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ABSTRACT 
 
In 2005, EDF launched a national project in order to reduce the risks associated with high energy 
gammagraphy carried out on its French fleet. One of the major parts of this project was the replacement 
of some in-service inspections historically performed using Radiographic techniques by new inspections 
using well-established Ultrasonic techniques. 
  A technical analysis was performed to determine the zones for which this replacement would be 
both technically possible and beneficial in terms of radiographic source ejection reductions. The 
secondary coolant loop pipe welds (Main Steam Line, Main Feedwater line, Auxillary Feedwater line), 
on which some UT was already being performed, were selected as the first area of interest. 
  In accordance with the French regulatory requirements, the new UT inspections were formally 
qualified according to the RSE-M methodology by an independent second party qualification 
commission before being implemented on-site. 
  This paper will detail the operational experience obtained and the main challenges faced while 
qualifying and implementing the new UT inspections, and will briefly discuss the impact, advantages 
and disadvantages of the technique change on the French fleet. This paper will also present the 
perspectives currently being investigated to reduce further the risks associated with gammagraphy. 
Keywords: RT replacement – UT – Secondary loop – Qualification – Implementation 
 
INTRODUCTION  
 
EDF has a long history of using radiographic techniques for non destructive testing both during 
manufacturing and in-service inspections of Nuclear Power Plant components. Radiographic techniques 
allow sufficiently sensitive volumetric inspections of components or welds and create long term records 
of the inspection, the radiograph. However, Industrial Radiographic techniques use high energy 
radioactive sources which require special precautions, such as specific training for operators, shielding 
during transport and demarcation the area of the inspection during source ejection. These precautions 
can cause schedule constraints on an outage.  Furthermore, despite these measures being taken, 
accidents involving radioactive sources have in the past caused human injuries and major delays during 
outages. To limit these risks, EDF have launched a national project to reduce the use of radiographic 
techniques for manufacturing and in-service inspections on their French fleet. This large project 
involves work with manufacturers on modifying the code inspection requirements (such as French 
RCC-M code) to allow the use of techniques alternative to radiography, as well as rethinking the way 
in-service inspection is carried out to limit the use of Radiography.  
  This paper will focus on the work carried out on reducing the use of radiographic techniques, 
specifically high energy gammagraphy, for in-service inspections, by replacing existing qualified 
radiographic inspections by alternative volumetric inspections using well established ultrasonic 
techniques.  
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This work was started with an study to identify the welds for which this replacement was both 
technically feasible and which would give the highest reduction of radiographic ejections. Then, 
inspections using well established pulse/echo Ultrasonic techniques were developed, qualified and  
implemented on selected sites. Finally, the inspection procedures were modified to take into account the 
operational experience obtained in order to be implemented on all the sites. 

SELECTION OF THE SECONDARY LOOP PIPING 
WELDS 
The first stage of the project was to select the Radiographic 
inspections to be replaced by UT inspections. The secondary 
Loop piping welds, shown in red in Figure 1 were chosen as it 
was considered that: 

 The replacement is technically feasible using pulse/echo UT 
techniques (ferritic material, favourable geometries) 

 There was a high number of radiographic examinations 
being eliminated as a result of the replacement  

 The Social, Organisational and Human impact of the 
replacement was manageable 

 The potential dose impact of the replacement was small. 
  The Main Steam Line, Main Feedwater line and Auxiliary 
Feedwater Line pipes were selected on the basis of their 
favourable geometries. An analysis of the existing radiographic 
inspection requirements showed that the target defects varied 
according to the positions of the weld along the secondary circuit.  
Therefore, three separate inspection specifications were drafted for:   

 The Main Steam Line (MSL) and Main Feedwater line (MFL) welds up to the last valve before 
the steam generator for which the RSE-M qualification type is “conventional” (no defect 
specifically targeted)  

 The Main FeedWater Line circular welds between the last valve and the Steam generator, for 
which the RSE-M qualification is “general” and internal surface breaking defects are targeted. 

