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Abstract 

Inspection performance limits for probability of detection and sizing uncertainty during ultrasonic inspection of flaws 

(debris frets) in CANDU pressure tubes under laboratory conditions were analyzed and estimated. Ultrasonic tests 

were performed on the available pressure tube reference specimens containing various axial, circumferential and 

angle notches on the tube inside surface: rectangular, segment, trapezoidal and V-shaped with different depths, 

widths, and angles, simulating the debris frets. Measurements were performed on statistically representative samples 

of these flaws, data were statistically processed, and the following parameters were determined: probability of 

detection; probability of false positive; mean values and standard deviations of flaw depth, width and length 

measurements; and uncertainties of measurements related to the impacts of various essential parameters affecting the 

detection, noise and flaw depth, width and length measurements.  
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1 Introduction 
 

Analysis performed below is based on investigation of Ultrasonic (UT) detection and sizing of 

one type of flaws (specifically, debris frets) in Pressure Tubes (PT) used in CANDU reactors. All 

reactor units are susceptible to debris damage of the PT. The primary sources of debris are 

construction materials (e.g. electrodes, weld spatter etc.), debris from components that failed 

during commissioning, etc. Debris Fret (DF) flaws are considered to have blunt, irregular shape, 

but they are often axially elongated. Sometimes they exhibit multi-faceted features, and have 

complex shapes. There is an infinite variety of DF flaws with different shapes, orientations and 

dimensions. DF flaws result from random processes; therefore they have random orientation, 

shape, dimensions, and sharpness. However, the majority of DF flaws consist of more or less 

symmetrical flaws, wide at the base (i.e. at the Inside Diameter (ID) of the PT) and tapering to the 

flaw tip. The majority of debris fretting damage observed to date has been localized, shallow (less 

than 0.5mm deep), and rather blunt notches with low stress concentrations. Conservatively, the 

DF length range 0-25mm, width range 0-25mm, depth range 0-2mm, and root radius range ~0.01-

1mm. DF flaws mostly stand alone, but clustering is possible.  

 

The available PT test (reference) specimens contain various ID axial, circumferential and oriented 

at angle notches: rectangular, segment, trapezoidal and V-shaped with different depths, widths, 

inclination angles and root radii. In accordance with the CSA requirements [1] and Inspection 

Specification (IS) requirements, all these test specimens are made from a PT of the same material 

and geometry as the PT that is to be inspected. All notches in the calibration test specimens were 

properly measured. The PT test specimens can be used to simulate the DF and determine the 

ability of the existing flaw inspection systems to detect and size DF flaws. It can be done by 

performing UT measurements on the statistically representative sample of DF simulated flaws, 

statistically processing these data, determining the Probability of Detection (POD), Probability of 

False Positive (POFP), mean values and standard deviations of flaw dimension measurements, 

and analyzing UT measurement uncertainties related to the impacts of various essential 

parameters affecting the detection, noise and flaw depth, width and length measurements.  
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Emphasize that similar approach can be used to investigate the inspection performance limits for 

probability of detection and sizing uncertainty of various types of flaws in different objects. 

 

Eleven PT specimens were used for testing. These specimens have ID axial and angle oriented 

rectangular, trapezoidal, segment, symmetrical and asymmetrical V-notches. Each specimen 

contains eight notches of similar shape but with various depths or widths. 

   

Although the DF have various orientations, shapes, and dimensions, in order to be conservative, 

one can consider that the sharp V-notches with various depths and widths, probably, present good 

simulations of one very important subset of DF flaws, which is rather difficult to detect and size. 

The V-notches present maximum challenge during detection and sizing. It means that POD and 

measurement accuracy for some real-world DF flaws can be better than similar parameters 

determined for the sharp V-notches, because many DF are “more rectangular” and have blunt tips. 

But at the same time, it might happen that some DF due to their complex shapes and orientations 

present sometimes significant challenge for detection and sizing. Based on these considerations 

and in order to be conservative, the sharp symmetrical V-notches with 30
0
 tip angle and various 

depths from 0.05mm to 1mm were selected to simulate the subset of DF flaws, which typically 

present maximum challenge during detection and sizing, and establish the bounding 

(conservative) upper limit under ideal laboratory conditions.  

   

2 Experimental setup 
 

All tests were performed using laboratory inspection system, containing calibrated UT system and 

computerized scanning rig with rotary and three axial motions. The UT system includes Winspect 

data acquisition software, SONIX STR-8100 digitizer card, and UTEX UT-340 pulser-receiver. 

The tests were performed in heavy water. Probe module with standard UT transducers, used at 

field inspection, and 780’ long cable representing cable used in the field conditions were 

employed. The PT specimen was installed on the rotary table and filled with D2O. Probe module 

containing various transducers moves axially inside the PT specimen while this PT rotates.  

 

Parameters of this laboratory system on flaw detection and sizing are equivalent to the similar 

parameters of the field versions of the inspection systems. All systems are using identical 

inspection techniques, and provide approximately equal detectability, resolution, sensitivity, and 

uncertainty of measurement.  

 

Various 2D radial-circumferential scans of axial notches, corresponding to different axial PT 

cross-sections, were used as the different measurements of the same flaw. Such set of the 

detection and sizing data is needed for statistical processing. Amount of the required 

measurements was determined independently based on the specified probability and confidence 

level for each set of measurements (see Section 3 below for details). As a result, a few large sets 

of measurement data were obtained. These data are necessary for POD and measurement 

uncertainties determination.  

 

3 Laboratory Experiments  
 

Experiments were performed on different flaws simulating the DF, at nominal conditions: zero 

probe offset, room temperature 22
0
C and nominal pulser-receiver settings. The obtained 
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measurement results, based on numerous scans, were statistically processed to determine the 

POD, cumulative POD, noise Probability Density Distribution (PDD) function, Probability of 

False Detection or Probability of False Positive (POFP), mean values and standard deviation of a 

sample σn (or estimate of the standard deviation) related to the flaw depth, width and length 

measurements. Obtained results of flaw sizing were compared with the inspection requirements 

on the absolute errors of depth, width and length measurements at the confidence level 95%.  

 

3.1 Detection 

 

The field inspection systems provide flaw detection based on the response amplitude of the angle 

shear wave Pulse-Echo (PE) probes [2], which is related to the flaw depth. Therefore, the POD 

curve should be determined as a graph - POD vs. flaw depth, and amplitude of shear wave PE 

probe response should be used as a UT response criterion for flaw detection. The flaw depths 

should be distributed within range from some minimum depth (i.e. the smallest depth of the flaw 

that can be detected) to some maximum depth (i.e. the largest depth of the flaw that can be 

missed). There is no point to inspect flaws with depths outside this range: they will not contribute 

to the POD analysis of hit/miss data, because the shallower flaws will never be detected and the 

deeper flaws will never be missed. The greater number of different flaw depths within this range, 

which were used for testing, the more accurate results will be obtained.  

 

The crucial decision in a hit/miss analysis is to define a hit/miss criterion. If a threshold value for 

the signal response parameter (e.g. threshold amplitude Ath - the minimum detectable amplitude A 

of the response from flaw) is sufficient to characterize a hit or a miss event, the criterion can be 

easily defined.  

 

Before going further, let us summarize now the principles of data analysis showing the 

relationship between the signal strength â, and the target size a (size of the target that produced 

this signal), i.e. function â vs. a, and how the variability (“scatter”) in this relationship is related 

to the POD. Without loss of generality we let â be the system output (e.g. millivolts or percent of 

maximum screen height) and let a be the single factor controlling it: target size or other physical 

or chemical characteristic. Expanding the model to include more than one continuous variable is 

straightforward. All systems type (â vs. a) have two censoring values. A target’s signal that is 

indistinguishable from the background noise is left censored. The right censoring value 

corresponds to the maximum possible signal, e.g. 100% screen height. Targets, whose responses 

are censored either on the left or right, cannot be described using ordinary least-squares regression 

and thus need special attention.  

 

After obtaining and analyzing function â vs. a, we should go to the function POD vs. a. It can be 

done using e.g. the Delta Method [3], which is a workhorse statistical technique for determining 

the asymptotic properties of one maximum likelihood estimator from the asymptotic properties of 

another.  

 

Note that we refer to the function POD (a) to indicate that cumulative probability of detection is a 

function, usually of size. Sometimes this is written as POD (a, ... ) where the ellipsis ( ... ) is a 

reminder that the mathematical model relating target size a with the POD, can include other 

parameters, such as target shape, density and chemistry, depth within the body being inspected, 

and system features like probe, scan plan, operator, and other factors. The crucial decision in a 
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hit/miss analysis is to define a hit/miss criterion. If a threshold value for the signal response 

parameter (e.g. threshold amplitude Ath - the minimum detectable amplitude A of the response 

from flaw) is sufficient to characterize a hit or a miss event, the criterion can be easily defined.  

 

Based on the existing field procedures and practices, during our laboratory experiments on the PT 

specimens, the PE shear wave angle probe response amplitude A at -6dB level (in comparison 

with amplitude of the respective response from 0.15mm deep CSA calibration notch) was used as 

an amplitude threshold. It means that if detected amplitude A is equal or greater than this level, 

the flaw is considered to be detected; if detected amplitude A is lower than this level, the flaw is 

considered to be missed. We assumed that detection technique should demonstrate POD of 

p=0.95 or greater in each trial at a 95% lower-bound Confidence Level (CL). The binomial 

discrete distribution provides the probability P(m|N,p) of exactly m detections (hits or successes) 

in N trials, when the probability of success in each individual trial always equals p.  

 

                                        P(m|N, p)=(N!/m!(N-m)!)·[pm (1-p)N-m]                                       (3.1)      

 

Recall that binomial distributions are typically used to model the number of successful events in 

independent success/failure experiments with fixed probability of success in any individual trial.  

 

Using formula (3.1), the cumulative probability Pcum (m|N) of m or less success events (hits or 

detections) out of N trials with probability p of success in each individual trial can be derived: 

 

                                           Pcum (m|N, p)=P(0|N, p)+P(1|N, p)+…+ P(m|N, p)= 
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Before going further, recall some properties of probability of success p in each trial and CL.  

 

Such quantity as probability of success p in each individual trial has the following meaning. Let 

us perform, say, 40 sets of tests, and each set consists of 100 trials. In each trial we can either 

detect or miss the flaw. Therefore, the number of detections mi in each set lies within the range 

from 0 to N=100. Then, using 40 different sets (i.e. 40 different numbers of detection mi), let us 

plot the histogram: “frequency of appearance” of detection number mi vs. this detection number 

mi. For simplicity, one can classify all detection numbers mi in groups ∆mi, each covering some 

specified range of numbers: e.g. the first group will be 0<∆m1<10, the second group 10<∆m2<20 

and so on. Each rectangle in that histogram will have fixed width ∆m=10 and different amplitudes 

presenting frequencies of appearance of the respective detection numbers. Each rectangle will be 

characterized by the mean value of detection numbers mi mean for each group ∆mi and amplitude – 

the respective frequency of appearance of this mean detection number mi mean. Analyzing the 

obtained histogram, we can determine the required mean number of detections, at which 

maximum frequency of appearance is reached. This obtained value mi mean max determines the 

probability of flaw detection p in each individual trial. Let in our example, the most frequently 

appeared detection numbers (say, in 15 sets out of total 40 sets of tests) belong to the group 

70<∆m8<80. The detection numbers 60<∆m7<70 appeared, say, in 7 sets; numbers 80<∆m9<90 in 

8 sets, numbers 90<∆m10<100 only in 3 sets, and so on. This means that maximum frequency of 

appearance is reached at detection numbers 70<∆m8<80, i.e. at m8 mean max=75. Respectively it 

means, that in this example, probability of flaw detection p in each individual trial equals p=0.75.  
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Of course, such technique is time and labor consuming, but it is probably the only one which can 

correctly determine the probability p of flaw detection in each individual trial. The only 

alternative is the physical reasoning, when it can be used. For example, in the case of coin tossing, 

we know in advance that probability to get “head” or “tail” equals p=0.5 in each individual trial. 

