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Question 1 – Total 20 Marks 
 
a) 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? [15 marks]

Operator 1 – With a R2 value of 0.9556 the correlation models explains a fair variability of the response data around the mean, the 5th highest out of the 10 operators, and data points taken by the operator are fairly precise. With a relatively low standard deviation error value of 0.429, the 6th lowest out of 10, also suggests fairly precise results and implies that operator 1 has fairly accurate results overall. Fairly accurate results are further supported with a relatively low margin of error value of 0.841 – 95% of data taken by the operator will record +/- 0.841 around the true value. The trend line suggests the operator is likely to under measure the distance of the defect the further away the defect is; the operator’s linear trend is declining relative to the 100% accurate trend line with a gradient value of 0.9153 against 1. The trend lines y inception will describe how well the operator has calibrated the equipment and we would expect this to equal 0 like the 100% accurate linear trend line. With a value of 0.359 operator 1 has third lowest y inception value suggesting calibration by the operator was relatively successful. Lastly, 15 times the operator had over measured the depth of the defect against 6 times under measuring.
Operator 2 - With a R2 value of 0.9149 the correlation models explains a poor variability of the response data around the mean, the lowest out of the 10 operators, and data points taken by the operator are not precise. With a relatively high standard deviation error value of 0.676, the highest out of the 10 operators, also suggests results are not precise and implies operator 2 has inaccurate results overall. Inaccurate results are further supported with a relatively high margin of error value of 1.325 – 95% of data taken by the operator will record +/- 1.325 around the true value. Like operator 1, operator 2’s trend line suggests the operator is likely to under measure the distance of the defect the further away the defect is; with the lowest gradient value of 0.7513 operator 2 will under measure the defect location the most for defects further away. A y inception value of 0.6364 operator 2 has the fourth highest value suggesting calibration by the operator was relatively unsuccessful. Lastly, 15 times the operator had over measured the depth of the defect against 6 times under measuring.
Operator 3 - With a R2 value of 0.942 the correlation models explains a poor variability of the response data around the mean, the third lowest out of the 10 operators, and data points taken by the operator are not precise. With a relatively high standard deviation error value of 0.514, the fourth highest out of the 10 operators, also suggests results are not precise and implies operator 3 has inaccurate results overall. Inaccurate results are further supported with a relatively high margin of error value of 1.007 – 95% of data taken by the operator will record +/- 1.007 around the true value. Operator 3’s trend line suggests the operator is likely to under measure the distance of the defect the further away the defect is; with the fourth lowest gradient value of 0.8549. A y inception value of 0.3225 operator 3 has the second lowest value suggesting calibration by the operator was relatively successful. Lastly, 13 times the operator had over measured the depth of the defect against 8 times under measuring.
Operator 4 - With a R2 value of 0.944 the correlation models explains a poor variability of the response data around the mean, the fourth lowest out of the 10 operators, and data points taken by the operator are not precise. With a relatively high standard deviation error value of 0.531, the third highest out of the 10 operators, also suggests results are not precise and implies operator 4 has inaccurate results overall. Inaccurate results are further supported with a relatively high margin of error value of 1.041 – 95% of data taken by the operator will record +/- 1.041 around the true value. Operator 4’s trend line suggests the operator is likely to under measure the distance of the defect the further away the defect is; with the third lowest gradient value of 0.8267. A y inception value of 0.6876 operator 4 has the second highest value suggesting calibration by the operator was relatively unsuccessful. Lastly, 17 times the operator had over measured the depth of the defect against 4 times under measuring.
Operator 5 - With a R2 value of 0.9476 the correlation models explains a poor variability of the response data around the mean, the fifth lowest out of the 10 operators, and data points taken by the operator are not precise. With a slightly high standard deviation error value of 0.461, the fifth highest out of the 10 operators, also suggests results are not precise and implies operator 5 has slight inaccurate results overall. Slight inaccurate results are further supported with a relatively high margin of error value of 0.903 – 95% of data taken by the operator will record +/- 0.903 around the true value. Operator 5’s trend line suggests the operator is likely to under measure the distance of the defect the further away the defect is; with the third highest gradient value of 0.9229. A y inception value of 0.4411 operator 5 has the fourth lowest value suggesting calibration by the operator was relatively successful. Lastly, 14 times the operator had over measured the depth of the defect against 7 times under measuring.
