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ABSTRACT 
 
Inspection qualification contributes to increase the reliability of inspection procedures. In 
particular, this qualification is necessary when the geometry of the component to be inspected is 
complex and the access to the scanning area is limited, such as is the case of inner radius 
inspection of small diameter nozzles. 

In order to develop, optimize and qualify the ultrasonic inspection technique is required to 
get evidence of its capabilities. The nozzle complex geometry heavily conditions the essential 
variables of the ultrasonic inspection technique, especially in the small diameter nozzles that 
have a nozzle thickness to vessel thickness ratio much less than one. To minimize the 
dependency on physical mock-ups, first, a ray tracing assessment on the coverage of the 
inspection volume required is performed; then, via ultrasonic propagation simulation a 
preliminary definition of the inspection technique essential variables is carried out; finally, the 
technique is optimized through simulation of the small diameter nozzles examination including 
worse case defects population. 

The approach and the resultant inspection procedure were assessed experimentally by 
means of their application on an existing similar mock-up. The results are satisfactory and fulfil 
the stated qualification objectives. 

To conclude, the inspection qualification of such complex components is necessary due to 
their intriguing geometry. The produced inspection procedure satisfies the specified 
qualification requirements and allows a simple deployment of the examination technique.   
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1 INTRODUCTION 
 
When it is necessary to confront an inspection of a component with a complex geometry such as 
nozzle, it is almost impossible to predict the trajectory of the beam and how will be the 
behaviour of the ultrasonic wave transmitted to the part. The only feasible way to imagine this 
behaviour is to analyse the sound path of the wave by using advanced 3D software design 
programs with the capacity of ray tracing.  

Once the sound path of the ultrasonic wave has been analysed, it is important to verify the 
correct coverage of the inspection volume fixed by the inspection code for the particular 
component. For this task, several software applications have been developed, and it is possible 
to determine which will be the best path to be travelled by the probe in order to do not miss any 
part of the volume.  

After an appropriate physical reasoning and qualitative definition of the essential 
variables of the technique, and before establish any working procedure, it is necessary to 
validate the technique by means of demonstration in a mock-up of the component to be 
inspected. In this material it is necessary to introduce samples of all the postulated defects to be 
detected. Previously to the manufacturing of these mock-ups, it is useful to simulate which will 
be the behaviour of a probe in such material. For this purpose and to determine which will be 
the best transducer for the inspection, the advanced simulation software programs are 
demonstrating a really high capacity of analysis.  

All this process finally means time and cost saving when developing a new inspection 
technique.  

At Tecnatom, our technicians are using for more than ten years such computer programs 
to give a quicker and a better service to our customers [1].  
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2 MATERIALS AND METHODS 
 
 
2.1 Test piece and postulated defects  
 
When we receive a new project, a first step in developing the proper ultrasonic inspection 
technique, it is to collect all the information about the essential variables of the component to be 
inspected (geometry, surface condition, base metal, weld metal and welding procedure, heat 
treatments, accessibility to scanning area, working area temperature, relative humidity, radiation 
level, etc.) and postulated defectology (defect orientation, origin, depth, length, tilt, skew, 
roughness, morphology, location, etc.). 
 

 
Figure 1. Rhinoceros® geometry construction 

 
 
2.2 Software 
 
With this information, we can produce a 3D model of the component (Figure 1) on which we 
work to analyse what may be the path of the sound during an ultrasonic inspection of this piece. 
To do this, during the course of the inspection technique for small diameter nozzles, it has used 
the software Rhinoceros® with the plug-in Grasshopper® which allows a dynamic ray-tracing of 
this complex geometry (Figure 2). 
 

 
Figure 2. Grasshopper® Dynamic Ray-tracing 

 
Another existing software tool, developed by Tecnatom, for analysing the inspection 3D 

coverage of the inspection volume is the Focalsim®. An example regarding to the application of 
small diameter nozzles inspection is presented in Figure 4.  