In the case of throwing dice, the probability to get a particular outcome equals p=1/6 in each 

individual trial, because dice has values one through six. However, such obvious reasoning cannot 

be often used in flaw detection scenario.   

 

Such quantity as a CL has the following “physical meaning”. When e.g. CL=98%, it means that if 

we perform our set of tests 100 times (during each set we made N trials to detect flaw), then we 

will detect flaw m times out of N trials in 98 test sets, at the condition that during each test set the 

selected sample correctly represents the population. Note, that CL=98% does not mean that in any 

next set of tests we will get m detections out of N trials with probability 98%. 

 

Equations (3.1)-(3.2) can be used to determine the minimum number N of required trials and the 

minimum number m of successes needed to achieve a specified threshold of cumulative 

probability Pcum (m|N, p) equal to the CL=95%. If number of trials is greater than required 

minimum, then all obtained results will be more accurate and reliable. Performed calculations 

show that in order to achieve CL=95% at POD for each individual trial p=0.95, the minimum 

number N of required trials should be N=59, and the number of detections should be m=58, i.e. 

only one failure is allowed. At these conditions the cumulative probability equals to Pcum (58|59, 

0.95) = 0.9515 > CL = 0.95. 

 

Another technique to determine the minimum number N of required trials can be obtained from 

the CL definition in [4]. Note that this method, leading exactly to the same results, is based on 

formula 

 

                                                            1 – pN ≥ CL                                                                (3.3) 

It gives 

 

                                           N ≥ ñ,      ñ = [ln(1-CL)] / [ln(p)],                                              (3.4) 

 

where N  is equal to the smallest integer exceeding ñ.  

 

If e.g. CL = 0.95 and for each individual trial probability p=0.95, then ñ = [ln(0.05)] / [ln(0.95)] =  

(-2.9957)/(-0.05129) =58.4. It means that minimum number N of required trials should be N=59. 

However, if e.g. CL=0.9 and probability p=0.8, then ñ=[ln(0.1)]/[ln(0.8)]=(-2.3026)/(-0.2231) 

=10.3. It means that minimum number N of required trials should be N=11. Further calculations 

show that in order to achieve CL=90% at POD for each individual trial p=0.8, the minimum 

number N of required trials should be N=11, and the number of detections should be m=10, i.e. 

only one failure is allowed. At these conditions the cumulative probability equals to Pcum (10|11, 

0.8) = 0.9141 > CL = 0.9. 

 

Typical example of the results of experiments performed on the PT specimens, containing sharp 

symmetrical V-notches with 30
0
 tip angle and various depths, is presented below in Fig. 3.1 in the 

Winspect format (sample of the typical Clock-Wise (CW) amplitude C-scan). The sharp V-
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notches with various depths and widths present good simulation of the respective subset of DF 

flaws, and at the same time, present maximum challenge during detection and sizing.  

 

    
 

Figure 3.1. CW angle PE amplitude C-scan of the ID axial symmetrical 300 V-notches 0.05, 0.1, 

0.15, 0.2, 0.25 and 0.5mm deep. Probe: CW, center frequency f=10MHz, diameter D=9.5mm, 

focal length FL=33mm, water-path WP=20.6mm, incident angle α=250. Cable 780’ long. 

 

C-scans, similar to one presented in Fig. 3.1, were obtained using Counter-Clock-Wise (CCW) PE 

probe. Note that such C-scans are similar to standard field detection scans. Different horizontal 

slices of C-image in Fig. 3.1, corresponding to the different axial cross-sections of the PT, are 

treated as independent measurements. The A-scan (top graph in Fig. 3.1) corresponds to the 

horizontal slice on the C-image where cursor was positioned. Strictly speaking, to get proper 

statistical data, we should perform sixty scans and get sixty images of one slice. Instead of this, 

we performed one 3D-scan and get sixty different slices of one axial notch and one image of each 

slice. These two methods provide not identical but very similar results, because notch shape and 

depth should be the same everywhere along notch axial length.  

 

The results of the detection tests and respective calculations of the cumulative POD, based on 

formula (3.2) are presented in Table 3.1. Recall that these values, based on distribution POD vs. 

number of detections m for fixed notch depth, were calculated using the required conditions: for 

any fixed notch depth the POD for each individual trial p=0.95 and N is the minimum number of 

trials to provide Pcum (m|N,p)=0.95 at number of detections m less than or equal to N-1. Note that 

values of the cumulative POD curve (function POD vs. depth), presented for various notch depths 

d in Fig. 3.2 below, are different from the cumulative POD values in Table 3.1.  

 

Values in Fig. 3.2, determining the cumulative POD curve and based on the distribution POD vs. 

depth, were calculated in the following way. The data for cumulative POD values in Table 3.1 

were presented as a histogram: each rectangle, related to the respective notch depth d, is centered 

at the notch depth with half-width equal to the half-distance to the neighboring notch depth and 

has a height equal to the respective Pcum (m|N,p) based on formula (3.2). To calculate the values of 

the cumulative POD curve (function POD vs. depth) for different d, we at first calculated the 

normalization coefficient (sum of areas of all rectangles). Then, e.g. to determine the value of the 

cumulative POD curve for d=0.2mm, we calculated the sum of areas of all rectangles located at 

notch depths less than or equal to this d (six rectangles in our example). And finally, we divided 

Amplitude threshold 
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the obtained value (sum of areas of six rectangles for d≤0.2mm) by normalization coefficient and 

obtained the value of the cumulative POD curve for d=0.2mm.  

 

The value of the cumulative POD curve (e.g. 95%) presents the cumulative probability, at which 

notches with depths less than and equal to d will be detected. This doesn’t mean that probability 

of detection of such notches is 95%. As a matter of fact, the probability of such outcome is 

unknown: this probability depends on many factors: quality of notches, system conditions, 

operator qualification, environment conditions, calibration issues, etc. Value 95% means (as in 

the case of the CL explanation presented above) that, if we perform the whole set of tests 100 

times, we will detect notches with depths d≤0.2mm in 95 test sets out of 100 sets. The procedure, 

described for notches with depths d≤0.2mm, was performed for each depth value d in Fig. 3.2.  

  

Table 3.1. Results of CW and CCW detection of sharp axial 30
0
 V-notches with various depths 

and calculated respective cumulative POD 

 
Notch 

depth d, 

mm 

Number 

N of trials 

Number m 

of CW 

detections 

Cumulative CW 

POD  Pcum 

(m|N, p), % 

Number m 

of CCW 

detections 

Cumulative 

CCW POD Pcum 

(m|N, p), % 

Cumulative 

combined CW 

+ CCW POD  

Pcum (m|N, p), % 

0.025 60 48 0.0035 50 0.0738 0.0775 

0.04 60 56 35.27 57 58.26 72.26 

0.05 60 59 95.39 59 95.39 99.82 

0.1 60 59 95.39 60 100 100 

0.15 60 60 100 59 95.39 100 

0.2 60 60 100 60 100 100 

0.25 60 60 100 60 100 100 

0.5 60 60 100 60 100 100 

0.75 60 60 100 60 100 100 

1 60 60 100 60 100 100 

 

Based on these results, the CW, CCW and combined POD curves were plotted, see Fig. 3.2. 

 

 
 

Figure 3.2. CW, CCW and combined CW+CCW cumulative POD vs. notch depth. 

CL=95% 
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The obtained results show that sharp V-notches with depth equal 0.05mm and deeper can be 

detected at CL=95% with POD p=0.95 in each individual trial. Similar V-notches with a smaller 

depth do not meet this requirement. Notches 0.05mm and 0.1mm deep are at the limit of the 

required detection probability; therefore any slight variation in the notch shape, testing conditions, 

or noise level may lead to situation, where these notches do not meet the detection criterion. It is 

particularly important in the field conditions, where DF flaws have various shapes and noise level 

is definitely higher (problem of noise will be investigated in Section 3.2).  

 

Emphasize that one should not confuse the obtained cumulative POD values in Table 3.1 with 

values of the cumulative POD curve plotted in Figure 3.2 (POD curve). Moreover, the both types 

of values shouldn’t be interpreted as the “probabilities of detection” in the traditional sense. For 

example, the 0.04mm deep notch in Table 3.1 quotes a cumulative CW POD value of 35.27%, 

(calculated by formula (3.2) at p=0.95, N=60 and m=56) but this doesn’t mean that the probability 

of detection of this notch (in the traditional sense) is 35.27%. As a matter of fact, the probability 

of such outcome is unknown: this probability depends on many factors: notch quality, system 

conditions, operator qualification, environment conditions, calibration issues, etc. Cumulative 

CW POD value of 35.27% actually means (again, as in the case of the CL) that, if we perform our 

set of tests 100 times (during each set we are making 60 trials), then we will detect this notch 56 

times or less out of 60 trials in 35 test sets. The obtained value of rather low cumulative 

probability of 35% (see Table 3.1) is very reasonable, because at the high probability of success 

to detect 0.04mm deep notch in each individual trial p=95%, the cumulative probability to detect 

this notch 56 times or less out of 60 trials cannot be high: most probably this notch is expected to 

be detected more than 56 times. A very similar situation takes place in medicine. When they say 

that probability of some disease is e.g. 15%, it does not mean that probability to detect this 

disease in any patient is 15%, because such probability is unknown in advance. It depends on 

many factors: age, family history, life conditions, etc. 15% probability of disease only means that 

if we test 100 patients, then this disease will be detected in 15 patients, at the condition that 

selected sample of patients correctly represents the population. Note also, that in general there is a 

lot of confusion concerning the meaning of “POD values” in different literature sources.  

 

In the field inspection systems the flaw detection is performed by four shear wave angle PE 

probes [2]: CW, CCW, Forward (FW), and Backward (BW). All four responses from these probes 

are compiled together in the compound GH amplitude detection scan. Therefore, it is worthwhile 

to calculate at first the cumulative POD for each of these probes and then calculate the combined 

cumulative POD of all four probes together. To calculate the combined probability of two 

independent events 1 and 2 with known probabilities, one can use formula 

 

                                                        P1+2 comb = P1 + P2 - P1 · P2,                                                (3.5) 

 

where P1 and P2 are the probabilities of event 1 and event 2, respectively.  

