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Abstract. The increasing needs in term of energy production lead to new rotor 
shafts designs with larger dimensions. A new generation of nuclear power plants is 
already being deployed worldwide with such heavy components. Their 
implementation requires new inspection tools in order to guarantee the public safety 
and to ensure the quality of these critical parts.  
 In response to this new NDE inspection challenge, the innovative concept of a 
semi-flexible 2D array probe has been introduced, to overcome the limitations of 
conventional UT techniques. The performance of this probe has been validated 
through real data acquisitions on representative test specimens. 
 Recently, optimized semi-flexible matrix array probes have been designed, and 
a new software feature has been developed, the DGS sizing diagram simulation tool. 
This work aims to support heavy forging manufacturers to comply with the existing 
codes based on the Equivalent Reflector Size (ERS) evaluation method. 
 This paper addresses the implementation and validation of this new solution for 
large mono-block rotor shaft forgings. Software simulations as well as experimental 
results will be presented, and compared to the results obtained in an earlier first 
phase of this project. 

Introduction – Challenges of Inspecting Large Forgings 

Generation III+ nuclear power plants, especially those with more than 1100 MWe, require 
considerably larger forged components than previous plant designs. The manufacturing of 
these components is actually a critical issue for the new nuclear power plant constructions, 
since only a handful of forges worldwide have adequate capabilities to handle this type of 
production, and their throughput is limited. 

The size of the forged components has become a challenge for non-destructive 
testing. In some cases, the volumetric inspection needs to be carried through up to 3000 
mm of material. The acceptance criteria for rotor and disk inspections during 
manufacturing are based upon the equivalent flat-bottom hole (FBH) size method 
(AVG/DGS). Reflectors equivalent with a FBH of less than 1 mm diameter must be 
detected by ultrasonic testing in order to assure the quality of the component. 

This is a very challenging performance requirement, and with increasing rotor shaft 
diameters, such small indications at the centre of rotor shaft could not be reliably detected 
with conventional UT probes. Due to the long sound path and the corresponding acoustic 
beam spread, the small indications cannot be discriminated from the grain noise. 
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In addition, the inspection of large mono-block forgings is very time-consuming. 
Some inspection specifications require the application of several angle beam techniques in 
addition to the straight beam technique. For example, the European VGB standard requires 
the use of angle beams at ±7°, ±14°, ±21° and ±28°. When using conventional UT on a 
mono-block rotor shaft with a diameter of 2800 mm, it would take approximately one 
month to complete scanning with all beam angles required by this specification. Obviously, 
this has a big influence on the manufacturing process, and may decrease productivity. 

1. Benefits of Semi-Flexible Matrix Array Probes  

For “standard” turbine rotors and disks, conventional UT probes (typically 2 MHz, 
Ø 24 mm) are used for straight-beam inspection. Due to the increasing path length, such 
standard probes do not comply with the code requirements anymore, because of a too low 
signal-to-noise ratio (SNR). This fact is mainly due to the relatively small active surface of 
the probe, which limits the acoustic energy transmitted in the inspected part and leads to a 
larger divergence of the acoustic beam. As can be seen on a typical DGS diagram provided 
by the probe manufacturer (see Fig. 1), the signal amplitude of a 1.5 mm diameter FBH at 
2000 mm is theoretically 65 dB lower than the back-wall echo, and the difference is even 
larger at 3000 mm. 
 

 
Fig. 1. DGS diagram of conventional UT probe 

 
An obvious way to improve the performances of UT inspection through long metal 

paths is to increase the active aperture of the UT probe. This will yield more acoustic 
energy on the reflector, as there will be less divergence of the UT beam and as more energy 
will be transmitted through the inspected specimen. This can be done using a larger 
conventional UT probe, but it is better addressed by the phased array (PA) technology. 

