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[bookmark: _Toc39764486]Question 1 – Reliability of NDT Methods
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In table 1, you have been provided with through wall thickness measurements in mm and basic error analysis results undertaken as part of a larger POD study used to assess the performance of a new ultrasonic thickness gauging procedure. These results are also presented in graphical form in figure 1, where linear trend lines have been fitted to the data sets. There are 21 defect measurements in total, the dimensions of which are given in mm to 1 decimal place. 10 technicians have used the equipment and procedure to perform the measurements.
By analysing these results, comment on the relative sizing accuracy and general performance of each operator. How would you assess the performance of the procedure as a whole?

Based on  and relating to the confidence interval where  either side of the population mean covers 95% of the sample distribution. Although the question states readings are given to 1 decimal place, the data for operator 10 gives readings to 3 decimal places. As such, it is assumed that the equipment in question would have been capable of providing all operators with measurements to a 3 decimal place accuracy. 
Operator 1
Operator has achieved a standard deviation of 0.429, placing the operator 5th of the 10 sampled. This gives a confidence range of +-0.841. 
All flaws were detected.
The data for smaller defect sizes, 2.7mm and below, shows a trend of overestimation by the operator, with 5 of the 18 readings showing an underestimation. From a fracture mechanics perspective, it would be preferable to overestimate the flaw size for a worst-case scenario, although this could result in serviceable items being needlessly withdrawn from service. The scatter on the small flaw size readings is relatively small, showing the operator likely has a relatively consistent performance. This trend changes with the larger flaw sizes, where the distribution of results is both under and overestimating, with a wider range of scatter, perhaps indicating the operator’s method is less suited to accurately detecting large flaw sizes. 
Operator has taken flaw size readings only to 1 decimal place which is likely compromising the accuracy of results, going to 2 or 3 decimal places would be preferable. 
Trendline for the data has R squared value of 0.9556, showing a good fit to the real data, with the trendline crossing from over to underestimation as the flaw size increases. 
Operator 2
The worst standard deviation value of all operators resulting in a much wider confidence interval range although operator did detect all flaws. 
Most small flaw size readings are overestimates of the true size, although there are 3 underestimates below 2.7mm. The scatter in this section of data is considerable, with a worst deviation of 0.98mm on a 0.52mm flaw size. The level of scatter results gives little confidence in the operator’s ability to accurately determine flaw size. 
Large flaw size readings are all underestimates, not ideal for accurate fracture mechanics calculations, increasingly worse as the flaw size increases. 
Trendline R squared value of only 0.9149 gives a very poor fit to the true data, with a clear trend of overestimation at low flaw sizes and underestimation at large flaw sizes. 
Overall accuracy from this operator can be said to be very poor. 
Operator 3
Standard deviation places operator 7th of 10. Again, readings have only been taken to 1 decimal place, potentially compromising accuracy. The 0.25mm flaw was not detected 
Small flaw sizes readings show significant scatter, with readings giving both over and under estimations of flaw size. Large flaw sizes are mainly underestimations, with the 7.5mm flaw being underestimated by 1.5mm, a significant margin. 
Overall sizing accuracy from this operator is poor. Although the trendline does follow the true data line reasonably at the low flaw sizes, this is only due to the scatter in this region and does not actually represent accurate measurements. The trendline shows a trend towards underestimation. 
Operator 4
8th of 10 for standard deviation, giving a wide confidence interval range, slightly worse than operator 3 although all flaws were detected. 
All but one of the small flaw size readings are overestimations, to varying degrees of deviation from the true size. Whilst this causes the higher standard deviation value than operator 3, overestimations can be argued to be preferable to underestimations. However, there is still a large amount of scatter found with operator 4s readings which does not give confidence. Large flaw sizes are all underestimated, which is highlighted with the trendline which shows a clear trend of overestimation at small sizes, switching to underestimation at around 4mm. The inconsistency in readings and poor accuracy leave little confidence in the operator’s approach. 
Operator 5
Standard deviation ranks operator 6th although the value is not significantly improved over operators 3 and 4. The first 3 flaws (0.25-0.28mm) were not detected, the worst of all operators. 
Accuracy of readings is not that impressive, with a reasonable amount of scatter seen at the small flaw sizes, tending to give overestimations. Large flaw size readings do not show as much of an obvious trend, with readings being over and underestimates. 
With the non-detected flaws and the range of error values, it could be said that the performance of this operator is the worst of those tested, despite the standard deviation value suggesting otherwise. 
Operator 6
All flaws detected, standard deviation ranking operator 3rd. 
The scatter in readings to better than several of the operators, although the data shows the operator consistently overestimates the flaw size, with only 2 readings being underestimates. This is consistent with the large and small size flaws. 
Readings have only been taken to 1 decimal place; the accuracy may have been improved if the operator had measured to a higher accuracy. 
The trendline shows an almost parallel path to the true size, possibly indicating that the operator’s method was valid and accurate, but there was possibly a calibration issue that resulted in consistent overestimation across the range. 
Operator 7
 0.5mm flaw not detected. Standard deviation would rank operator 9th of the 10. 
Readings show significant scatter in the small flaw size region with both over and underestimations of flaw size seen. Combined with the missed flaw, this shows poor accuracy with this operator, with little consistency seen. 
The large flaw size readings are all underestimating, with the deviation increasing the larger the flaw size, again suggesting the operator’s approach is flawed. 