Operator 6 - With a R2 value of 0.9651 the correlation models explains a good variability of the response data around the mean, the fourth highest out of the 10 operators, and data points taken by the operator are precise. With a relatively low standard deviation error value of 0.382, the third lowest out of the 10 operators, also suggests results are precise and implies operator 6 has accurate results overall. Accurate results are further supported with a relatively low margin of error value of 0.749 – 95% of data taken by the operator will record +/- 0.749 around the true value. Operator 6’s trend line has the highest gradient value of 1.044 that is very near to that of the 100% accurate trend line suggesting the operator is relatively successful taking measurements with the equipment. However, with a y inception value of 0.6867 operator 6 has the third highest value suggesting calibration by the operator was relatively unsuccessful. Lastly, 19 times the operator had over measured the depth of the defect against 2 times under measuring.
Operator 7 – With a R2 value of 0.9381 the correlation models explains a poor variability of the response data around the mean, the 2nd lowest out of the 10 operators, and data points taken by the operator are not precise. With a relatively high standard deviation error value of 0.551, the 2nd  highest out of the 10 operators, also suggests results are not precise and implies that operator 7 has inaccurate results overall. Inaccurate results are further supported with a relatively high margin of error value of 1.081 – 95% of data taken by the operator will record +/- 1.081 around the true value. Operator 7’s trend line suggests the operator is likely to under measure the distance of the defect the further away the defect is; with the 2nd lowest gradient value of 0.8229. A y inception value of 0.318 operator 7 has the lowest value suggesting calibration by the operator was relatively successful. Lastly, 11 times the operator had over measured the depth of the defect against 10 times under measuring.
Operator 8 – With a R2 value of 0.9839 the correlation models explains a sound variability of the response data around the mean, the 2nd highest out of the 10 operators, and data points taken by the operator are precise. With a relatively low standard deviation error value of 0.254, the lowest out of the 10 operators, also suggests results are precise and implies that operator 8 has accurate results overall. Accurate results are further supported with a relatively low margin of error value of 0.498 – 95% of data taken by the operator will record +/- 0.498 around the true value. Operator 8’s trend line has the second highest gradient value of 0.9945 that is very near to that of the 100% accurate trend line suggesting the operator is relatively successful taking measurements with the equipment. However, with a y inception value of 0.5132 operator 8 has the fifth highest value suggesting calibration by the operator was relatively unsuccessful. Lastly, 20 times the operator had over measured the depth of the defect against 1 time under measuring.
Operator 9 – With a R2 value of 0.9664 the correlation models explains a fair variability of the response data around the mean, the 3rd highest out of the 10 operators, and data points taken by the operator are fairly precise. With a relatively low standard deviation error value of 0.411, the fourth lowest out of the 10 operators, also suggests results are fairly precise and implies that operator 9 has reasonable accurate results overall. Reasonable accurate results are further supported with a relatively low margin of error value of 0.805 – 95% of data taken by the operator will record +/- 0.805 around the true value. Operator 9’s trend line has the fifth lowest gradient value of 0.8753 suggesting the operator is likely to underestimate the defect the further away it is. A y inception value of 0.9565 operator 9 has the highest value suggesting calibration by the operator was relatively unsuccessful. Lastly, 20 times the operator had over measured the depth of the defect against 1 time under measuring.
Operator 10 – With a R2 value of 0.9925 the correlation models explains a sound variability of the response data around the mean, the highest out of the 10 operators, and data points taken by the operator are precise. With a relatively low standard deviation error value of 0.258, the second lowest out of the 10 operators, also suggests results are precise and implies that operator 10 has accurate results overall. Accurate results are further supported with a relatively low margin of error value of 0.506 – 95% of data taken by the operator will record +/- 0.506 around the true value. Operator 10’s trend line has the fifth highest gradient value of 0.8968 suggesting the operator is likely to underestimate the defect the further away it is. A y inception value of 0.4921 operator 10 has the fifth lowest value suggesting calibration by the operator was relatively successful. Lastly, 18 times the operator had over measured the depth of the defect against 3 time under measuring.