The capability to focus acoustic energy at various depths and to steer the acoustic 
beam are other advantages of PA technology. Indeed, being able to change the focal depth 
gives more flexibility in terms of specimen dimensions on which the probe can be used. 
This is a significant advantage, since turbine rotors usually have sections or stages of 
different sizes. A single phased array UT probe can be used for the whole rotor and the 
focal depth can be optimized for each section. As previously mentioned, applicable 
standards require inspection at different angles, to increase the probability of “perfect” 
specular reflection on a given defect, thus justifying the DGS method. A single phased 
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array UT probe can be used to generate these different angles, instead of several 
conventional probes mounted on wedges. 

Taking into account the information mentioned above, Zetec developed a new 
concept PA UT probe, consisting of 4 individual matrix arrays of 8 x 8 elements and 
aperture of 16 mm x 64 mm [1]. The 4 matrices are mechanically linked and are used as a 
single array (see Fig. 2). Due to the mechanical linking, the 2M8x8E16-64-QUAD probe 
assembly allows an adequate direct coupling on diameters of 250 mm and up, thus allowing 
for conducting efficient inspection of a complete rotor with multiple stages. It also provides 
the benefit to mechanically focus the acoustic energy towards the centre of curvature of the 
inspected specimens. 
 

         
 

Fig. 2. 2M8x8E16-64-QUAD Probe Assembly 
 

The total active aperture of the PA UT probe, 64 mm x 64 mm, was determined by 
considering conflicting requirements: the long sound path required for rotor inspection 
requires high energy and thus large aperture, whereas the need for steering capabilities 
requires small individual elements. The active surface of the QUAD probe is approximately 
9 times larger than the typical conventional UT probe used for this application. The -6 dB 
cross section of the acoustic beam at 2000 mm sound path was measured at roughly 60 mm 
for the QUAD probe, compared to 190 mm for the conventional UT probe. 

Even with this large active aperture, it was confirmed that the element size of the 
2M8x8E16-64-QUAD still allows for steering the acoustic beam from 0°LW to ±28° on 
specimens from 250 mm OD up to flat. 

2. Experimental Results 

2.1.Straight Beam Inspection Technique 

A preliminary validation test was performed on a specimen representative of a “standard-
design” turbine rotor containing a 1.6 mm diameter FBH at a sound path of approximately 
1800 mm. Fig. 3 compares the results obtained with the “standard” conventional UT probe 
and the 2M8x8E16-64-QUAD PA probe assembly, showing a considerable 15 dB 
improvement of the SNR in favour of the semi-flexible array probe. 
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Fig. 3. Ultrasonic response of semi-flexible array probe (left) and standard” UT probe (right),                        
on 1.6 mm diameter FBH in representative test specimen 

 
To show the capability of the QUAD probe to cover the complete sound path range 

for a rotor with a diameter of 2800 mm with sufficient SNR, 3 straight beams (focal laws), 
focusing at different depths, were generated. Typical UT responses, obtained with the 3 
focal laws at 0ºLW from the QUAD probe on 1.6 mm diameter FBH at depths from 5 mm 
to 2713 mm show excellent SNR (see Fig. 4) [2]. 
 

 
 

Fig. 4. A-Scan UT signals at 0°LW obtained from 1.6 mm diameter FBH at various depths with                
semi-flexible QUAD probe. 

 
Based on the SNR measured on the 1.6 mm diameter FBH reflectors, the minimum flaw 
size to generate a 6 dB SNR was calculated. Fig. 5 shows a comparison of this minimum 
detectable flaw size for conventional UT and phased array UT at various depths. The 
conclusion is that a 0.9 mm diameter FBH located between the near surface (starting at 
25 mm depth) and the centre of rotor shaft forging (depth 1400 mm) can be clearly 
detected. In addition, it is obvious that a 1.6 mm diameter FBH located between the centre 
of rotor shaft forging and back wall (depth 2800 mm) can be reliably detected. 
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Fig. 5. Minimum detectable flaw size (SNR > 6 dB) 
 

2.2. Angle Beam Inspection Techniques 

To conduct experimental verification of the detection capability of angle beam inspection 
techniques, refracted angles of 0°LW, 7°LW, 14°LW, 21°LW and 28°LW were generated 
using the QUAD probe, and were tested on 4.0 mm diameter side-drilled holes (SDH), at 
beam paths of 50 mm, 500 mm and 1000 mm. The table in Fig. 6Fig. 6 shows the complete 
results of this comparison: the maximum decrease in sensitivity is only 5 dB between the 
0°LW and the 28°LW beams. 