Operator 8
All flaws were detected, operator has lowest standard deviation value of all tested. General trend in data is like operator 6, where a consistent overestimation is seen, although the magnitude of overestimation is reduced with operator 8. 
Although the standard deviation is the lowest, the readings taken by this operator are all only at 0.5 intervals. Whilst this has produced a low standard deviation, the true resolution and accuracy of the data is questionable. 
The operator has provided readings of 1mm for 9 of the 10 flaws in the 0.25-0.98mm range. This shows that the operator’s method is perfectly acceptable for flaw detection, but in terms of flaw sizing this approach does not provide particularly valid data, even though the standard deviation was relatively low. 
Operator 9
4th lowest standard deviation result, with all flaws detected. 
Not too much scatter seen in the readings, although the small flaw size readings show a clear trend for overestimation of size. This overestimation is seen through the whole data set, except for the final 7.5mm flaw size reading. The magnitude of overestimation does diminish as the flaw size increases according to the trendline applied. 
Significant overestimations seen for the small flaw sizes could cause issues with future fracture mechanics calculations. 
Operator 10
2nd lowest standard deviation, with all flaws detected. Standard deviation is only 0.004 higher than the lowest value seen, could be argued that this difference is negligible. 
Very little scatter seen in the data, with the data being closely grouped to the linear trendline. Small flaw sizes do still show an overestimating trend although the magnitude of deviation from true is notably less than many of the other operators. 
This operator is the only one that has presented dimension readings down to 3 decimal places. This level of increased accuracy in readings increases the accuracy of the flaw sizing compared to other operators. When taking this into account and coupled with the minimal levels of deviation seen, it appears that this operator and their approach would be the most accurate of all those tested. 


Procedure Performance 
Based on the data shown, it could be said that the procedure provides a valid means of detecting flaws, with only 5 of the 210 readings giving false negatives, a level of 2.4%. That said, without data about false positives, and false negatives, it is not possible to conduct a full PoD analysis. 
The procedure does not provide a very accurate means of sizing a flaw, with large deviations seen in the recorded sizes compared to true flaw size from many of the operators. 
The large amounts of scatter that are seen from several of the operators suggests that the procedure gives inconsistent results, or at least making it difficult for operators to maintain consistency. 
Most operators produced readings that overestimate the small flaw size magnitudes, suggesting this is influenced more by the procedure than the operators. While this does provide an element of safety from a fracture mechanics perspective, by overestimating, it does not mean the procedure used is valid for industry use, where accuracy would be preferred over an overestimating inaccuracy. Conversely, with the large flaw size readings, 7 of the 10 operators were found to underestimate the sizes, again suggesting that the procedure results in underestimations of large flaws, rather than just being operator error. 
The results from operator 10, which show a very good correlation in trend and accuracy to the real data would suggest that the procedure can be used accurately and give good results, although this operator was the exception of the group. There is the possibility that the procedure is overcomplex, or difficult to calibrate initially and that more in-depth training for operators may yield better results. Additional testing and data would be required to draw any significant conclusions on this.  