 

In case of four probes, this formula should be used in sequence three times to summarize 

probabilities P1+P2, then (P1+P2)comb + P3, and finally (P1+P2+P3)comb + P4. For results presented 

above in Fig. 3.2, the combined cumulative POD should be based on the summation of two 

components: respective cumulative POD of two probes, CW and CCW, used to investigate the 

detection of the axial V-notches. Two obtained CW and CCW cumulative POD are rather similar 

to each other (see Table 4.1 and respective curves in Fig. 3.2). The combined cumulative POD for 
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each depth, defined by formula (3.5) is slightly greater than each of the components. 

Respectively, the combined cumulative POD curve is also positioned a little bit higher than the 

CW and CCW cumulative POD curves; see Fig. 3.2.     

 

Note, that if notches with other depths were available and/or if number N of trials was greater, 

then POD curves in Fig. 3.2 would be much smoother and more accurate.  

 

Emphasize that in general in the field conditions, the POD depends on the DF shape, orientation, 

depth and length – in other words, the POD curve (i.e. function cumulative POD vs. flaw depth) 

applies specifically to a particular fret shape, orientation and length.  

 

According to the existing inspection procedure [2], flaw is considered to be detected when there is 

at least one single UT reflection, which exceeds the specified threshold. In other words, if we treat 

each A-scan as an independent measurement, then for the DF to be detected (i.e. for a “success”), 

only one A-scan should be flagged, i.e. we should get at least one single “shot” at detection. It 

means that POD depends on the flaw length, and number N of A-scans is about N≈L/∆l, where L 

is the flaw length in the axial direction and ∆l is the scanning raster (fixed in the inspection 

procedure) in the axial direction for the detection amplitude scans. To be more accurate, N should 

be equal to the smallest integer exceeding ratio L/∆l minus two (we should exclude two A-scans 

at each end of the notch, since the beam spread could extend past the end of the notch). It will be 

one set of trials consisting of N=L/∆l trials with 1 or more “success” events (detections) in each 

set. In principle, to obtain the correct reliable detection data for POD estimation (assuming p=0.95 

and CL=95%), one should perform such set of trials 60 times on one flaw or one time on 60 

similar flaws. These experiments should be performed on flaws with various depths and lengths. 

Based on the obtained results, the POD values should be calculated and then POD curves 

(cumulative POD vs. flaw depth) for different flaw lengths should be plotted. As a result, the 

whole family of cumulative POD curves will be obtained. However, this is a time- and labor-

consuming situation; therefore the POD analysis for such case for in-reactor DF was out of scope 

of this work.     

 

If instead of the discrete binomial distribution of detection measurements, a continuous normal 

(Gaussian) Probability Density Distribution (PDD) vs. response amplitude A could be obtained 

for various flaw depths, then the cumulative POD could be calculated much more accurately for 

each depth by integrating the respective PDD function from the specified Ath threshold amplitude 

to ∞. This integral presents the respective area below the PDD function and determines the POD 

of flaw with response amplitude Ath<A<∞. The deep flaws usually generate the response 

amplitudes A, which are almost always greater than Ath. Therefore, the whole PDD function is 

positioned outside Ath at greater A. As a result, the integral of the normalized PDD function from 

Ath to ∞ always equals 1 (or 100%). From physical point of view, it means that deep flaw will be 

always detected, because the response amplitudes A from this flaw are always A>Ath. At the same 

time, the shallow flaws generate the response amplitudes A, which can be sometimes greater than 

Ath and sometimes smaller than Ath. Therefore, the PDD function is positioned partially at A>Ath 

and partially at A<Ath. Respectively, the integral of the normalized PDD function from Ath to ∞ is 

always <1 (or <100%), because only part of the whole area below the PDD function lies within 

these boundaries. From physical point of view, it means that shallow flaw cannot be always 

detected (i.e. it will be sometimes missed), because the response amplitudes A from this flaw are 

sometimes A<Ath. 
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3.2 Noise 
 

Noise is a non-relevant, spurious indication that can be caused by various anomalies such as 

electrical and physical conditions. Identification methods and the steps required to disposition 

suspected noise indications are described below. 
 

In general case, noise does not have to be addressed if the indications do not exceed the flagging 

threshold by amplitude [2]. Usually the baseline noise level (or background noise) remains 

relatively constant with no 'sudden' changes. If baseline noise jumps on any probe during the 

scan, the issue must be troubleshot. In the vast majority of the cases, the noise indication has 

fairly distinctive features: 

• Rapid rise and fall. 

• Presences of high amplitude indication on one slice only (nothing before and after). 

• It may show on multiple probes/gates at the same time. 

 

Noise during inspection can be caused by various reasons: surface roughness, scratches, air 

bubbles, electromagnetic interference, vibrations, etc. Noise may have impact on DF detection 

and sizing: it can mask signals of importance or provide false positive indications. To decrease 

noise level, all UT probes and cables are screened from electromagnetic interference, signal 

filtering is used on some probes, pre- and post-channel calibration is mandatory, responses from 

different probes are analyzed together and compared, many response parameters are usually used 

together for flaw characterization. 

 

It is obvious that during any inspection, there are always responses from flaws, and there are 

always noise responses, due to some “benign” inhomogeneities like microstructure, grains, 

surface scratches, surface roughness, etc. Usually these noise responses are not dangerous, 

because they are smaller than minimal flaws which should be detected.  

 

Of course, there are also the other potential sources of noise: reflections from air bubbles, 

phantom signals, reflections from turbulences, cross-talk between probes, electromagnetic 

interference, mechanical vibrations, etc. It is not difficult to distinguish the baseline noise level 

(or continuous background noise, typically generated by electromagnetic interference, mechanical 

vibrations and other similar continuously working sources) from discrete flaw-like noise 

indications, generated usually by surface scratches, surface roughness and similar sources. These 

discrete noise indications typically look like sudden peaks in the noise level exceeding the 

background continuous noise. 

 

The most accurately noise can be characterized by applying the noise PDD function (typically it 

looks like the Rayleigh continuous noise distribution or asymmetrical continuous Poisson 

distribution). For case of the field inspection systems, the noise PDD function determines noise 

probability density vs. response amplitude. It can be also approximated by the noise histogram – 

number of noise indications vs. response amplitude. The area below the noise PDD function or 

noise histogram determines the probability of noise detection.  

 

The PDD for flaw detection is always actually the “flaw plus noise” PDD function, because it is 

impossible in principle to exclude noise from measurements. In general case, in order to obtain 

the correct noise PDD function, it is necessary to analyze different sources of noise in advance. It 
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may be that some types of noise responses (e.g. electromagnetic interference or acoustic 

vibrations) can be eliminated by using signal processing methods: filtering, averaging, auto-

correlation, etc.  

 

Emphasize that in NDE area, the Pareto Principle (also known as the 80–20 rule or the law of the 

vital few) states that, while there may be many sources of noise, usually one (or a few) of them 

predominates. Of course, this principle has a probabilistic character; therefore sometimes it is not 

valid, particularly if a sufficient number of trials are made. 

 

Taking into account the noise identification methods and the steps required to disposition 

suspected noise indications, one can conclude that the most “important and essential” sources of 

flaw-like noise in the field inspection systems are surface scratches and surface roughness. These 

noise indications are the most typical ones and, at the same time, they are the most difficult ones 

to be distinguished from shallow flaw indications. All other sources of noise in the inspection 

systems are either rare phenomena or they can be easily distinguished from noise or somehow 

“filtered”, identified and dispositioned. An accurate noise PDD function for the inspection system 

can be obtained only after rigorous investigation of various noise sources.  

 

However, if an accurate noise PDD function which takes into account all possible sources of 

noise is unknown, then an “approximate” noise PDD, which takes into account only the most 

“important and essential” sources of noise, can be determined using natural scattering of the 

response amplitudes from shallow flaws, because such scattering for shallow flaws happens 

mainly due to the noise. Thus, the noise data can be inferred from the data of the shallow flaws 

response amplitudes distribution. Extracting information about the flaw-like noise from data of 

the shallow flaws response amplitudes distribution is the only available technique, when no other 

noise measurements are available with the flaw data [3]. Usually flaw-like noise amplitudes are 

not related to target size. It can be problematic to infer noise in this manner, but if noise 

measurements are not available, then such inference is necessary [3]. Recall that response 

amplitude scattering may also occur due to various error measurements.  

 

Probably, the simplest way to obtain the required noise PDD or histogram, is to look at the signal 

on the PT area without flaws containing typical surface scratches and surface roughness, count the 

number of responses with various amplitudes (as if these responses are the responses from very 

shallow flaws), and generate the noise probability distribution histogram.  

 

The results of experiments on the PT specimens, containing areas simulating surface scratches, 

surface roughness, and very shallow rectangular notches (0.01-0.05mm), are presented below in 

Fig. 3.3 (sample of the typical CW amplitude C-scan). The C-scans, similar to ones presented in 

Fig. 3.3, were also obtained using the CCW PE probe. 

 

C- and A-images in Fig. 3.3 show that the response amplitudes of the discrete flaw-like “noise” 

indications slightly exceed the background continuous noise level (baseline level). In total the 

each one of 11 flaw-like noise targets was detected 60 times, generating various response 

amplitudes. Obtained distribution of 660 different amplitudes is presented below in Table 3.2.  

 

Based on these data, the CW noise PDD curve (i.e. distribution of number of detected “noise” 

targets generating response amplitude A vs. this amplitude A) was obtained, see Fig. 3.4. 
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Figure 3.3. CW angle PE amplitude C-scan of the ID axial rectangular notch 0.02mm deep (a), 

surface scratch 0.015mm deep (b), and surface roughness (pitting) 0.01-0.03mm deep (c, d). 

Probe: CW, f=10MHz, D=9.5mm, FL=33mm, WP=20.6mm, α=250. Cable 780’ long. Color scale 

is shown in Fig. 3.1. 

 

 

Table 3.2. Results of CW detection of flaw-like noise targets generating various amplitudes 

 
Response 

amplitude 

A, dB 

-30 -29 -28 -27 -26 -25 -24 -23 -22 -21 -20 -19 -18 -17 -16 -15 -14 

Number 

of “noise” 

targets 

generating 

this 

amplitude 

A 

2 4 5 6 7 8 8 9 11 15 18 20 21 23 25 27 28 

 

Response 

amplitude 

A, dB 

-13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 

Number 

of “noise” 

targets 

generating 

this 

amplitude 

A 

29 31 32 35 36 38 39 37 35 31 25 20 14 9 6 3 2 
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Figure 3.4. CW noise PDD (number of detected “noise” targets generating amplitude A vs. 

response amplitude A). 

 

If more flaw-like noise targets were available and/or if more measurements were performed, then 

the obtained noise PDD would be more smooth and accurate. The response amplitude was 

measured in dB in reference to the response amplitude from a 0.15mm deep calibration notch. 

Procedural amplitude threshold Ath for reporting flaws is Ath ≥ -14dB in the high stress Rolled 

Joint (RJ) area of the PT and Ath ≥ -6dB in the Body of Tube (BOT). Note that the CCW noise 

PDD curve looks very similar to the CW one. 

