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1. INTRODUCTION OF THE ISSUE 

 
The Chemical and Volumetric Control System (CVCS) nozzle exhibits a complex geometry with a 

saddle shape; it is manufactured by forging in stainless steel, and located on the Main Primary Circuit, 

in a mixing area between cold and hot fluids that may lead to potential radial planar defects on inner 

surface of the nozzle. For that reason, an NDE is required. The NDE that is implemented for ISI was 

qualified in 2006 in order to detect a 10x60 mm defect. It involves a phased array scanning the surface 

of the Main Primary Pipe all around the nozzle. Detection is based on a corner effect; no diffraction 

echo is detected because of the long sound path through the stainless steel material and the austenitic 

weld. Thus, the issue is the following: if a defect is detected, how to size it ? 

 

 

2. BASIC PRINCIPLES 

 
The sizing method that was developed is based on the detection of a corner echo together with the 

detection of a diffraction echo. In few words, the height of the defect can be derived from a sectorial 

scan (Fig.1), and the length from the drop of amplitude when the probe is moved parallel to the defect 

(Fig.2). 

 
Figure 1: height sizing 

 

  
Figure 2: length sizing 

 

Because of the attenuation of UT in austenic materials, the detection of the diffraction echo 

requires a short sound path so that the probe has to be as close as possible to the defect, and the 

maximum echoes amplitudes are obtained when the UT beam is perpendicular to the defect. 
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The issue was studied for several years and CEA showed [1] that it was possible to size a defect 

in the corner of a nozzle with a probe positioned on the saddle. Of course, this requires a flexible probe 

to match the complex surface, and also a robotic tool to ensure the accuracy in positioning the probe. 

In the wake of these feasibility studies, EDF lead a project in partnership with AREVA, CEA 

and IMASONIC to develop an solution suitable for an implementation in the field in case of detection 

of a defect. This solution involves of course a smart transducer and a robotic arm to move the probe 

along the trajectory, but also requires specific new simulation tools to optimize the settings, to 

evaluate the influential parameters, to compute the trajectories and to feed the robot controller. 

 

 

3. DESIGN OF THE NDE 

 

 

3.1 The probe 

 

In order to steer the beam with refracted and skew angles, a matrix probe is required. In the frame of 

this project, the smart dedicated probe is an improvement of an existing one. It features 84 elements 

(7x12), and operates at 2MHz frequency transducer. It is flexible enough to match a saddle of radius 

down to 30 mm (Fig.3). Its ability to measure the profile in real time is not used in this project. 

 
 

Figure 3: design of the smart probe 

 

 

3.2 UT Settings and associated trajectory 
 

The aim is to optimize the echoes amplitudes. A first condition already mentioned is to steer a beam 

perpendicular to defect: that means a 0° skew. The refraction angle is selected to optimize the probe 

sensitivity in the area of the targeted flaw. For this purpose, sensitivity maps were computed with 

CIVA software for several refraction angles (Fig.4): 25°, 30°, 35°, 40°, 45° [2].  

 
Figure 4: sensitivity maps 

 

These maps display a limited area in which the target radial defect may be located. Each point of 

a sensitivity map gives the amplitude of the corner echo computed for an attack angle of 40° refracted 

beam. The computation of the corner echo takes into account both the optimized probe position on the 

component and the flaw position. The 40° attack angle leads to the most homogeneous sensitivity map 

and appears to be the best compromise: this refracted angle is kept afterwards. 

The next step is to compute the path that comply with a 40° refracted and a 0° skewed beam. 

This is achieved by CIVA software. Then the path is discretized every 2mm, and at each position 

along this path, delay laws are are computed to perform a beam sweeping. For a defect of 10 x 60mm, 

there are at least 30 positions, and 11 shots per position. 

 

 



4. RELIABILITY OF THE NDE AND IMPROVEMENTS 

 
To test the reliability of the NDE, and to improve it, the impacts of influential parameters were 

studied. Only three of them are detailed here. Afterwards, for the examples below, the defect is 

considered located at 0° around the nozzle, that means it is parallel to the axis of the pipe (Fig.5). 

 
Figure 5: test configuration 

 

 

4.1 Geometry of the component 

 

The first influential parameter to be studied is the geometry of the component. For that purpose, the 

defect response was computed with  CIVA software on a parametric nozzle, with the associated delay 

laws. Then, keeping the same delay laws, the simulation was performed on a real CAD profile. The 

results in terms of corner echo amplitudes are plotted on the figures below (Fig.6): it reads a -11dB 

between the two curves. 

 
Figure 6: echoes amplitudes for parametric and real geometries 

 

This simulation study shows that the geometry have a great impact on the results, and that it is 

necessary to take into account the real CAD geometry of the nozzle as an input data; for that purpose, 

a visual 3D scanning of the component has to be perfomed prior to the implementation of the NDE. 