[bookmark: _Toc39764488]b)
Table 2 provides hit-miss data for complimentary NDT methods used to inspect an aircraft component. The technicians were required to report defects detected or not on a location-by-location basis. Carry out a full POD analysis using the ROC method.

Probability of Detection (PoD) and Probability of False Indication (PoFI) values. PoD and PoFI calculated using, table updated to show values:


	Location
	Defect
	Method 1
	Method 2
	Method 3

	1
	Y
	1
	0
	1

	2
	Y
	1
	1
	1

	3
	N
	0
	0
	0

	4
	Y
	1
	1
	1

	5
	N
	1
	0
	0

	6
	Y
	0
	0
	1

	7
	Y
	0
	0
	1

	8
	N
	0
	0
	0

	9
	N
	1
	0
	0

	10
	N
	0
	0
	0

	11
	N
	1
	1
	1

	12
	N
	1
	1
	1

	13
	Y
	0
	1
	1

	14
	N
	0
	0
	0

	15
	N
	0
	0
	0

	16
	Y
	1
	1
	0

	17
	N
	0
	0
	0

	18
	N
	1
	0
	0

	19
	Y
	1
	0
	1

	True Positive
	5
	4
	7

	False Positive
	5
	2
	2

	True Negative
	6
	9
	9

	False Negative
	3
	4
	1

	Total
	19
	19
	19

	Probability of Detection
	0.625
	0.5
	0.875

	Probability False Indication
	0.455
	0.182
	0.182


The results are plotted in a Receiver Operating Characteristic diagram shown below.

A high probability of detection is obviously desirable, so as not to miss existing defects during inspection, however this must also be coupled with a low probability of false indication if a method is to be considered as having a good reliability and suitability for task. 
On this basis, when plotted, the method whose data point is closest to the top left of the axis is the one that best meets those criteria. 
For the data given in table 2, it is shown that method 3 has by far the highest PoD, with an equally low PoFI as method 2. It can be said that method 3 is the most suitable for the given task. 


[bookmark: _Toc39764489]Question 2 – Radiography
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A micro-focus 2D x-ray inspection is to be undertaken on a rectangular (4mm x 6mm) CFRP plate of thickness 2mm. The source to detector distance is fixed at 0.25m and the digital detector is a 2D CCD array 4096 x 4096 pixels and dimensions 0.8mm x 0.8m. The focal spot size of the x-ray tube is 30µm. A geometric unsharpness value (Ug) of better than 0.025mm is required. Calculate (i) the required source to object distance, (ii) the dimensions of the imaged object in detector pixels, and (iii) the system measurement accuracy in pixels.
Assumption made that detector dimensions of 0.8mm x 0.8m is a typo and should read 0.8m x 0.8m.
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Using:
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Assumes any partially exposed pixel is rounded up to be counted as a complete pixel.
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The intensity of an unshielded I-131 source is 140mR/hr. Determine the thickness of lead that is required to reduce this radiation down to 92nR/hr. Assume your distance from the source has not changed. The HVL of lead for I-131 is 0.178cm
Assumption made that 92nR/hr is a typo and should read 92mR/hr, however both will be presented.




Since:



Using:




If 92 nR/hr is correct.
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A technician is in an area for 35 minutes and the reading on an exposure meter is 0.75mR/hr. Determine the actual radiation dose received by the technician.



[bookmark: _Toc39764496]d)
The technician should not receive a radiation dose greater than 1.5mR. Based upon the conditions in c) determine the maximum time the technician can stay in the area.



[bookmark: _Toc39764497]e)
For and x-ray tube voltage of 90kV determine (i) the maximum electron kinetic energy, and (ii) λswl (short wavelength limit) value for the breaking radiation process.

[bookmark: _Toc39764498]i.)

Assuming all potential energy of field is converted to electron kinetic energy:
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An X-Ray tube has a copper anode with K, L and M electron shell binding energy levels of 8.98, 0.93 and 0.07 KeV respectively. Determine the wavelengths at which the Kα and Kβ characteristic radiation lines would occur.