 

Now estimate the Probability of False Detection or Probability of False Positive (POFP). In order 

to determine the value of POFP, we must use the noise PDD and calculate the POFP by 

integrating the PDD function from threshold amplitude Ath to ∞.  The area under the noise PDD 

function from Ath to ∞ represents the PFP. Threshold amplitudes Ath = -14dB for RJ area and Ath = 

-6dB for BOT are shown in Fig. 3.4. Replacing the CW noise PDD curve in Fig. 3.4 with 

approximate histogram and calculating histogram area from Ath to ∞, the POFP values for RJ area 

and BOT were determined: CW POFP ≈ 59% for RJ area and CW PFP ≈ 23% for BOT. Close 

values of POFP were obtained for CCW noise PDD: CW PFP ≈ 53% for RJ area and CW PFP ≈ 

19% for BOT. The combined CW+CCW PFP values, calculated using formula (3.5), are greater 

than values of each of the components: combined POFP ≈ 79% for RJ area and combined POFP ≈ 

38% for BOT. 

 

Note, that POFP or False Call probability can be also determined experimentally for each flaw-

like noise target size using percentage (score) of false positive detections, i.e. ratio of number of 

the observed “false detections” to the total number of tests on the blank (unflawed) areas. It is 

particularly important to determine the POFP for critical (threshold) maximum size of flaw-like 

noise target. 

 

Recall that obtained POFP value, e.g. the combined POFP=38% for BOT, does not mean that 

among all detected indications, the 38% will be the false noise calls. The number POFP=38% 

Ath= -14dB 

Ath= -6dB 
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means that among all possible noise indications only 38% have response amplitude A>Ath=-6dB, 

and they will be detected. Value of POFP is typically fixed and does not depend on the flaw size; 

it depends only on the shape of noise PDD function and Ath. However, usually for large flaws we 

have a large signal-to-noise ratio; therefore we can increase the Ath value. It will decrease the 

POFP value, because the area to the right of Ath below noise distribution curve will be smaller. 

Also note that for large flaw detection and sizing, we can adjust some parameters of the 

inspection system (receiver gain, gate width, voltage, filtering, and pulse width). Generically, it is 

not practical to have a fixed Ath and fixed system parameters, because everything (the PT 

conditions, outside conditions, calibrations, and other factors) changes with time. 

 

3.3 Depth Measurement 

 

According to the field inspection procedure, the inspection systems provide flaw depth sizing 

based on the 20MHz Normal beam (NB) and Pitch-catch (PC) B-scans [2]. Based on the 

inspection procedures and practices, during our laboratory experiments on the PT specimens, the 

20MHz NB probe and Circumferential PC (CPC) shear wave angle probes were used to perform 

3D B-scans of PT specimens, containing various notches with depths from 0.05mm to 1mm. A 

typical sample of 2D 20MHz NB B-scans of the radial-circumferential cross-sections, derived of 

the 3D B-scans is presented below in Fig. 3.5as a Winspect scan. Different horizontal slices of B-

image in Fig. 3.5, corresponding to various axial cross-sections of the PT, were treated as 

independent measurements. The A-scan (top graph in Fig. 3.5) corresponds to the horizontal slice 

on the respective 2D B-image, where cursor was positioned. Similar to Section 3.1, the 

measurements were performed 60 times. 

 

 

 

Figure 3.5. 2D 20MHz NB PE B-scan (radial-circumferential cross-section), derived of the 

respective 3D B-scan, of the ID axial symmetrical 30
0
 V-notches 0.05, 0.1, 0.15, 0.2, 0.25 and 

0.5mm deep. Probe: NB, f=20MHz, D=6.35mm, FL=10mm, WP=10mm. Cable 780’ long. Color 

scale is shown in Fig. 3.1. 

0.05mm deep 
0.1mm deep 

0.15mm deep 

0.2mm deep 

0.25mm deep 

0.5mm deep 
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The respective results were obtained for CPC B-scans. As shown in Fig. 3.5, the 20MHz NB 

probe allows measuring depths of sharp V-notches from 0.1mm deep and deeper; depth of sharp 

V-notch 0.05mm deep (located at the bottom of Fig. 3.5) cannot be measured.  

 

According to the inspection procedures [2], the depth d of notch (in millimeters) was calculated 

using formula  

 

                                                                     d = K·∆t,                                                                 (3.6) 

 

where coefficient K=0.71mm/µs for the NB technique, K=1.732mm/µs for the PC technique, and 

∆t is the time interval between the primary response and the notch response (in microseconds). 

These values of coefficients K were obtained using calculations based on geometrical acoustics 

approximation.  

 

The results of sixty depth measurements for 0.247mm deep V-notch, obtained using 20MHz NB 

probe, are presented in Table 3.3. 

 

Table 3.3. Results of 20MHz NB depth measurements of the 0.247mm deep sharp 30
0
 V-notch 

 
Measurement 

# 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Notch depth 

dn, mm 

0.24 0.29 0.23 0.22 0.25 0.28 0.27 0.28 0.24 0.24 0.28 0.26 0.25 0.28 0.27 

Measurement 

# 

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Notch depth 

dn, mm 

0.28 0.22 0.24 0.23 0.29 0.27 0.25 0.28 0.26 0.28 0.25 0.28 0.28 0.26 0.25 

Measurement 

# 

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 

Notch depth 

dn, mm 

0.28 0.25 0.27 0.28 0.26 0.27 0.25 0.24 0.29 0.25 0.25 0.25 0.24 0.26 0.27 

Measurement 

# 

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 

Notch depth 

dn, mm 

0.25 0.25 0.22 0.28 0.25 0.25 0.26 0.26 0.28 0.28 0.25 0.28 0.26 0.25 0.27 

   

Similar Tables with results of measurement were obtained for all other V-notches with various 

depths using 20MHz NB probe and CPC probes.  

 

Using the obtained measurement data and performing respective data processing, the values of 

notch mean depth d̃n and estimate of standard deviation σn were calculated; see Table 3.4. Recall 

that mean depth value d̃n of the measurement sample is the mean value obtained after n 

measurements with results d1, d2, …, dn. This value equals 

 

                                                         d̃n = (d1 + d2 + … + dn)/n                                                   (3.7) 

 

Note that in our case n=60. Respectively, the standard deviation of a sample σn (or estimate of the 

standard deviation) equals 
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                                     σn = √{[(d1 - d̃n)
2 + (d2 - d̃n)

2 + … + (dn - d̃n)
2 ] / (n-1)}                       (3.8) 

 

Table 3.4. Results of depths measurements of sharp axial 300 V-notches and data processing 

(calculated values of mean d̃n and estimate of standard deviations σn) 

 

True 

notch 

depth 

d, mm 

Mean value 

d̃n for 

20MHz NB 

probe, mm 

Difference  

(d̃n – d) for 

20MHz NB 

probe, mm 

Estimate σn of 

standard 

deviation for 

20MHz NB 

probe, mm 

Mean 

value d̃n 
for CPC 

probes, 

mm 

Difference  

(d̃n – d)  
for CPC 

probes, 

mm 

Estimate σn 

of standard 

deviation 

for CPC 

probes, mm 

0.052 NA NA NA NA NA NA 

0.107 0.08 -0.027 0.0190 NA NA NA 

0.152 0.18 +0.028 0.0173 0.19 +0.038 0.0200 

0.209 0.24 +0.031 0.0169 0.24 +0.031 0.0193 

0.247 0.28 +0.033 0.0148 0.28 +0.033 0.0184 

0.506 0.54 +0.034 0.0157 0.54 +0.034 0.0197 

0.755 0.78 +0.025 0.0159 0.79 +0.035 0.0188 

1.019 0.99 -0.029 0.0187 1.05 +0.031 0.0192 

 

Based on the calculated values of d̃n , (d̃n – d) and σn, presented in Table 3.4 for various notch 

depths, it is possible to compare the obtained results with requirements and acceptance criteria. 

To do it, one should compare the value 2σn with the required absolute error ∆ of the debris fret 

depth measurement ∆=0.04mm (or ∆=0.1d, if flaw depth d >0.4mm). Results presented in Table 

3.4, show that all measurement data dn are within interval (d̃n±2σn) of the mean value d̃n and 

differences (d̃n–d) are within ±0.04mm or ±0.1d intervals.   

 

According to the Empirical Rule, the confidence interval (d̃n±2σn) for normal distribution 

contains ∼95% of the measurements. It means that 95% of the measurements will fall within 

interval ±2σn of the mean value d̃n. It does not, however, necessarily imply that 95% of the 

measurements will fall within ±2σn of the true value d – this would only be true if the mean value 

of the measurements was exactly equal to the true value, i.e. if the bias (systematic error) is equal 

to zero or small enough.  

 

Recall, that systematic errors are in principle avoidable (unlike the random errors), if all factors, 

causing systematic errors, are properly taken into account and/or calibration is performed. Then 

systematic error can be corrected. However, in general, laboratory measurements do not 

necessarily meet the IS requirements for depth measurement accuracy, if bias is taken into 

account.  

 

Strictly speaking, in order to determine the minimum required number nmin of measurements, at 

which the selected sample (i.e. n measured values d1, d2, …, dn) is large enough to properly 

represent the population with specified confidence probability p=95%, one should use the 

following approximate formula for z-distribution based on the Central Limit Theorem 

 

                                                        σn = zp ∆ ,                                                                 (3.9) 
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where parameter zp depends on the confidence probability p (e.g. when p=80%, zp=1.28; when 

p=90%, zp=1.64; when p=95%, zp=1.96; when p=98%, zp=2.33), and ∆ is the required absolute 

error of estimation of the mean value, e.g. it can be specified as ∆=0.04mm or as some fraction of 

d, say ∆=0.1d.  

 

The required minimum number nmin of measurements can be found from the system of algebraic 

equations (3.7)-(3.9) by using e.g. the converging method of iterations. In our case, when n=60, 

we obtained that (d̃n±2σn)<(d±∆), i.e. results of measurements meet the requirements. It means 

that used number of measurements n=60 is greater than the minimum required number nmin. After 

decreasing the minimum number of required measurements to 30, by using only first 30 

measurements out of the total 60 performed measurements, we recalculated all statistical 

parameters and compared the obtained results with requirements and acceptance criteria. The 

results of measurements again met the requirements. After that, such process was performed for 

the first 20 measurements, however this time the results of measurements did not meet the 

requirements.  

 

All these calculations show that 30 measurements is probably close to the minimum number of 

the required measurements, at which the selected sample of measurements is large enough to 

represent the population at the specified confidence probability p=95%.   

 

3.4 Width Measurement 
 

Similar to Section 3.3, the flaw width sizing in the circumferential direction was investigated. 

According to the field inspection procedure, the laboratory experiments were performed using 

10MHz NB PE amplitude shadowing C-scans and shear wave PE angle FW amplitude C-scans of 

PT specimens, containing segment notches and V-notches with various widths from 1
0
 to 9

0
.  

 

The results of 30 width measurements of 2.12
0
 wide segment notch, obtained by using 10MHz 

NB probe amplitude drop method, are presented in Table 3.5. 

 

Table 3.5. Results of width measurements of the 2.120 wide segment notch, obtained using 

10MHz NB probe. 