 
Fig. 6. Experimental comparison of sensitivity between straight beam and angle beams 

 
In order to assess the detectability of the target reflector for angle beam 

examination, the SNR for the angle beams on a 1.6 mm diameter FBH was calculated from 
the experimental results mentioned above. A correction factor was applied on the measured 
SNR, based on the theoretically calculated reflectivity difference between SDH 4.0 mm and 
FBH 1.6 mm (Ermolov’s equations), and the results of Fig. 6. It was confirmed that 1.6 mm 
diameter FBH at various depths between 50 mm and 1000 mm can be detected with a SNR 
or more than 20 dB, using angle beam examinations up to 28°LW [2]. 

3. Optimization of Probe Design 

As previously stated, one of the main challenges for obtaining adequate detection capability  
is to find the best compromise between increasing the active aperture (more acoustic 
energy) and reducing the primary element size in order to generate refracted angles up to 
45°LW. 

Refracted Angle Soundpath 50 mm Soundpath 500 mm Soundpath 1000 mm

0 deg 0.0 dB 0.0 dB 0.0 dB

7 deg -0.8 dB -0.3 dB -1.4 dB

14 deg -1.9 dB -1.8 dB -0.9 dB

21 deg -2.6 dB -3.3 dB -1.3 dB

28 deg -5.0 dB -3.0 dB -3.0 dB

Relative Sensitivity 
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In addition, these two conflicting requirements have to be considered in relation to 
the coupling adaptability on various rotor diameters, and to the electro-acoustic energy 
conversion efficiency, which is partially determined by the elementary active area. 

As a consequence, the optimization of the probe design consisted in determining the 
probe element size to obtain the best acoustic energy transmission capability into the 
inspected component, by taking into account the following critical points:  the maximum acceptable gap, along the circumferential axis, between the curved rotor 

surface and the probe  the required steering capability up to 45°LW in carbon steel with a maximum loss of 
6 dB compared to the 0°LW beam  the electro-acoustic sensitivity evaluation  the acoustic matching layer, to minimize the acoustic impedance mismatch between the 
piezo-composite and the rotor material 

From these considerations, two semi-flexible probe configurations were deduced, 
depending on the targeted sound path range. The first probe configuration, a QUAD-probe 
with a total of 128 elements in four separate 2D matrix arrays, is specifically suited for the 
largest sound paths up to 3000 mm. The second model, a TRI-probe with a total of 63 
elements in three separate 2D matrix arrays, is recommended for the intermediate rotor 
dimensions (up to 2000 mm). Fig. 7 illustrates both semi-flexible probe configurations, and 
the results of acoustic beam simulations on typical rotor diameters. 
 

 
 
Fig. 7. Optimized semi-flexible 2 MHz QUAD and TRI-probes allow beam steering up to more than 40°LW 

 
Fig. 8 shows the 3D concept that was developed for the TRI-probe, as well as the probe 
assembly that was actually manufactured. 
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Fig. 8. 3D rendering and actual image of optimized 2 MHz TRI-Probe Assembly 

4. Hardware and Software Innovations 

High-performance phased array UT systems are required to efficiently conduct this 
challenging inspection. The DYNARAY® product line is perfectly suited for driving the 
large semi-flexible array probes. These phased array systems can deliver an excitation pulse 
of up to 200V (loaded on 50Ω) to every individual element of the probe in order to assure 
maximum energy transmission. Their capability to record up to 256,000 points per A-Scan 
with an amplitude resolution of 16 bits at a rate of 30 MB/s allows to run efficient 
inspections through long sound paths. The DYNARAY Lite can drive the 63-element TRI-
probe proposed for sound paths up to 2000 mm, whereas a DYNARAY 128/128PR is 
required to drive the optimized 128-element QUAD probe, recommended for the largest 
rotors. 