 

 

4.2 Orientation of the probe 

 
To evaluate the impact of the orientation of the probe, as in the previous case, simulations were 

performed first on the ideal configuration with the optimized orientation of the probe and the 

associated delay laws. Then, keeping the same delay laws, other computations were performed with a 

misorientation of the probe in the range of +/-10°. The results plotted here on the figure below (Fig.7) 

display the corner and diffraction echoes amplitudes for positive values of misorientation; it reads a 

huge impact of the orientation of the probe on length sizing. Theses simulations lead to the conclusion 

that an accuracy in orientation of the probe better than 1° is required. 

 



 
Figure 7: echoes amplitudes for various probe orientations 

 

 

 

4.3 Position of the defect 

 
For the two first influential parameters, simulations were performed under the assumption of a defect 

position at 0° (that is parallel to the axis of the pipe). However, if a defect is detected, its position is 

derived with an uncertainty of few degrees. The ideal configuration with the defect exactly at 0° on the 

pipe was simulated; then computations were performed with the same delay laws, but for defects 

located in a sectorial area of +/- 10°. The figure below (Fig.8) is plotted here for positive values of 

angular position; it reads that there is a huge impact on the corner echo amplitude and on length sizing. 

The consequence of these simulations is that a simple single path is not sufficient to achieve the defect 

sizing: a raster scan is required to make sure that the defect is properly sized. 

 

 
Figure 8: echoes amplitudes for various defect positions 

 

 

 

5. ROBOTICS 
 

The trajectories are computed on CIVA software in the nozzle frame. Kinematics studies are then 

performed on a dedicated robotic software to derive the best position of the robot to be able to run the 

trajectory on the nozzle (Fig.9).  



 
Figure 9: kinematics studies 

 

For an implementation in the field, it is necessary to make sure that the robot frame is at the 

same position as in the kinematics studies: for that purpose, the bedplate of the robot is fastened on the 

pipe and an attachment template is designed to position it with accuracy in the nozzle frame (Fig10).  

 

 
Figure 10: method to ansure an accurate positioning of the robot 

 

The criteria to select a Staubli TX40 are related to its accuracy to comply with the required 

accuracy in position and orientation of the probe, and its weight since it has to be light and compact 

enough to be carried easily in the containment building. 

 

 

6. EXPERIMENTAL VALIDATION 
 

This innovative solution involving the smart dedicated probe and the robot arm was validated through 

experimental trials on a representative mock up of the component including 3 planar defects (5mm x 

20mm, 8mm x 30mm, 10mm x 60mm; Fig.11), in a representative environment including surrounding 

pipes (Fig.12). A specific calibration test and a calibration block were also designed.  

 
Figure 11: CAD view of the mock-up including three defects 



 
Figure 12: representative mock-up in the representative environment 

 

For each defect, the transducer is moved along the raster scan; at each position of the trajectory, 

every 2mm, delay laws are applied: there are 36 positions to cover the extent of the area where the 

defect is located, and 11 shots to achieve the beam sweeping at each position, that leads to an amount 

of 1980 shots. Specific tools were developed to be able to analyse only the relevant shots; at last 

experimental data can be displayed on 2D views where corner and diffraction echoes are easily noticed 

(Fig.13). 

 
Figure 13: 2D view of experimental results 

 

The experimental results are summed up in the table below (Tab.1). For the smallest defects, the 

measured length and height are in very good agreement with the actual ones. For the 10mmx60mm 

defect, there is a quite good agreement between the measured height and the actual height, but the 

measured length is about 50mm instead of 60 mm: the reason is that part of the defect is included in 

the austenitic weld. 

 

Length (mm) Height (mm) 

 

Actual Measured Actual Measured 

60 50.3-50.7 10 11.6 – 11.9 

30 29.7 8 8.5 

20 18.7 5 4.9 

Table 1: experimental results/expected results 

 
 



 

7. CONCLUSION 

 
An innovative solution dedicated to size defects in a CVCS nozzle was developed. To sum up, the 

sequences of the NDE are the following: if a defect is detected by the dedicated qualified NDE, its 

position has to be calculated and a visual scan of the component has to be performed to create a CAD 

file. With theses two input data, CIVA software computes the optimized path and the associated delay 

laws to apply to the smart transducer. A kinematic study provides the optimized position of the robot 

frame on the pipe and the trajectories for the robot controller, and a specific positioning template has 

to be designed. Then the robot is fastened on the pipe, the trajectory is run on the component and the 

embedded delay laws are applied: shots are synchronized on probe positions. Some dedicated CIVA 

tools are used to analyse only the relevant shots. 

This NDE was tested on a mock-up and validated in representative configurations. Experimental 

results are in good agreement with expected results. The NDE has not been implemented yet in the 

field but it is now avalaible as a back up solution and can be extended to other complex geometries.  
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