 
 
3. ULTRASONIC TECHNIQUES 
 
Previously to analyse the 3D component, Tecnatom has used conventional 2D software 
applications to establish the best ultrasonic technique and determine the position of the probe to 
perform the inspection from the outside diameter of the nozzle (Figure 3).  

 
Figure 3. Theoretical study of the volume coverage from the outside nozzle diameter 

 
This is of paramount importance in components of complex geometry as the nozzles, that 

are the object of this example. our application. The left part of Figure 3 shows a frontal view of 
the phase array (PA) probe steering the beam from left to right as it scans around the nozzle 
outer radius. The right part of Figure 3 shows a side view of the PA probe with diffraction angle 
to maximize the detection of the expected defect in the inner radius zone.   
 
 
3.1 Coverage of inspection volume 
 
In this component (intersection of two cylinders) with different curvatures, a tool to analyse the 
inspection 3D coverage of the inspection volume is essential to define the inspection technique 
and assess its performance. Thus, in the inner radius (IR) zone the incident angle between is in a 
range of 40° – 50°, that maximise the detectability of IR surface breaking defects (see Figure 4).  
 

 
(a) (b) 

Figure 4. 3D volume coverage in the inside nozzle diameter. Colour scale corresponds to 
incidence angle in the inside surface (black: 0°, red 90°): (a) Planar view: horizontal: projected 
nozzle axis (mm), vertical: nozzle circumference (°); (b) Side view.  
 
 



4. ASSESSMENT OF THE INSPECTION TECHNIQUE 
 
The development and optimization of the ultrasonic techniques for the inspection of small 
diameter nozzles in nuclear power plants is paramount and critical due to the complexity of the 
nozzle geometry, access, and radiation levels in many areas where the inspection has to be 
carried out; therefore, the technique has to be optimized in order to be reliable, easy to 
implement and allow fast scanning. 
 
 
4.1 By simulation 
 
First step in the development or optimization of an ultrasonic method is the theoretical study of 
the component to define how to approach the inspection. In recent years there has been 
significant development of computer simulation applications that allow the study of behaviour 
of an ultrasonic probe on a previously modelled component. Tecnatom uses internally software 
such as CIVA® from Extende. 

The inspection of each component involves detecting of certain postulate defects defined 
by the applicable code, either manufacturing or operation. In this case, the postulated defects are 
located in the areas of main concern (see Table 1). Those defects are reproduced in the software 
(Figure 5) in order to create the simulation of their response to the ultrasonic wave.  

 
Table 1. Dimensions of reflectors mechanised in the mock-up  

Reflector Location Length (mm) Depth (mm) Tilt Circ. position 

E1 IR 16 6,4 0° 0° 

E2 IR 16 6,4 0° 270° 

E3 IR 16 9,0 10° 90° 

E4 IR 16 9,0 10° 180° 

E5 VS 13 6,4 0° 0° 

E6 VS 13 6,4 0° 270° 

E7 NS 13 6,4 0° 0° 

E8 NS 13 6,4 0° 270° 

Key: IR: inner radius, NS: nozzle shell, VS: vessel shell 

 

 

  
Figure 5. Postulated defects in different configurations to meet all code requirements 

 
In order to reduce received doses by operators, it has been selected for this inspection the 

technique pulse-echo using phased array probes. The necessary scanning is defined by the probe 



positions defined above (Figure 3) to cover the entire volume of inspection. This scanning is 
substituted in this case by an electronic sectorial scan from the internal wall of the vessel to the 
internal wall of the nozzle.  

The software allows studying the interaction of both defects and geometry of the 
component with the ultrasonic wave (Figure 6).  