Procedure as a whole: Foremost it is important to note that the new ultrasonic thickness gauging procedure measures defects in mm to 1 decimal place where true sizes are measured to 2 decimal places. Therefore, operator’s measurements are likely to be either rounded up or down to the next decimal place deviating from the true value in some cases and thus giving less accurate results/increasing errors. The equipment and method produce overall fairly accurate, but the sensitivity of the equipment needs improving to obtain better accuracy. Standard deviation error and margin of error values should decrease but if they do not a further investigation should look at the method used and/or experience of operator.
The procedure in general relies on the operator to calibrate the equipment correctly. Clearly the equipment has systematic errors as all operator’s trend lines show a y inception value of greater than 0.3. Instantly all measurements carried out by the operators are likely to be overestimated and is clearly shown as 77% of all measurements were over measured when compared to under measuring. If the equipment was to be improved to reduce any systematic errors and calibration was still unsuccessful a further investigation would be required to look at the method of calibration and/or experience of the operator.
If all operators are fairly experienced the method of the procedure could be questioned if sensitivity of the equipment and calibration improved as most operator’s gradient trendlines differed from the 100% accuracy trendline. In general, the equipment and/or method used by the operators are likely to under measure the depth of the defect the further away the defect is. In general, results were more precise and accurate for small distance defects when compared to long distance defects suggesting the method and equipment is suited for small distance defects only. However, this is inconclusive as there were more measurements taken for small distance defects compared to long distance defects. Thus, there should be additional data points measured by operators for defects at long distances for a firm conclusion on the method and equipment used at long distances. 

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.   [5 marks ]
 
Probability of Detection (PoD) = = 

Probability of False Alarms or Indication (PoFA) = = 

From the aircraft data we have 8 total opportunities for rejection and 11 total opportunities for acceptance for locations 1 to 19. 
Analysing PoD for each method:-
Method 1 has 5 x TP’s and 3 x FN’s therefore giving a PoD value of  = 62.5% or 0.625
Method 2 has 4 x TP’s and 4 x FN’s therefore giving a PoD value of  = 50.0% or 0.500
Method 3 has 7 x TP’s and 1 x FN’s therefore giving a PoD value of  = 87.5% or 0.875

Analysing PoFA for each method:-
Method 1 has 5 x FP’s and 6 x TN’s therefore giving a PoD value of  = 45.5% or 0.455
Method 2 has 2 x FP’s and 9 x TN’s therefore giving a PoD value of  = 18.2% or 0.182
Method 3 has 2 x FP’s and 9 x TN’s therefore giving a PoD value of  = 18.2% or 0.182
Using this data, we can draw up a ROC plot to analyse which method is the desirable one:

Results can be clearly analysed by plotting PoFA against PoD onto a graph for each method; this is known as the ROC curve. A 50/50 reference line was inputted to represent a 50% reliability method. An ideal method would be to have a PoFA equal to 0 and PoD equal to 1 having the highest reliability and therefore the best technique. With reference to the ROC curve the more a method point is plotted towards the top left of curve the more reliable the method or system is and so the better the technique. Thus, method 3 is the most reliable out of the three and is the better technique having a relative high PoD value and low PoFA value with method 2 being the second best followed by method 1.

Question 2 – Total 15 Marks 
a) 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.        [5 marks ]
(i) 
Uf = source spot size = 30 µm
Ug = geometric unsharpness = 0.025mm
F2 = source to detector distance = 0.25m
Find source to object distance F1 using:

Rearrange to make F1 the subject:

Substituting values into the equation to find F1:


 = 136.4 mm (1.d.p)

(ii) First find the magnification value of image against the plate size using the equation:

Substituting values into the equation:




We can find the image object size by multiplying the magnification value to the actual CFRP plate size. Since the CCD is 2D we are only concerned with the width and length of the plate that is 4mm by 6mm. Therefore, the image size equals:



The 2D CCD is 0.8m by 0.8m in size and consists of 4096 pixels by 4096 pixels. We need to calculate the size of each pixel and by doing this we can divide the CFRP image size by pixel size to find the number of pixels it would contain. Therefore, the size of each pixel is:




Therefore, the number of pixels that make up the CFRP image is:



We cannot have fractions of a pixel therefore we need to round up these values to give the number of pixels that make up the CFRP image 38 pixels by 57 pixels.