The DYNARAY units are controlled by UltraVision®. This complete inspection 
package manages all phases of the inspection process, starting from probe design and 
validation, ultrasonic signal acquisition with real-time imaging of the signals, and finally  
online as well as offline data analysis, evaluation and reporting. Given the amount of data 
recorded when conducting an efficient inspection on large rotors and disks, the fact that the 
software can handle data files larger than 20 GBytes makes it a perfect fit for this type of 
work. 

UltraVision allows to design, perform acoustic beam simulations and control 
custom arrays with multiple pitches, like TRI and QUAD semi-flexible probes. The 
recently added DGS sizing diagram simulation tool allows to generate and store DGS 
curves for conventional UT probes, as well as rigid and semi-flexible phased array UT 
probes. As soon as the appropriate set of focal laws has been prepared, the user interface 
allows the operator to define the parameters of the DGS curve simulation: required FBH 
diameters, sound path range, and number of points along the sound path axis. The 
simulated set of DGS curves can be visualized in the Advanced Calculator (see Fig. 9). 

During calibration and inspection, the DGS curves for each focal law can be 
displayed on the corresponding A-Scan views (see Fig. 10). Also, a dedicated set of 
information fields can be visualized for a given ultrasonic indication, to quantify and 
evaluate the inspection results in accordance with the Equivalent Reflector Size (ERS) 
method. 
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Fig. 9. 2D and 3D-views of acoustic beam simulation results (left) and DGS curve simulation (right)              
for semi-flexible TRI probe on cylindrical component (Ø = 1000 mm) 

 
 

 
 

Fig. 10. A-Scan signal from Ø 6 mm FBH at 400 mm depth with DGS curves and ERS evaluation 

5. Considerations for Automated Scanning 

To investigate the potential reduction in inspection time offered by the use of phased array 
technology, a semi-flexible array probe was set-up in combination with a DYNARAY 
system and the UltraVision software, for the inspection of a rotor forging with a diameter of 
2800 mm [2]. 

Automated UT scanning requires appropriate setting of scanning resolution in axial 
and circumferential directions. Typically, 50% of the -6 dB beam diameter of the narrowest 
considered acoustic beam is used as the maximum allowed scanning resolution. After 
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experimental measurement of the beam spread of the applied beams, the scanning 
resolution was set at 3.75 mm in the axial direction and 3.5 mm in the circumferential 
direction. 

A total of 11 PA UT channels were considered in the exercise : 3 straight beam 
channels at various focal depths, and 8 angle beam channels (7°LW, 14°LW, 21°LW and 
28°LW, CW and CCW). It was observed that this setup can be ran at a scanning speed of 
50 mm/s using the DYNARAY phased array system, without loss of data, Although the 
scanning speed is only 50% of the speed of the typical conventional automated UT, the 
total inspection time can be reduced by up to 90%, because the number of scanning 
sequences is drastically reduced. 

6. Conclusions 

From the work presented in this paper, the following conclusions can be drawn: 
  Large semi-flexible PA UT probes provide superior performance for the inspection of 

large rotor forgings, compared to standard conventional UT probes and rigid PA UT 
probes: this is due to the higher acoustic energy transmitted in the specimen (active 
aperture), the better focusing, and the more efficient coupling  It was experimentally validated that a single PA UT probe can be set up to meet the 
detectability requirements of the applicable codes, for both straight beam examination 
and angle beam examination  Commercially available, high-performance phased array hardware, allows for efficient 
application of this improved inspection technique in industrial conditions, resulting in a 
drastic reduction of the total inspection time  A single software package allows for designing and controlling the semi-flexible PA 
UT probes, generating the DGS for all focal laws, then recording the ultrasonic data and 
finally analysing the inspection results according to code requirements. 
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