 
Measurement 

# 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Notch width 

wn, deg 

2.3 1.9 2.1 2.2 2.2 2.3 1.9 2.0 2.1 1.8 2.2 1.9 2.3 2.0 1.9 

Measurement 

# 

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Notch width 

wn, deg 

2.3 2.1 1.9 2.1 2.2 2.4 2.1 2.1 2.2 2.3 1.8 2.2 2.0 2.0 1.9 

   

Similar Tables with results of width measurement were obtained for other notches with various 

circumferential widths employing 10MHz NB probe and angle shear wave FW probe. Using the 

obtained measurement data and performing respective statistical data processing, the values of 

notch mean width w̃n and estimate of standard deviation σn were calculated (see Table 3.6) similar 

to Section 3.3, applying formulae (3.7)-(3.8).  
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Table 3.6. Results of widths measurements of various notches and data processing (calculated 

values of mean w̃n and estimate of standard deviations σn 

 

True 

notch 

width 

w, deg. 

Mean value 

w̃n for 

10MHz NB 

probe, deg. 

Difference  

(w̃n - w) for 

10MHz NB 

probe, deg. 

Estimate σn of 

standard 

deviation for 

10MHz NB 

probe, deg. 

Mean 

value w̃n 

for FW 

probe, 

deg. 

Difference  

(w̃n - w) 
for FW 

probe, 

deg. 

Estimate σn 

of standard 

deviation for 

FW probe, 

deg. 

1.09 1.6 +0.51 0.48 1.5 +0.41 0.49 

1.52 1.7 +0.18 0.23 1.8 +0.28 0.36 

2.12 2.3 +0.18 0.26 2.3 +0.18 0.39 

2.48 2.8 +0.32 0.31 2.9 +0.42 0.39 

3.16 3.0 -0.16 0.30 3.4 +0.26 0.41 

3.55 3.9 +0.35 0.33 4.1 +0.55 0.43 

4.07 4.3 +0.23 0.23 4.5 +0.43 0.43 

4.92 5.4 +0.48 0.40 5.4 +0.48 0.45 

5.96 6.4 +0.44 0.41 6.5 +0.54 0.44 

7.23 7.6 +0.37 0.42 7.6 +0.37 0.45 

8.79 8.5 +0.71 0.42 8.4 +0.61 0.43 

 

Based on the calculated values of w̃n , (w̃n–w) and σn, presented in Table 3.6 for various notch 

widths, it is possible to compare the obtained results with requirements and acceptance criteria. 

To do this, one should compare the value 2σn with the required absolute error ∆ of the debris fret 

circumferential width measurement ∆=1mm, i.e. 1.1
0
 (or ∆=0.1w, if flaw width w > 10

0
). Results 

presented in Table 3.6, show that all measurement data wn are within interval (w̃n±2σn) of the 

mean width w̃n and differences (w̃n–w) are within ±1.1
0
 interval. However (similar to Section 3.3), 

it does not mean that all measurement results meet the inspection requirements, i.e. that 95% of 

the measurements are automatically within ±2σ interval of the true width w. Thus, if the bias 

(systematic error) is equal to zero or small enough, then at the confidence probability p=95% the 

measured circumferential width value wn will be within interval ±2σn in relation to the true value 

w. However, in general, laboratory measurements do not necessarily meet the IS requirements for 

width measurement accuracy, if bias is taken into account.  

 

As it was shown in Section 3.3, the number n of width measurements should be n=30; this 

number exceeds the required minimum number of measurements, at which the selected sample (n 

measured values w1, w2, …, wn) is large enough to properly represent the population at the 

specified confidence probability p=95%. 

  

3.5 Length Measurement 
 

Similar to Section 3.3, the flaw length sizing in the axial direction was investigated. The 

respective ANDE procedures and practices were used during Kinectrics According to the field 

inspection procedures, the laboratory experiments were performed using 20MHz NB B-scans, 2D 

NB PE amplitude shadowing C-scans and shear wave angle CW amplitude C-scans of PT 

specimen, containing off-axis V-notches with various lengths from 1mm to 7mm.  
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The results of 30 length measurements for 3mm long off-axial V-notch obtained, using 20MHz 

NB probe B-scans, are presented in Table 3.7. 

 

Table 3.7. Results of length measurements of 3.04mm long off-axis V-notch obtained using 

20MHz NB probe B-scans 

 
Measurement 

# 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Notch 

length ln, 

mm 

3.2 3.4 3.1 3.4 2.9 3.5 3.3 3.3 3.2 2.9 3.0 3.1 3.3 3.4 3.2 

Measurement 

# 

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Notch 

length ln, 

mm 

3.1 3.4 321 3.2 3.4 3.4 3.5 3.4 3.2 2.9 3.2 3.2 3.3 3.3 3.3 

   

Similar Tables with results of length measurement were obtained for other V-notches with various 

axial lengths employing 20MHz NB probe B-scans.  

 

Using the obtained measurement data and performing respective data processing, the values of 

mean notch length lñ and estimate of standard deviation σn were calculated (see Table 3.8) as in 

Section 3.3, using formulae (3.7)-(3.8).  

 

Table 3.8. Results of lengths measurements of off-axis V-notches and data processing (calculated 

values of mean lñ and estimate of standard deviations σn 

 

True 

notch 

length 

l, mm 

Mean value 

lñ for 

20MHz NB 

probe, mm 

Difference  

(lñ - l) for 

20MHz NB 

probe, mm 

Estimate σn of 

standard 

deviation for 

20MHz NB 

probe, mm 

Mean 

value lñ 
for CW 

probe, 

mm 

Difference  

(lñ - l) for 

CW 

probe, mm 

Estimate σn 

of standard 

deviation for 

CW probe, 

mm 

0.92 0.6 -0.32 0.26 0.7 -0.22 0.27 

2.21 1.8 -0.41 0.23 1.8 -0.41 0.25 

3.04 3.3 +0.26 0.23 3.4 +0.36 0.24 

4.12 4.4 +0.28 0.22 4.6 +0.48 0.24 

4.89 5.3 +0.41 0.23 5.2 +0.31 0.23 

5.90 6.4 +0.50 0.21 6.3 +0.40 0.24 

7.18 7.6 +0.42 0.22 7.6 +0.42 0.23 

 

Based on the calculated values of lñ , (lñ – l) and σn, presented in Table 3.8 for various notch 

lengths, it is possible to compare the obtained results with requirements and acceptance criteria. 

To do this, one should compare the value 2σn with the required absolute error ∆ of the debris fret 

axial length measurement ∆=0.5mm (or ∆=0.1l, if flaw length l >5mm). Results presented in 

Table 3.8, show that all measurement data ln are within interval (lñ ± 2σn) of the mean length lñ 
and differences (lñ – l) are within ±0.5mm interval. However (similar to Section 4.3), it does not 
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mean that all measurement results, meet the inspection requirements, i.e. that 95% of the 

measurements are automatically within ±2σ  interval of the true length l.     
 

Thus, if the bias (systematic error) is equal to zero or small enough, then at probability p=95% the 

measured axial length value ln will be within the interval ±2σn in relation to the true value l.  
However, in general, laboratory measurements do not necessarily meet the IS requirements for 

length measurement accuracy, if bias is taken into account. 

 

As it was shown in Section 3.3, the number n of length measurements should be n=30; this 

number exceeds the required minimum number of measurements, at which the selected sample (n 
measured values l1, l2, …, ln) is large enough to properly represent the population at the specified 

confidence probability p=95%. 

 

4 Analysis of Uncertainties 
 

Is this Section theoretical analysis of measurement uncertainties (for which a quantitative 

assessment of uncertainties is possible), related to the impacts of various essential parameters in 

the laboratory conditions will be performed. This includes analysis of the impact of various 

factors affecting the detection, noise and uncertainties of flaw depth, width and length 
measurements. 

 

4.1 Impact of Essential Parameters on Detection  

 

Various factors (inspection essential parameters) can impact on the DF flaws POD. Influence of 

these essential parameters was investigated in the laboratory conditions.  

 

Such parameters of the inspection system as cable lengths, pulse voltages, pulse widths, filter 

settings, and transducer characteristics, can affect flaw detection. The obtained results show that 

with a short cable, as should be expected, the required gain significantly decreases, because the 

electrical signal attenuation in a long cable is greater (particularly for the high frequencies) than in 

a short cable. This factor leads to the decrease of signal amplitude and shift of signal spectrum to 

the lower frequency area after propagating via a long cable. Also, at a short cable, there is a larger 

signal/noise ratio due to a lower gain. Moreover, the obtained results demonstrated that in case of 

a lower pulse voltage, smaller pulse width and filtering, the signal amplitude is lower, and 

therefore, the required gain is high. However, all these factors do not affect the detectability, 

because the response amplitudes drop, of course, for both cases: calibration and detection. As a 

result, the relative threshold detection level -6dB for the BOT area does not change. On the other 

hand, these parameters of the inspection system might affect the system detectability, because a 

high required gain typically leads to a low signal/noise ratio. It means that some flaw may have 

the weak response amplitude approximately at the baseline noise level. Respectively, such flaw 

cannot be detected. Note that improving the signal/noise ratio by lowering the baseline noise level 

will not necessarily change the response amplitude from the flaw, relative to the response 

amplitude from the calibration notch, i.e. it might be that this flaw will not be detected either way. 

     

Influence of temperature on the flaw detection was investigated in [5]. It is shown that response 

amplitudes vary insignificantly (~1dB for the CW/CCW probes and ~0.15dB for the FW/BW 
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probes), when temperature rises from 22
0
C to 50

0
C. Therefore, such variations insignificantly 

affect the detectability of the field inspection systems. 

 

Due to the PT deformations occuring during reactor operation, the field inspection tool and 

positions of all UT probes tend to change and deviate from the nominal values [6]. It leads to the 

probe displacement (offset) in all directions. As a result, it will entail the changes in the UT beam 

incident angles, variations in focusing, reflection and refraction angles, changes in the UT pulse 

time-of-flight, and variations in the acoustic beam trajectory within the PT wall [6]. All these 

changes affect the performance of the UT probes and the ability of the inspection system to detect 

flaws, i.e. to meet the inspection requirements. Performed investigation [6] shows that even in the 

worst case scenario, i.e. at maximum possible offsets (-5.3mm and +9.3mm from nominal zero 

offset) detection is possible. However, the response amplitude drops at maximum offset ~4-5dB 

for CW/CCW probes and ~3dB for FW/BW probes. Note that calibration is always performed at 

zero offset, therefore, when an offset occurs during the channel inspection, the weak response 

amplitude may easily be below the threshold level. Respectively, the flaw, generating this weak 

response, will be missed, while the same flaw would be detected if there was no offset.   

 

It means that field inspection systems meet the detection requirements only at small offsets: from 

-3.5mm to +6.5mm for the CW/CCW probes [6]. It means, the inspection systems do not meet the 

detection requirements for the CW/CCW probes at the large offsets (from -5.3mm to -3.5mm and 

from +6.5mm to +9.3mm), covering almost a half of the total required range of offsets [6]. For the 

FW/BW probes, the inspection systems do not meet the requirements within the offset range from 

+5.5mm to +9.3mm, covering about ~30% of the total required range of offsets [6].   