(iii) To calculate the system measurement accuracy in pixels the below equation was used in addition to using the width of the object size and the number of pixels of the imaged width:






b) 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.     [ 4 marks] 

First, we need to find  the attenuation coefficient in cm-1 using the Beer-Lambert Equation Law below:

Where I1 is the intensity of the radiation in Rhr-1 after x distance (in meters) away from an intensity source I0. The half value life (HVL) of lead for I-131 is 0.178cm. We know that the  is half the value of I0 in this case therefore:
 = 0.5
We can substitute this into the Beer-Lambert Equation Law after some rearranging:


Making  the subject:



Substituting x= 0.178cm: 

 3.894 cm-1 (3.d.p)
Since  is a constant for lead we can find the thickness of lead that is required to reduce the initial intensity source from I0 140mRhr-1  to I1 of 92nRhr-1 again using the Beer-Lambert Equation, rearranging to make x the subject and substituting values in:


 (3.d.p)
Therefore, the lead would be to be  to reduce the intensity to 92nRhr-1.

c) 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.    [1 mark] 
Dose received can be calculated using the following equation with dose rate 0.75mRhr-1 and 35/60 hours as time exposed:
Dose = 
Dose = 
Dose = 0.438 mR (3.d.p)
Therefore, the dose received by the technician during this time and exposure is 0.438 mR.

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.    [1 mark] 
 We can use the same equation used in (c) but rearranging to make ‘Time Exposed’ the subject:

Inputting the dose rate of 0.75mRhr-1 and dose of 1.5mR:


Therefore, the technician should not exceed a time of 2 hours or 120 minutes to not receive a radiation dose greater than 1.5mR with dose rate of 0.75mRhr-1.

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.    [2 marks] 
 e(i) We know the electric potential energy stored in an electric field would equal:

Where U is the electric potential energy in Joules (J), Q is the total charge within the electric field in Coulomb (C), and V is the potential difference or voltage in volts (V). Q in this case is the charge of an electron that is:
C
And the voltage is 90kV. We can now calculate U for the given electric field:

J 
The maximum kinetic energy (KE) that the electron can have is if all the electric potential energy is transferred to the electron and therefore converted to kinetic energy. Therefore, the maximum kinetic energy that the energy can have is J.
e(ii) Using the Planck-Einstein equation:

Where E is the energy carried by a quantum in Joules (J), h is Planck’s constant in Joules second (Js) with a value of Js, c is the speed of light in a vacuum in meters per second (ms-1) with a value of  ms-1 and  is the wavelength of a quantum in meters (m). E in this case is J from e(i) as this is the quantum particle in question (the electron) and  becomes  to represent the short wavelength limit value for breaking radiation to occur. Therefore, substituting values into the Planck -Einstein equation and making  the subject:


 13. 81 pm or 0.0138 nm   (2.d.p)

f) 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.        [  2 marks]
Kα characteristic radiation line would occur when an electron goes from the L shell binding energy level to the k shell. The differences in energies between these two shells will represent the photon energy emitted giving  a characteristic radiation line. To find the wavelength of this characteristic  radiation line we can use the Planck-Einstein equation but slightly refined:

Where  and  are the L and k shell binding energy levels, respectively in electron Volts (eV).  is the wavelength of Kα characteristic radiation line. Rearranging the equation to make  the subject:

And substituting relevant values in to find the wavelength at which Kα characteristic radiation line would occur; note – it is important to use e as :

 154.43 pm (2.d.p)
Kβ characteristic radiation line would occur when an electron goes from the m shell binding energy level to the k shell. Using the same equation previously and relevant values we have:


 139.52 pm (2.d.p)

