion. This will be represented as simple hit or miss data. This can be analysed easily and each test can be compared to the others on how effective each is at finding the corrosion. The second stage will be to the evaluation of how well the different tests can characterise the corrosion. A variety of parameters will need to be satisfied to estimate the length, width and depth of the corrosion patches. The hit/miss data will also be used to create the PoD (probability of detection) study. The data from the second stage will be used for the PoS (probability of sizing) study


[bookmark: _Toc507550022]6. Resources & Planning
A project of this complexity will require detailed planning as time limitations are always a factor. The project will span roughly 4 months from June to September. In that time all the work needed to be done to satisfy the project goals will be conducted. 
[bookmark: _Toc507550023]6.1 Resources Required
The project as a whole is light on consumption of physical recourses. However some specialist equipment and software is needed. The full list of recourses is as follows:
· Ultrasonic phased array probe
· CIVA software for simulation
· Access to a 3D printer to fabricate plastic wedges for use in experimentation 
· Sections of steel pipe for testing
· Spreadsheet software (typically Microsoft Excel)

Consumables:
· Ultrasonic couplant
· Plastic for Perspex for printing of wedge


















[bookmark: _Toc507550024]6.2 Gantt Chart
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[bookmark: _Toc507549920]Table 1 – List of the tasks that must be completed and their duration
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