 The auxiliary Feedwater Line circular welds for which the RSE-M qualification is “general” and 
internal surface breaking defects are targeted 

  Due to the differences in requirements and geometries, it was decided to develop and qualify the 
three inspections separately. This paper will focus on the MSL and main feedwater line inspections, as 
those have already been implemented on site. The Auxiliary Feedwater inspection will be implemented 
for the first time by the end of the year 2013. 
 
DEVELOPMENT AND QUALIFICATION OF THE MSL INSPECTION 
 
Existing UT inspection and strategy 
Some of the MSL and Main Feedwater line welds were already inspected using a qualified manual UT 
pulse echo techniques, using miniature shear wave transducers. A preliminary analysis showed that 
these UT techniques could also be used for the inspection of other circular and longitudinal welds, 
which were historically examined by RT techniques.  
  Therefore, it was decided to extend the qualification to welds which had dimensional 
characteristics in the range of the existing qualification. The qualification strategy was to demonstrate 
that this qualification extension to new welds did not have a negative impact on the existing qualified 
performance in terms of coverage, detection sensitivity and positioning uncertainties. 
 
 

Figure 1: Schematic of the  
secondary circuit welds of a  
French NPP 
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Preliminary analysis 
The previous UT technique was qualified for several configurations seen in the French fleet, including 
nozzles, longitudinal and circular pipe or elbow welds. 
  The preliminary analysis showed that the replacement of RT technique by a UT technique would 
be feasible for all configurations for which the coverage of the inspection volume could be guaranteed. 
It was shown that this would only be achieved when the inspection could be carried out from both sides  
of the weld. Thus, the pipe/valve weld inspections, which feature limited access to the weld, were 
excluded from the qualification extension. 
 
Development and qualification 
The qualification extension was heavily dependent on the coverage of the inspection volume defined in 
the inspection specification. Therefore, it was decided to carry out a detailed analysis the geometries of 
some the welds impacted by the qualification. As it is very difficult to obtain detailed of all the welds on 
the French fleet (which comprises of 58 reactors), it was assumed that the worst case configurations in 
terms of inspection coverage were the smallest and biggest dimensions of the weld, and, the inspection 
coverage of those welds using different probes was evaluated on real weld profiles.  
This study showed that sub-miniature probes (transducer size 6.35 mm) were needed additionally to 
the already qualified miniature probes in order to maximise the coverage of the volume, especially the 
internal area near the weld root. This meant that the detection capability and positioning uncertainties of 
the inspection had to be re-evaluated in order to extend the qualification. 
  As no defect is specifically targeted by these inspections, the recording threshold of the inspection 
procedure is based on the RSE-M code (using SDH as the reference reflector) and the corresponding 
sensitivity is determined in FBH diameters. This is done, for each probe, using DGS curves taking into 
account some of the influential parameters. The inspection sensitivity at a given depth can be read by 
comparing the recording threshold to the closest FBH curve at the corresponding sound path on the 
DGS diagram (Figure 2). In this case, it was shown that a defect which has the same ultrasonic response 
than a FBH equivalent 4 mm in the ultrasonic beam axis, can be detected in all cases.  