 

Now provide estimation of the combined absolute uncertainty ∆A (detection uncertainty) of the 

detection response amplitude A, related to the essential parameters, for which a quantitative 

assessment of the uncertainties is possible. When there are several input factors affecting the 

required output response parameter (the response amplitude A in our case), and if formula, 

determining that output parameter (result) via these factors, is hard to derive, then the following 

technique can be used to calculate the measurement combined absolute uncertainty ∆A of this 

output parameter – the detection response amplitude measurement A.  

 

Assuming that all factors influencing the output parameter A are independent (uncorrelated) and 

random, and the absolute uncertainties of parameter A measurement related to various factors (i.e. 

∆A1, ∆A2, ∆A3, …) are known (or at least can be approximately estimated), then the combined 

absolute uncertainty ∆A of parameter A measurement equals [7-9] 
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1 +∆+∆+∆=∆ AAAA                                            (4.1) 

 

If some factor, affecting the output parameter A, is a systematic one, then the absolute uncertainty 

∆Ai (i.e. bias) related to this factor, can be calculated by using the respective formula expressing 

A via this factor. This can be done in the following way. First, the possible sources of bias should 

be considered, i.e. it is necessary to study the effects of nonrandom, systematic error. The idea is 

to estimate the difference in the derived quantity (output parameter), given that the measured 

quantity (input factor) is biased by some given amount. The most straightforward, not to say 

obvious, way to approach this would be to directly calculate the change using the respective 
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formula or equation connecting the output parameter and input factor twice: once with theorized 

biased value and then again with the true, unbiased, value. 

 

Formula (4.1) is similar to an analogous formula for Root Mean Square (RMS) definition of a 

random signal consisting of a few orthogonal components. Recall that orthogonal functions 

(components) are the functions for which the average of their product equals to zero. It means that 

orthogonal components are independent, uncorrelated and non-overlapping. In other words, the 

effect of any of these components (e.g. A1 in our case) on the parameter A gives the same results 

regardless of whether other components (i.e. A2, A3, …) affect the A or not.  

 

The uncertainty U in order to be truly meaningful, must address the entire measurement process, 

which may have the combined U associated with such factors as equipment calibration, operator 

skill, sample variation, environment conditions, etc. When a measurement has more than one 

identifiable source of measurement uncertainties, than the combined standard absolute U must be 

calculated. This is a two-step process: at first to determine various absolute uncertainty 

components (say U1, U2, U3, …) measured directly or estimated approximately, and then to 

calculate the combined absolute uncertainty U using the root of sum of the squares 

( ) ( ) ( ) ...
2

3

2

2

2

1 +++= UUUU , i.e. formula (4.1).  

 

Before going further, recall some properties of error and uncertainty. Error is usually the 

difference between the true value and the measured value. Uncertainty is the quantified estimate 

of the doubt about the measurement result, because results of measurements are always somehow 

distributed (scattered). Thus, uncertainty characterizes the scattering (i.e. distribution) of the 

results of measurements, and (e.g. for a normal distribution) can be expressed via the estimated 

standard deviation of the measurements. There are three methods of uncertainty estimates [9]. 

 

The first method is the Type A uncertainty evaluation, which uses the statistical analysis of series 

of measurements. After multiple measurements, when each essential input parameter varies 

within its bounds (limits), are performed, we have some experimental distribution (or histogram) 

of the output (result) measurements. Using this distribution of the output measurements, we 

should determine the average (arithmetic mean) Ã and estimated standard deviation σn (i.e. 

standard deviation of a sample). It is preferable to approximate the obtained experimental 

distribution by the best-fitted theoretical distribution and then determine its Ã and σn. After that, 

the estimated absolute uncertainty U of the result of measurements can be determined at a 

specified CL. That is why it is very convenient to use the best-fitted theoretical distribution, 

because for example for the normal distribution, the estimated absolute uncertainty nU σ=  for 

CL=68.27%; nU σ2=  for CL=95.45%; nU σ576.2=  for CL=99%; and so on. These numbers 

mean that e.g. with ~95% probability the results of measurements Ai will lie within the range 

nA σ2
~

± .  

 

If we are using only the obtained experimental distribution (but not the theoretical one), it is also 

possible (but more difficult) to determine U at various CL. Note that one can use the so-called 

coverage factor k [8], and then product k·σn should be employed instead of σn to estimate the 

absolute uncertainty at various CL. If CL≈68%, then k≈1; if CL≈95%, then k≈2; if CL≈99%, then 

k≈2.6; and so on.  
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The second method is to use computer simulations and Monte-Carlo technique, instead of the 

“actual” measurements, and then perform statistical data processing. Recall that Monte-Carlo 

simulation provides a set of data obtained for the target quantity, which represents a random 

sample from the “potential” values of the output parameter as a function of variations in the input 

quantities according to their distributions. To do this, we should use formula Y=f(x1, x2,…,xn) and 

vary each essential input parameter xi around its average ix , according to its distribution with a 

specified standard deviation ( )ixσ , and within the limits say ( )ixσ2±  if CL=95.45% is required. 

After using formula Y=f(x1, x2,…,xn) and an appropriate generator of random numbers for each 

essential input parameter xi (of course, taking into account its ix , ( )ixσ  and CL), we will obtain 

the “experimental” (i.e. computer simulated) distribution of the output measurements (target 

quantity) Yi. 
 

In the Monte-Carlo technique a suitable distribution (usually a normal distribution, a rectangular 

distribution or a triangular distribution) is attributed to each input quantity. From these 

distributions a "random value" for each is simulated and a value of the target quantity is 

calculated from this set of input data. This procedure is repeated many times, so that a set of data 

is obtained for the target quantity, which represents a random sample from the "potential" values 

of the target quantity as a function of variations in the input quantities according to their 

distribution. The mean value and the standard estimated deviation of this random sample are 

estimates for the value of the target quantity and its standard absolute uncertainty. In order to 

achieve reliable estimates, a high numbers of replicates are necessary (from 10
3
 and greater); the 

required order of magnitude must usually be determined by trial. The Monte-Carlo technique 

however provides far more than an estimate for the target quantity and its standard uncertainty: an 

estimated distribution of values, which are attributed to the target quantity (output result), based 

upon the available information about the input quantities. In case of significant deviations from a 

normal distribution, the simulated distribution can provide a more realistic confidence which 

contains 95% of the distribution. 

 

The third method is the Type B uncertainty evaluation using past experience, calibrations, 

specifications, calculations, published information and common sense. Usually all these sources 

allow estimating only upper and lower limits (bounds) of absolute uncertainty of each input 

essential parameter X, e.g. from – a  to + a . Then, using the principle of maximum entropy (which 

adequately characterizes incomplete knowledge about a measured values according to the 

information available), it is reasonable to assume that any measured value xi of this parameter X is 

equally likely to fall anywhere in between, i.e. that all values xi are distributed uniformly within 

±a  interval (rectangular distribution). Such a distribution occurs quite commonly. In this case, the 

standard absolute uncertainty Us, i.e. the uncertainty at CL≈68%, equals to 3aU s = , where a  

is the semi-range (half-width) between the upper and lower limits [9]. Respectively, the absolute 

uncertainty at CL≈95% will be U≈2Us, and absolute uncertainty at CL≈99% will be U≈2.6Us.  

 

If one has a good reason to expect some other distribution (e.g. normal, log-normal, Weibull or 

triangular), then, of course, other formulae for U calculations should be used. Recall that, for 

example, for normal distribution the absolute uncertainty nsU σ= , while for symmetrical 

triangular distribution (which is the distribution of difference of two uniformly distributed 

variables) the standard absolute uncertainty Us (i.e. uncertainty at CL≈68%) equals 6aU s = .  
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Recall that information theory, particularly the definition of information in terms of probability 

distributions, provides a quantitative measure of ignorance (or uncertainty, or entropy) that can be 

maximized mathematically in order to find the probability distribution that is maximally unbiased. 

Thus we use probability as a mean of coping with our lack of complete knowledge. Naturally we 

want to avoid inadvertently assuming more knowledge than we actually have, and the principle of 

maximum entropy is the technique for doing this. To express what we do know despite this 

ignorance, or uncertainty, we assume that each of the possible states Ai has some probability of 

occupancy p(Ai). Our uncertainty is expressed quantitatively by the information, which we do not 

have about the state occupied. This uncertainty or “missed information” or Shannon entropy is 

equal to the sum S =Σ p(Ai)·ln(1/p(Ai)) for discrete functions or to the respective integral for 

continuous functions. In the context of physical systems this uncertainty is known as the entropy. 

Expression for S represents “average” uncertainty, because each term in this sum is a product of 

probability p(Ai) of some event and quantity ln(1/p(Ai)), which can be used as an “uncertainty 

estimate” or “measure of uncertainty”. That is why the sum S of such products represents a sum 

of uncertainty estimates of different events ln(1/p(Ai)) multiplied by their weights or probabilities 

p(Ai). Subsequently, this sum S (system entropy) represents the “average” uncertainty estimate. 

The central idea of the principle of maximum entropy is that among all the infinite number of 

distributions, that are compatible with the data, one should select the distribution which maintains 

the largest degree of uncertainty about the variables of interest, thus ensuring that the data has 

been used as conservatively as possible. The natural quantity for expressing uncertainty in a 

distribution is Shannon's entropy. 

 

In our case, in order to estimate the combined absolute uncertainty ∆A of the detection response 

amplitude measurement, a few possible absolute uncertainties should be considered, based on the 

comments made above in this Section and numerous experimental results obtained earlier: 

uncertainty ∆A1 in the response amplitude related to the flaw shape and orientation, uncertainty 

∆A2 in the response amplitude related to the inspection system parameters, uncertainty ∆A3 in the 

response amplitude related to temperature [5], uncertainty ∆A4 in the response amplitude related 

to the probes offsets [6], and human measurement uncertainty ∆A5. Emphasize that in order to 

provide a high reliability of results, all these uncertainties will be determined below at CL=95%. 

 

Considering that in our case all possible absolute uncertainties ∆A1, ∆A2, ∆A3, ∆A4, and ∆A5 of the 

detection amplitude A measurement are the independent (uncorrelated) and random uncertainties, 

the combined absolute uncertainty ∆A of the detection response amplitude measurement A at 

CL=95% can be presented as [7-9] 
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To quantify the uncertainty related to the flaw shape and orientation, the absolute uncertainty 

∆A1≈6dB of the detection response amplitude measurement is assumed to be reasonable. The 

uncertainty ∆A2 related to the inspection system parameters, is very small ∆A2≈0.5dB, because the 

response amplitude variations occur for calibration and inspection, and therefore these variations 

insignificantly affect the detectability. The uncertainty ∆A3 related to the temperature changes, 

mainly due to probe sensitivity and focal length variations [5], equals ∆A3≈1dB. The uncertainty 

∆A4 related to the probes offsets [6], is about ∆A4≈4.5dB. And finally, the human measurement 

uncertainty is assumed to be ∆A5≈0.5dB. Presented values for ∆Ai are based on the numerous 

experimental results obtained earlier.  
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Hence, the combined absolute uncertainty ∆A of the detection response amplitude measurement at 

CL=95% can be estimated as 

  

                                             ( ) ( ) ( ) dBA 85.05.415.06
22222 ≈++++=∆                                   (4.3)  

 

This result shows that combined absolute uncertainty of the detection response amplitude 

measurement is quite significant: about ~8dB. This quantity correlates with the field data, 

obtained earlier and showing a strong scattering of the detection amplitudes.  