 

 

Figure 6. Shot produced by one of the focal laws intercepted by a defect producing a reflection 
 

As predicted earlier, it is not possible to find a direct reflection of the wave, in all cases, 
due to the complexity of the geometry, so the only way to address the problem is, in addition to 
look for the reflection, also to consider the diffraction caused by the reflectors. Software used 
for this simulation is able to analyse this type of interactions. After define the correct path in the 
outside diameter of the nozzle (where the inspection has to be carried out), the simulation 
showed the possibility to detect all the reflectors before any experimental process (Figure 7 a).  

Using this type of software, you can predefine what are the characteristics of ideal probe 
for inspection (number of elements, pitch, elevation, frequency, bandwidth, etc.). 

 

  
a) C-Scan produced by simulation of the 

complete inspection volume (0° - 360°)  
b) A-Scan produced a by defect located at 

IR 180° position  
Figure 7. Predicted signal coming from the inspection of the defined full path and signal 
produced by one of the defects 
 

The fact of working with the diffraction signal, allows analysing the length of the 
indications by measuring the distance between the echoes appearing on the A-Scan (Figure 7 b) 
and that are due to the defect ends. 

Once defined the appropriate inspection technique, it is possible to return to the 3D design 
software to generate both suitable wedges (Figure 8) and calibration blocks to carry out the 
experimental evidence in mock-ups designed and manufactured for this purpose. 

 



 
 

a) Original 3D design of the wedge b) Manufacturing drawing for experimental 
wedge 

Figure 8. Probe wedge designed for the inspection of small diameter nozzles 
 
 
4.2 Experimentally 
 
First step before any experimental work is necessary to manufacture the mock-up with the 
implanted defects, the probe wedge and the calibration block.  

Focal laws tested and validated by the simulation software are the base for the 
implementation of the corresponding laws in the ultrasonic equipment to be used in the 
inspection. Only specialized equipment such as GEKKO® (manufactured by M2M – Tecnatom 
group) can use directly the focal laws created by CIVA®.  

After adjust the ultrasonic equipment using the calibration block, it is possible to carry out 
the inspection in the manufactured mock-up with the mechanized reflectors equivalent to the 
one used during the simulation process.  

In order to accelerate the inspection and also to reduce the operator exposure time, it has 
been decided to perform an inspection with automatic recording of inspection data (including 
ultrasonic and probe position) but moving the probe manually to achieve simplification in the 
set up and fast scanning; for probe position a commercial wire encoder was utilised. Time of 
inspection is shorter than the mounting and demounting of any other mechanical equipment to 
do the inspection automatically.  

After analyse the acquired data (Figure 9), it is possible to verify the detection of each 
reflector.  

 

 

Figure 9. Acquisition from a real nozzle mock-up 



 
The analysis of the acquired data (see Table 2) shows the detection of all the flaws in real 

conditions.  
As show in Table 2, the results of both inspections, simulated and carried out in mock-up, 

have been compared and provide equivalent results.  
 

Table 2. Detection of defects implanted in the mock-up by measurement and by simulation 

Reflector name 
Detection by 
measurement  

Detection by 
simulation  

E1 Yes  Yes 
E2 Yes Yes 
E3 Yes Yes 
E4 Yes Yes 
E5 Yes  Yes 
E6 Yes Yes 
E7 Yes Yes 
E8 Yes  Yes  

 
 

5. RESULTS AND DISCUSSION 
 
Inspection of small diameter nozzles is an important challenge due to the complicated access 
and high level of radiation. Apart of the physical limitations, there are additional difficulties as 
the same detection of defects (the defect does not produce a specular reflection) or the 
positioning or sizing of them in the complex geometry.  

The analysis and confrontation of results from simulation and real inspection shows 
differences in the presentation due to the differences in the simulated material and the real 
behaviour of the reflectors. It is possible to verify the predicted detection is correct and the way 
followed in this development has been the best optimized one.  

There is an important saving of cost using the simulation when it is necessary to develop 
or improve a new inspection technique. Address a problem without this prior information may 
incur financial expense and big time. At the current juncture, it is necessary to offer our 
customers a quick response and as economical as possible, so that using simulation is taking 
more and more strength. 
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