 
Figure 2: DGS diagram obtained for a 45° miniature probe 

 
DEVELOPMENT AND QUALIFICATION OF THE MAIN FEEDWATER LINE INSPECTION 
 
Choice of the inspection technique 
An analysis of the geometries of the welds to be inspected showed that the major challenges to this 
inspection would be to be able to obtain full coverage of the target zone and to be able to differentiate 
the signals which could correspond to the defect sought from other echoes (point indications and 
geometric echoes). Due to the planar nature of the defect sought by the inspection, both pulse/echo 
based and diffraction based techniques would be able to fulfil the inspection requirements. Therefore, 
trials were performed on a representative mock up to test a classic manual pulse/echo based inspection 
and an encoded TOFD inspection. The results showed that all three techniques could detect all the 
defects in the mock-up, but that the TOFD inspection yielded the results faster than the manual pulse 
echo inspection. 
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However, the TOFD technique tested had several disadvantages which could not be seen during the 
trials. Firstly, it would be more difficult to implement on the site welds due to the presence of obstacles 
and elbows, which would not allow the use of a simple manipulator as was possible during the trials on 
the mock-up. Secondly, despite the fact that the encoded methods allowed for a quick pre-screening of 
the inspected area, a further inspection using a pulse/echo technique would still be required to confirm 
their presence. Finally, the training and certification requirements for operators are much higher for the 
TOFD inspection. Therefore, it was decided to first develop and qualify a manual pulse/echo technique 
using single element probes, and to re-evaluate the situation once some operational feedback would be 
obtained.  
Preliminary inspection design and qualification strategy 
The inspection was designed using existing practices of codes or standards (RCC-M code, Euronorms). 
The inspection was designed as a half-skip inspection using two standard “miniature” shear wave probes 
(transducer size 8×9 mm) with a 7 mm probe overlap during scanning. The reference reflector is a 2 mm 
diameter side drilled hole, as generally used in RSE-M code inspections. The objective is to detect the 
corner echoes generated by the defect. 
  The 60° and 70° beam angles were chosen to maximise the coverage in the presence of a weld 
bead, but their use made it impossible to fully inspect the inspection volume for the connection to the 
Steam generator nozzle. It was therefore decided to produce a separate inspection procedure for those 
welds, and to replace the 70° angle probe by a 45° miniature probe. To maximise the coverage of the 
inspection area, a sub-minature probe was also incorporated in the procedure. 
  To qualify this inspection according to RSE-M code, it was necessary to demonstrate that, taking 
into account all the possible errors linked to human errors, through the use of the equipment or the 
specificity of the technique used, the sought defect in the target will be detected by following the 
inspection procedure. This was achieved by: 

1. Determining the characteristics of the ultrasonic response of the defect using modelling. 
2. Analysing the influential parameters of the inspection in order to determine an appropriate “safety 

margin” to guarantee that the target defect defined in the inspection specification would exceed 
the recording threshold in all cases when the ultrasonic beam hits the defect, 

Determination of the worst case defect and its ultrasonic response 
The objective of this phase was to define a recording threshold with which the target defect would be 
recorded, but other, non targeted defects (such as volumetric defects) would not be recorded. 
  To achieve this, the characteristics of the ultrasonic response (amplitude and length) of the defect 
were modelled using the Civa modelling software. As corner echoes are highly dependent on the 
incident beam angle and the tilt of the defect (as shown in Figure 3) and length measurements are 
highly dependent on the beam width, the response of the defect was modelled for different combinations 
of thicknesses, defect tilts, probe angles and positions in the elbows in order to determine the amplitude 
response of the defect.  

 
 

Reflecteur Tilt amplitude/reference (dB) 
Reference / 0 

d1 8,75° 10,7 
d2 17,5° 6,2 
d3 8,75° -2,1 
d4 0° 2,5 
d5 -8,75° 5,1 
d6 -17,5° 15,3 
d7 -8,75° 0,7 
d8 0° 3,5 

 
Figure 3: Impact of tilt of defect on the amplitude of corner echoes 
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 The results show that the amplitude of the defect exceeds in all cases -12dB with respect to the 
reference reflector and differences of over 25dB can be obtained between the most and the least 
reflective configurations. It could also be noticed that the most tilted defects and the least reflective the 
amplitude of the defect is generally smaller in the intrados of the elbows, due to coupling issues. 
  The length of defect measured using the 6dB drop method was in some cases very small. 
Therefore, it was decided to use a length measurement using the 12 dB drop measurement method.  
Using this method, the defect’s length was measured as always exceeding 18 mm, which would be more 
manageable to measure for the operators on site. 
 