 

In formulae (4.1)-(4.3) we took into account only “Type B” absolute uncertainties [9], because 

during our estimate of the combined uncertainty, the repeated measurements were not performed. 

The same approach is used in Sections 4.2-4.5 below. Recall that only random factors, generating 

the combined absolute uncertainty ∆A of parameter A, were taking into account. Influence of any 

systematic factor, contributing in ∆A, can be calculated by using the respective formula/equation, 

connecting parameter A with this factor. Similar reasoning is used in Section 4.2 - 4.5 below.  

 

4.2 Impact of Essential Parameters on Noise 
 

Various inspection essential parameters can impact on the noise level, signal/noise ratio and 

POFP. Influence of these essential parameters was investigated in the laboratory conditions.   

 

Various parameters of the inspection system (cable lengths, pulse voltages, pulse widths, filter 

settings, and transducer characteristics) can affect the noise level. The obtained results, based on 

the previously performed experiments, show that with a short cable, low pulse voltage, small 

pulse width, and filtering, the noise level, as should be expected, significantly decreases. 

However, all these factors affect amplitudes of the discrete flaw-like noise responses and the 

continuous baseline noise level differently because these two types of noise indications are 

initiated by different physical causes (see Section 3.2 for details). In total, the noise PDD and, 

respectively, the POFP might change, but not significantly.       

 

Influence of temperature on the noise level was investigated in [5]. It is shown that this factor 

insignificantly influences the noise level, when temperature rises from 22
0
C to 50

0
C. Therefore, 

such variations insignificantly affect the noise PDD and POFP. 

 

It was shown that response amplitudes from the discrete flaw-like noise indications drop at 

maximum offset ~5dB for CW/CCW probes and drop ~3dB for FW/BW probes, while the 

continuous baseline noise level is not affected by probes offsets. As a result, these variations 

insignificantly affect the noise PDD and POFP. 

 

Now provide estimation of combined absolute uncertainty measurement of the noise level, related 

to these essential parameters, for which a quantitative assessment of uncertainties is possible. To 

estimate the absolute combined uncertainty ∆N of the noise amplitude measurement at CL=95%, a 

few possible absolute uncertainties should be considered, based on the comments made earlier in 

this Section and the results obtained earlier [5-6]: uncertainty ∆N1 in the noise amplitude 

measurement related to the shape and orientation of the flaw-like noise targets, uncertainty ∆N2 

related to the inspection system parameters, uncertainty ∆N3 related to temperature [5], 
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uncertainty ∆N4 related to the probes offsets [6], and human uncertainty ∆N5 of the noise 

amplitude measurement. 

 

To quantify the uncertainty related to the shape and orientation of the flaw-like noise targets, 

based on the results obtained earlier, the absolute uncertainty ∆N1≈1.5dB of the noise amplitude 

measurement is assumed to be reasonable. The uncertainty ∆N2 related to the inspection system 

parameters, is very small and can be neglected. The uncertainty ∆N3 related to the temperature 

changes mainly due to probe sensitivity and focal length variations [5], can be estimated as 

∆N3≈1dB. The uncertainty ∆N4 related to the probes offsets [6], is about ∆N4≈1dB. And finally, 

the human measurement uncertainty of the amplitude measurement is assumed to be ∆N5≈0.25dB. 

 

Respectively, the combined absolute uncertainty of noise amplitude measurement, calculated by 

formula 4.1, is about ∆N≈~2dB at CL=95%. This estimate of the combined absolute uncertainty 

of the noise amplitude measurement includes the influence of both components of noise: the 

discrete flaw-like noise targets and the continuous baseline noise level.  

 

4.3 Impact of Essential Parameters on Width Measurement 
 

According to the field inspection procedures, the inspection systems provide flaw width sizing in 

the circumferential direction based on the 10MHz NB amplitude drop method and shear wave 

angle FW/BW probe amplitude detection method. The 10MHz NB probe and shear wave angle 

FW/BW probes allow measuring widths of flaws from 1
0
 and wider.  

 

To estimate the absolute combine uncertainty ∆W of flaw width measurement in the 

circumferential direction, a few possible absolute uncertainties should be considered, based on 

numerous experimental results obtained earlier: uncertainties ∆W1=∆W2≈0.5
0
 at either end of the 

flaw in determining the bounding edges of the flaw, uncertainty ∆W3≈0.5
0
 of the response width 

measurement related to the flaw shape and orientation, uncertainty ∆W4 in the response width 

related to the inspection system parameters is very small and can be neglected, uncertainty ∆W5 in 

the response width related to the temperature changes mainly due to probe sensitivity and focal 

length variations [5] can be estimated as ∆W5≈0.3
0
, uncertainty ∆W6≈0.5

0
 in the response width 

related to the probes offsets [6], and human measurement uncertainty ∆W7≈0.1
0
 in the response 

width measurement based on the inspection procedure and related to the determination of actual 

width. 

 

Thus, the combined absolute uncertainty of flaw width measurement in the circumferential 

direction, calculated by formula 4.1, is about ∆W≈~1
0
. This estimate of the combined absolute 

uncertainty of the flaw width measurement correlates with field measurement data and complies 

with the IS requirements: ∆=1mm, i.e. 1.1
0
 (or ∆=0.1W, if flaw width W > 10

0
).  

 

4.4 Impact of Essential Parameters on Length Measurement 
 

According to the field inspection procedures, the inspection systems provide flaw length sizing in 

the axial direction based on the 10MHz NB amplitude drop method and shear wave angle 

CW/CCW probe amplitude detection method. However, these two techniques provide a low 

accuracy of flaw length measurements, because all three probes (10MHz NB, CW and CCW) 

have a wide UT beam (about ~1mm diameter). Besides, the amplitude detection scans have a 
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large 0.9mm axial pitch. As a result, these probes and techniques cannot provide absolute 

uncertainty of the length measurement, which could meet the requirements: 0.5mm (or 10%). 

Therefore, the third technique of flaw length measurement, recommended in procedure and based 

on the 20MHz NB probe B-scan, should be used. The 20MHz NB probe has ~0.2mm beam 

diameter and respective B-scan has 0.2mm axial pitch. Using this probe and B-scan technique, the 

flaw length can be measured by reviewing the 2D circumferential B-scans at the flaw bounding 

edges and identifying the flaw axial start and end.  

 

To estimate the absolute combined uncertainty ∆L of flaw length measurement in the axial 

direction by using the 20MHz NB probe B-scan, a few possible absolute uncertainties should be 

considered, based on the experimental results obtained earlier: uncertainties ∆L1=∆L2≈0.2mm at 

either end of the flaw in determining the bounding edges of the flaw, uncertainty ∆L3≈0.2mm of 

the response length measurement related to the flaw shape and orientation, uncertainty ∆L4 in the 

response length related to the inspection system parameters is very small and can be neglected, 

uncertainty ∆L5 in the response length related to the temperature changes mainly due to probe 

sensitivity and focal length variations [5] can be estimated as ∆L5≈0.15mm, uncertainty 

∆L6≈0.3mm in the response length related to the probes offsets [6], and human measurement 

uncertainty ∆L7≈0.1mm in the response length based on the inspection procedure and related to 

the determination of actual length.  

 

Respectively, the combined absolute uncertainty of flaw length measurement in the axial 

direction, calculated by formula 4.1, is about ∆L≈~0.49mm. This estimate of the combined 

absolute uncertainty of flaw length measurement correlates with the field measurement and 

complies with the IS requirements: ∆=0.5mm (or ∆=0.1L if flaw length L>5mm). Emphasize that 

these results were obtained assuming that flaw image can always be observed using the 20MHz 

NB probe B-scan. However, it is not always the case.  

 

The results obtained in [6] show that out of the required range of offsets from -2.8mm to +6.8mm, 

the maximum range within which the 20MHz NB B-scan probe still can detect and size flaws, lies 

from -2mm to +3mm. Within this range the lengths of the axial flaws can be measured with 

absolute uncertainty <0.5mm, which varies insignificantly with offset, and with resolution 

±0.2mm (scanning raster in the axial direction). At the larger offsets (from -2.8mm to -2mm and 

from +3mm to +6.8mm) the 20MHz NB probe cannot provide flaw detection and sizing, because 

this transducer is a short-focused probe with a short depth of field ~2mm, and therefore it has a 

strongly diverging acoustic beam. Because of this, the large offset leads to significant defocusing. 

As a result, this probe loses sensitivity, resolution and ability to detect and size flaws [6].  

 

In such a case one should use the 10MHz NB amplitude drop method and/or shear wave angle 

CW/CCW probe amplitude detection method, which (as mentioned above in this Section) provide 

a low accuracy of measurements.  

 

To estimate the absolute combined uncertainty ∆L of flaw length measurement by using any of 

these two methods, a few possible absolute uncertainties should be considered, based on the 

results obtained earlier: uncertainties ∆L1=∆L2≈0.9mm at either end of the flaw in determining the 

bounding edges of the flaw, uncertainty ∆L3≈0.2mm of the response length measurement related 

to the flaw shape and orientation, uncertainty ∆L4 in the response length related to the inspection 

system parameters is very small and can be neglected, uncertainty ∆L5 in the response length 
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related to the temperature changes mainly due to probe sensitivity and focal length variations [5] 

can be estimated as ∆L5≈0.15mm, uncertainty ∆L6 in the response length related to the probes 

offsets is small and can be neglected [6], human measurement uncertainty ∆L7 in the response 

length based on the inspection procedure is small and can be neglected. 

 

Respectively, the combined absolute uncertainty of flaw length measurement in the axial 

direction, calculated by formula 4.1, is about ∆L≈~1.4mm. The obtained estimate of the absolute 

combined uncertainty of the length measurement significantly exceeds the IS requirement: 

∆=0.5mm (or ∆=0.1L, if flaw length L>5mm).  

 

4.5 Impact of Essential Parameters on Depth Measurement 
 

According to the field inspection procedures, the inspection systems provide flaw depth sizing 

based on the 20MHz NB B-scans and PC B-scans. Based on the inspection procedures, the depth 

d of notch (in millimeters) should be calculated by using formula  

 

                                                                     d = K · δt,                                                                (4.4) 

 

where coefficient K=0.71mm/µs for the NB technique, K=1.732mm/µs for the PC technique, and 

δt is the time interval between the primary response and the response from flaw bottom (in 

microseconds).  

 

Recall that many physical quantities cannot be determined from a single direct measurement, but 

instead are calculated by combining two or more separate component measurements. Therefore, it 

is important to understand how the measurement uncertainty propagates when mathematical 

operations are performed on the measured quantities, so that a combined uncertainty can be 

calculated. Consider the general case where the final result A of experiment, whose combined 

uncertainty cannot be measured directly, is a function of two (in general case, several) measured 

physical quantities. Each of these quantities has mean values, say A1 and A2, and absolute 

uncertainties ∆A1 and ∆A2, which can be measured directly [7-9]: 

 

                                                                   A = F (A1, A2)                                                            (4.5) 

 

Then, absolute combined uncertainty ∆A of function A equals [7-9] 
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                        (4.6)  
 

 

If all contributing measured physical quantities (A1 and A2 in our case) are independent and 

random, then correlation ∆A12=0.  