Question 3 – Total 15 Marks 
 
a) With reference to induced eddy currents in a conductor, explain the skin effect and effective depth of penetration.           [5 marks ]
Changes in magnetic flux in a core (that is a conductor) can induce a closed loop of induced current known as eddy currents. These induced current loops circulate perpendicular to the magnetic flux. Using a coil with an AC current flowing through, eddy currents can be generated near a conducting surface that is parallel in direction to the coil current flow; this process is called electromagnetic induction. This process occurs many times per second, however the intensity of these eddy currents is limited and depend on the area of the inducing magnetic field enclosing the conducting surface. The intensity of the eddy currents decreases with distance from the coil i.e. from the surface of the component exponentially and is called the skin effect. The eddy currents generated by an AC current in a coil produce their own magnetic field that opposes the coil’s magnetic field (using Len’z Law). This results in the net magnetic flux being reduced as depth increases.

Effective depth of penetration looks at variables that affect eddy currents penetrating through a component. These variables include the frequency of the current in the coil, the component’s electrical conductivity and its magnetic permeability. In all cases where either one increases the depth of penetration of the eddy currents decrease. The ‘standard depth of penetration’  is defined when the eddy current intensity is 37% of its surface value or 1/e. 

b) Explain the effects of shielding on an eddy current coil     [4 marks ]
The principal of using the effects of shielding on an eddy current coil is to prevent or reduce the magnetic field induced by the coil with non-essential features near the probe. Shielding an eddy current coil can reduce the effects of near dimensional transitions, for example a step or an edge. Furthermore, shielding can also be used to reduce the effects of conductive or magnetic characteristics near the coil.

Eddy current probes can either be shielded by magnetic shielding or eddy current shielding. The coil around a magnetic shielded probe is covered by a ferrite material or a material with high permeability and low conductivity. These materials produce an area of low magnetic reluctance leaving the probe’s induced magnetic field being concentrated in the shielded area and not beyond this region; the induced magnetic field is closely located around the coil. In contrast, eddy current shielding uses highly conductive but non-magnetic material; in most cases copper is used. The coil’s induced magnetic field interacts with this shielding material to generate eddy currents in the material instead of the non-relevant features outside this area. The shielding is more effective by increasing the coil’s current frequency because of the skin effect on the conducting material.

c) 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: 
 
i) Calculate the required test frequency.      [1 Mark] 
 The required test frequency f can be calculated using the depth of penetration formulae:

Where  is the standard depth of penetration in millimetres(mm), f is the required test frequency in Hertz (Hz),  is the relative magnetic permeability of the component no units, and  is the electrical conductivity of the component in percentage against the conductivity of the International Annealed Copper Standard at 20oc. Rearranging the equation and substituting mm,  = 1 for aluminium, and  = 64.94 %IACS the required test frequency can be found:





 kHz (2.d.p)

ii) What would be the maximum phase difference between the induced near and far-surface eddy currents?        [ 2 Marks] 
The maximum phase difference  in degrees (o)between the induced near and far-surface eddy currents can be calculated by using the following equation:

Where x is the distance below the surface in millimetres (mm). It is important to note at the near surface the phase shift is Therefore, plugging in values for  and x which will equal the thickness of the aluminium component (0.5mm) and so representing the far-surface phase difference the maximum phase difference between the induced near and far-surface eddy current can be found:



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?  [3 Marks ]
As discussed in (a) if the frequency of the current from the coil increases the depth of penetration will decrease. Increasing the new test frequency by an order of 2 we have:

 kHz (2.d.p)
Using the depth of penetration formulae again with our new test frequency value and the same values for other parameters previously and  we can calculate the new depth of penetration  value:


 (3.d.p)
As predicted the is smaller than previously due to the increase in frequency of the coil’s current. Hence, the sensitivity to far surface observations has decreased exponentially. Calculating the new near and far surface phase differences; we again assume at the near surface the phase difference is  


 (2.d.p)
By increasing the frequency by a factor of 2 the phase difference between the near and far surfaces have increased from  to 

The Receiver-Operating-Characteristics as a Reliability Curve - Methods 1 - 3 
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