Analysis of the other influential parameters 
In order to guarantee the recording of the defect defined in the inspection specification, safety margins 
were taken on the amplitude and length thresholds determined above, as well as for the positioning of 
the defect. These safety margins were determined by analysing the influential parameters using physical 
reasoning. 
  For the amplitude of the detect, the main influential parameters were the linearity of the flaw 
detector, the human errors during calibration and evaluation of echoes, as well as the overlap in the 
scanning pattern. 
  For the measurement of the length of the defect, the error made by operator was considered to be 
generally proportional to the width of the ultrasonic beam. This error was incorporated into the 
recording threshold. 
  For the positioning of the defect, it was determined that taking into account all the influential 
parameters (error or beam angle, velocity of the UT beam, errors during calibration, positioning errors 
due to the corner trap, error due to “profile” etc...) , the maximum positioning error approached 15 mm. 
The area to be inspected was therefore enlarged to take this into account. 
  The recording threshold of the inspection procedure was obtained by adding the “safety margin” 
to the nominal response of the defect obtained. This recording threshold was used successfully during 
the qualification trials on a representative mock up. These trials were performed to validate the 
modelling and reasoning carried out as well as to ensure that the inspection could be carried out 
successfully by two adequately trained operators. 
  During these trials, all the defects in the mock up were successfully found and positioned by the 
two operators, and the differences in results obtained with both operators were in line with the 
assumptions made in the technical justification documents. 
 
IMPLEMENTATION TRIALS 
 
The Main Steam Line and Main Feedwater line inspections were first implemented on several 
“voluntary” French NPPs. The objective of these implementation trials was to evaluate weld 
accessibility (Figure 4), to determine the time and dose impact of the replacement, as well as to identify 
difficulties and potential improvements to the inspection procedures. It was especially important to 
check whether different operators with different levels of experience could implement the procedure 
correctly. 
 

 
 

Figure 4: Example of welds accessibility  
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The trials implementations were successful, but a few difficulties were encountered. The main technical 
issues discovered during implementation were: 

 The surface condition of the welds did not always allow a full inspection of the inspection 
volume.  The use of “sub-miniature” probes allowed for improved coverage in some cases. An 
example of a weld difficult to inspect is shown in Figure 5. 

 The very high sensitivity of the UT inspections to geometric echoes (weld root and weld beads) 

 
 

Figure 5: Example of an MSL for which a full volumetric inspection could not be achieved 
 
  Furthermore, the trial implementation showed that both the inspection time and the collective 
dose of operators were higher for the UT inspection than for the RT inspection. This can partially be 
explained by the technical problems described above, but also by the fact that the scheduling of the 
inspection during the outage was not optimised with respect to the other activities on the steam 
generators.  
  However, the trial implementation showed that the UT inspection was a viable alternative to the 
radiographic inspection and could offer significant advantages by allowing co-activity. 
  Therefore, further work will be carried out to:  

 Modify the inspection procedure to take into account the operational feedback obtained, 
 Optimise the outage schedule to minimise the collective dose of the inspection, 
 Investigate more complex inspection methods such as phased array inspection and TOFD to carry 

out the inspection more effectively. 
 

CONCLUSIONS 
 
As a part of a national project to reduce the risks associated with gammagraphy, EDF has designed UT 
inspections using well established pulse-echo techniques to replace radiographic inspections on the main 
secondary loops of their nuclear reactors. These inspections were first qualified and then implemented 
on site. Despite the overall success of the trial implementations, which have demonstrated that these 
new UT inspections are viable replacements for the RT inspection, the operational feedback was not 
entirely positive, as unforeseen technical issues and organisational issues were discovered. Further work 
will be carried out to improve the qualified inspections as well as find alternatives to reduce the time 
and dose of the inspections or improve their performance (ability to detect small defects and to 
discriminate them from geometric echoes, positioning precision, etc.). 
  Further work will also be carried out to find new radiographic inspections to be replaced by UT 
inspections. This work will incorporate all the experience obtained while qualifying and implementing 
the secondary circuit inspections. 
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