 

Based on formulae (4.4) and (4.6), the relative combined uncertainty ∆d/d of depth measurement 

can be presented in accordance with theory of propagation of uncertainty (or propagation of 

error). Recall that propagation of uncertainty (or error) is the effect of variables' uncertainties (or 

errors) on the uncertainty of a function based on them. When the variables are the values of 
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experimental measurements, they have uncertainties due to measurement limitations, which 

propagate to the combination of variables in the function. As result, we obtain [7-9] 
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Let us first analyze the absolute combined uncertainty ∆(δt) of time interval δt measurement. The 

inspection system (probe + pulser-receiver + digitizer + delivery machine + software + cables) 

provides resolution in time measurement 0.01µs. It means that required time interval δt can be 

measured with absolute resolution (uncertainty) ∆t1=∆t2=0.01µs at either end on the interval in 

determining the bounding edges of this interval. The absolute human measurement uncertainty 

can be quantified (by using a procedural technique) as a ½ of the system time resolution, i.e. 

∆(δt)3=0.005µs. Uncertainty ∆(δt)4 related to the inspection system parameters (pulse width and 

filtering, which affect pulse shape and respectively time resolution) can be conservatively 

estimated as ∆(δt)4≈0.011µs.  

 

All these four uncertainties can be considered independent and random. Therefore, the combined 

absolute uncertainty ∆(δt), calculated by formula 4.1, equals 

 

                                         ( ) ( ) ( ) ( ) ( ) st µδ 019.0011.0005.001.001.0
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≈+++=∆                            (4.8) 

 

Now analyze the coefficient K in (4.4) for NB technique, KNB=0.71mm/µs. This coefficient is 

calculated considering that the UT wave speed of propagation in D2O is known and assuming that 

UT beam propagates only in the normal direction. However, first of all, various literature sources 

give slightly different values of the speed of the UT wave propagation in D2O with relative 

uncertainty about ~1%, i.e. absolute uncertainty ∆K1≈0.0071mm/µs. Secondly, the 20MHz NB 

transducer is a highly focused probe with small focal length 10mm; it means the UT beam inside 

the flaw always propagates at angle, but not in a normal direction. As a result, the UT beam 

usually propagates inside a flaw a longer path than flaw depth. Or one may consider that beam 

propagates strictly in a normal direction, but with a slightly lesser speed. Taking into account the 

typical depth, width and shape of the DF flaws, we can conservatively assume that the relative 

uncertainty of the UT wave speed due to this factor is up to ~4%, i.e. the respective absolute 

uncertainty is up to ∆K2≈0.0284mm/µs. Offset may lead to an additional absolute uncertainty in 

the speed determination, because the UT beam will propagate within a flaw at different angles [6]. 

To be conservative, this relative uncertainty can be estimated as ~5%, which corresponds to the 

absolute uncertainty ∆K3≈0.0355mm/µs. When temperature increases from 20
0
C to 50

0
C, then the 

UT wave speed of propagation in D2O increases also ~5% [3]; it means the absolute uncertainty 

∆K4≈0.0355mm/µs. Also the probe sensitivity and focal length changes with temperature [5]; it 

can be estimated as an appearance of another additional relative uncertainty ~5% or absolute 

uncertainty ∆K5≈0.0355mm/µs.  

 

Considering these five uncertainties in the coefficient K determination as independent and random 

contributions, we can estimate the combined absolute uncertainty     
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Finally, using formula (4.7), the combined relative uncertainty of the depth measurement, based 

on 20MHz NB probe technique, can be calculated 
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Now analyze the coefficient K in (4.4) for PC technique, KPC=1.73mm/µs, which was determined 

approximately based on the geometrical acoustics. In the PC mode of operation, the UT beam 

propagates along a complex and long trajectory (in the shape of letter “M”) in different media 

with two refractions and three reflections [2]. Therefore, variations ∆Ki, related to different factors 

influencing coefficient K, are significant. The PC probes are the focused probes, i.e. the UT beam 

within the PT wall propagates initially as a converging beam and then as a diverging beam. The 

value KPC=1.73mm/µs was obtained just for one central ray, and even this was done 

approximately.  

 

We can conservatively assume that relative uncertainty ∆K1 due to this factor is up to ~7%; it 

correlates to the absolute uncertainty ∆K1≈0.1211mm/µs. Offset leads to a significant change in 

the UT beam trajectory within the PT wall [6]. To be conservative, this relative uncertainty can be 

estimated as ~10%, corresponding to the absolute uncertainty ∆K2≈0.173mm/µs. When 

temperature increases from 20
0
C to 50

0
C, the UT wave speed of propagation in D2O increases 

~5% [5]. Due to the respective changes of the refraction and reflection angles and UT beam 

trajectory shape and length, it corresponds to absolute uncertainty ∆K3≈0.0166mm/µs. The UT 

wave speed of propagation in ZrNb decreases with temperature ~1% [5]. Due to the respective 

changes of the refraction and reflection angles and UT beam trajectory shape and length, this 

corresponds to the absolute uncertainty ∆K4≈0.01225mm/µs. Also the probe sensitivity and focal 

length change with temperature [5]; it can be estimated as an appearance of another additional 

relative uncertainty ~5% or absolute uncertainty ∆K5≈0.0865mm/µs. Considering these five 

absolute uncertainties in the speed determination as independent and random contributions, we 

can estimate the combined absolute uncertainty    
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Finally, using formula (4.7), the combined relative uncertainty of the depth measurement, based 

on the PC probes technique, can be calculated 
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Results obtained above, show that if we have simultaneously large offset and high temperature, 

then combined absolute uncertainty of the depth measurement does not meet the requirement 

±0.04mm (or ±0.1d). It occurs because combined relative uncertainty of flaw depth measurement 

reaches ~15% (e.g. for a typical flaw with depth d≈0.3mm, the respective δt≈0.42µs, and 

subsequently ∆d/d≈16%) and ∆d≈0.048mm.  
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Also recall that results obtained in [6] show that out of the total required range of offsets from -

2.8mm to +6.8mm, the maximum range within which the 20MHz NB probe B-scan still can 

detect and size flaws, lies from -2mm to +3mm. Within this range the flaw depths can be 

measured with absolute uncertainty <0.04mm, which varies insignificantly with offset. At the 

larger offsets (from -2.8mm to -2mm and from +3mm to +6.8mm) the 20MHz NB probe cannot 

provide flaw detection and sizing, because this transducer is a short-focused probe with a short 

depth of field ~2mm and therefore has a strongly diverging acoustic beam. Therefore, the large 

offset leads to the significant defocusing. As a result, the 20MHz NB probe loses sensitivity, 

resolution and ability to detect and size flaws [6]. Emphasize that results obtained in [6] also show 

that out of the total required range of offsets from -5.3mm to +9.3mm, the maximum range within 

which the CPC/APC probes B-scans still can detect and size flaws, lies from -3mm to +2mm. 

Within this range the flaw depths can be measured with absolute error <0.04mm, which varies 

insignificantly with offset. At the larger offsets (from -5.3mm to -3mm and from +2mm to 

+9.3mm) the PC probes cannot provide flaw detection and sizing, because the crossover of the 

directivity patterns of two PC probes shifts significantly with offset. As a result, the PC technique 

loses sensitivity, resolution and ability to detect and size flaws [6].  

 

5 Conclusions 
 

1. Inspection performance limits for POD and sizing uncertainty under the “ideal” laboratory 

conditions were analyzed and estimated based on the UT detection and sizing of DF flaws in 

CANDU reactor PT. Similar approach can be used to investigate the POD and uncertainty of 

measurements of various types of flaws in different objects. 

2. All obtained experimental and theoretical results are based on the tests performed on the PT 

reference specimens containing various axial, circumferential and oriented at angle ID 

notches: rectangular, segment, trapezoidal and V-shaped with different depths and widths. 

3. To be conservative, we considered that the sharp V-notches with various depths and widths, 

probably, present the best simulations of DF flaws, because they are similar to typical DF 

flaws, and at the same time, present maximum challenge during detection and sizing. 

4. The PT test specimens were used to simulate the DF and determine the ability of the field flaw 

inspection systems to detect and size DF flaws. It was done by performing measurements on 

the statistically representative sample of DF simulated flaws, statistically processing these 

data, determining the probability of detection, probability of false positive, mean values and 

standard deviations of flaw depth, width and length measurements, and analyzing 

measurement uncertainties related to the impacts of various essential parameters affecting the 

detection, noise and uncertainties of flaw depth, width and length measurements.. 

5. The obtained results show that sharp V-notches with depth equal 0.05mm and deeper can be 

detected at CL=95% with POD p=0.95 in each individual trial. Similar V-notches with a 

smaller depth do not meet this requirement. Notches 0.05mm and 0.1mm deep are at the limit 

of the required detection probability; therefore any slight variation in the notch shape, testing 

conditions, or noise level may lead to situation, where these notches do not meet the detection 

criterion. It is particularly important in the field conditions, where DF flaws have various 

shapes and noise level is definitely higher. 

6. It was obtained that concerning false indications related to noise, e.g. for the CW probe, the 

POFP≈23% for the BOT. This number means that, among all possible noise indications, only 

23% have response amplitudes exceeding a threshold value -6dB, and these indications will 

be detected. 
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7. Obtained results for flaw depth, width and length measurements show that if the bias 

(systematic error) is small enough, then ∼95% of the measurement data are within intervals 

±2σn around the mean values and the absolute errors (differences between true and mean 

measured values) are within the inspection requirements. It also means, that if bias is small, 

then at the confidence probability p=95% the true values are within the interval ±2σn in 

relation to the mean measured values.   

8. Calculating the measurement uncertainties for detection, noise and flaw sizing, we took into 

account only “Type B” absolute uncertainties, because during our estimates of the combined 

uncertainties, the repeated measurements were not performed at different values of inspection 

essential parameters, which have impact on the DF detection and sizing. 

9. It was obtained that combined absolute uncertainty of the detection response amplitude 

measurement at CL=95% is quite significant: about ~8dB. This quantity correlates with the 

field data, showing a strong scattering of the detection amplitudes. 

10. Combined absolute uncertainty of noise amplitude measurement is about ~2dB at CL=95%. 

This estimate includes the influence of both components of noise: the discrete flaw-like noise 

targets and the continuous baseline noise level. 

11. Combined absolute uncertainty of flaw width measurement in the circumferential direction is 

about ~1
0
, which correlates with field measurement data and complies with requirement on 

width measurement error.  

12. Combined absolute uncertainty of flaw length measurement in the axial direction is about 

~1.4mm. This value significantly exceeds requirement on length measurement error 0.5mm. 

13. Combined absolute uncertainty of flaw depth measurement complies with requirements on 

measurement error 0.04mm at room temperature and small offsets. However, if we have 

simultaneously a large offset and elevated temperature, then combined absolute uncertainty of 

the depth measurement will exceed this requirement. 
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