K Shell Emissions:


Characteristic Radiation Wavelengths found using:






[bookmark: _Toc39764501]Question 3 – Eddy Current Methods

[bookmark: _Toc39764502]a)
With reference to induced eddy currents in a conductor, explain the skin effect and effective depth of penetration.

The skin effect is a phenomenon that occurs due to the nature of eddy current generation. Eddy currents are generated by application of alternating current (AC) through a conductor which causes a magnetic field around the conductor to form. The induced magnetic field will generally be perpendicular to the current flow in the conductor and produces the circulating eddy currents within the conductor. Lenz’s law states that these eddy currents will oppose the current flow. Since eddy current density will be highest at the centre of the conductor, the opposition to current flow is highest, which leads to a concentration of current towards the outer surface of the conductor. 
When the generating coil is placed in proximity to a test material, the magnetic field of the coil, which is strongest near to the coil, induces eddy currents in the test material. They will be strongest at the surface of the test material as this is where the coils magnetic field is stronger. As the coil’s field becomes weaker with distance, the induced eddy currents in the test material also become weaker, resulting in a concentration of eddy currents at the test material surface, decreasing with depth. This is the skin effect. 

The effective depth of penetration is a result of this skin effect. Eddy current flaw detection relies on having a sufficient density of eddy currents to be able to detect a flaw accurately. Since the strength of the eddy currents in the test material will diminish with depth, there becomes a point where the eddy current strength is too low to provide meaningful readings for flaw detection. It is therefore important be know at what depth the current strength drops below this limit. This is the effective depth of penetration, which does not represent the actual depth that eddy currents will be found, but only what is the limit of useful detection. Equipment and frequencies will be specified to ensure that the effective depth of penetration exceeds the depth where flaws would be expected to be found.  
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Explain the effects of shielding on an eddy current coil

As explained by the skin effect, concentrating the generated magnetic field of the coil in the area of interest will allow for better sensitivity of the equipment. Shielding the coil/probe allows for better control the produced magnetic field from the coil. By shielding the probe, the field density can be focused into a smaller area, reducing the areas of field spread that are of less use in flaw detection. Shielding is generally either my magnetic shielding, using ferrite materials to surround the coil, or by eddy current shielding which involves using non-magnetic high conductivity materials like copper. The effect of both is to concentrate the generated field so that it does not spread beyond the shielding. 
By concentrating the magnetic field, this reduces any interaction with non-relevant areas of the test material. If the field is restricted to the area of the probe, then any detected flaws can be more accurately positioned on the test material, increasing the accuracy of the test. Additionally, a shielded probe can be used in areas that may otherwise generate false indications, such as geometric changes, bolt holes, fasteners, or areas with different materials. 
Concentrating the magnetic field also creates a stronger field in the selected area, which allows for detection of smaller flaws than may be possible with an unshielded probe. 
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A test coil is used to inspect an aluminium component 0.5mm in thickness. Assuming 0.15mm as the standard depth of penetration required and that the conductivity of aluminium is 64.94 %IACS:

[bookmark: _Toc39764505]i.)
Calculate the required test frequency.








[bookmark: _Toc39764506]ii.)
What would be the maximum phase difference between the induced near and far-surface eddy currents?

Far surface currents assumed to be occurring at full material depth (0.5mm).





[bookmark: _Toc39764507]iii.)
If we were to increase the test frequency by an order of 2, what would the effects be regarding the depth of penetration and near and far surface phase differences?
Does question mean raise by a factor of 2 (x2) or raise by order of magnitude of 2 (x10^2)? Both will be presented.

Raise frequency by factor of 2 (x2). 


Original phase lag of 191 degrees increases by 79 degrees (40%) when frequency is doubled, while depth of penetration reduces by a similar percentage.

Raise frequency by order of magnitude 2 (x 10^2). 


When frequency is increased by an order of magnitude of 2 (x10^2) the phase lag increases 10-fold, with depth of penetration reducing to 10% of the original. 

Reciever Operating Characteristic Analysis

Method 1	0.45454545454545453	0.625	Method 2	0.18181818181818182	0.5	Methd 3	0.18181818181818182	0.875	probability of false indication


probability of detection
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