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ABSTRACT 

A new generation of nuclear power plants, such as Areva’s EPR and Westinghouse’s AP1000, is actually 

being deployed worldwide. These new designs require forged components, like turbine rotors and disks, 

having dimensions never seen before. Such heavy components present new challenges for non-destructive 

testing. 

Acceptance criteria for rotor and disk inspections during manufacturing are based upon the 

equivalent FBH size method (AVG / DGS), and the inspections need to be performed at different angles in 

order to increase the probability of “perfect” specular reflection on a given defect. Due to the increasing 

sound path length, standard conventional UT probes cannot longer provide sufficient signal to noise ratio 

to comply with code requirements. Thus, probes with large active aperture are required to adequately 

handle this application. On the other hand, coupling large probes on rotor OD surface becomes an issue. 

This paper will address the design of a dedicated semi-flexible phased array UT probe using 

acoustic beam simulations and the benchmark of this probe compared to standard conventional UT probes. 

Results of data acquisitions on a representative test specimen will be presented. 

Moreover, various aspects of the hardware and software specification will be addressed, 

highlighting the potential benefits of enhanced performance on the final inspection results. 

 

 

INTRODUCTION 

A new generation of nuclear power plants, such as Areva’s EPR and Westinghouse’s AP1000, is actually 

being deployed worldwide. These new designs require forged components, like turbine rotors and disks, 

having dimensions never seen before. Such heavy components present new challenges for non-destructive 

testing. 

This paper will address the design of a dedicated semi-flexible phased array UT probe using 

acoustic beam simulations and the benchmark of this probe compared to standard conventional UT probes. 

Results of data acquisitions on a representative test specimen will be presented. 

Moreover, various aspects of the hardware and software specification will be addressed, 

highlighting the potential benefits of enhanced performance on the final inspection results. 

 

 

CHALLENGES OF INSPECTING HEAVY FORGED COMPONENTS 

Generation III+ nuclear power plants, especially those with more than 1100 MWe, require forged 

components which are a lot larger than those of 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 [1]. 

The size of these components also becomes a challenge for non-destructive testing. In some cases, 

the volumetric inspection needs to be carried through up to 2,800 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). This method considers planar defects perpendicularly oriented on the beam 

direction. The reflected amplitude is in this case related to the size of the defect. Due to the increasing 

sound path length, standard conventional UT probes cannot longer provide sufficient signal-to-noise ratio 

to comply with code requirements. 
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ADVANTAGES OF PHASED ARRAY PROBES 

For “standard” turbine rotors and disks, B2S probes (GE-Krautkramer mono-crystal, 2 MHz, ϕ24 mm) are 

typically used for straight-beam inspection. Due to the increasing path length, standard probes such as B2S 

do not comply with the code requirements anymore because of a too low signal-to-noise ratio. This fact is 

mainly due to the relatively small active surface of the B2S 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 

the AVG/DGS diagram provided by the probe manufacturer and shown on Figure 1, at 2,000 mm, the 

signal amplitude of a 1.6 mm FBH is theoretically 65 dB lower than the backwall echo. 

 

 
Figure 1: AVG/DGS Diagram of B2S Probe 

 

An obvious way to improve the performances of UT inspection through long metal paths is thus 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 would be better addressed by the 

PA technology; the use of multiple pulse generators and multiple smaller elements leads to a better pulse 

energy transfer as compared to a single generator and a large active surface of a conventional probe. 

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 PA probe can be used for the whole rotor 

and the focal depth can be optimized for each section. Also, rotor inspection usually needs to be performed 

at different angles in order to increase the probability of “perfect” specular reflection on a given defect, 

justifying the DGS method. Typically, the following LW angles are used: 0°, ±7°, ±14°, ±21°, ±28°, ±35°. 

A single PA probe can be used to generate these different angles, whereas one should use several 

conventional probes mounted on wedges to achieve the same result. 

Finally, the use of PA technology has the benefit to self-filter the electronic noise that can be 

generated by the UT instrument. The PA signal is a summation of elementary signals; the electronic white 

noise which is polluting the elementary signals is then filtered out by the summation process. 

 

 

SEMI-FLEXIBLE PHASED ARRAY PROBE DESIGN 

Taking into account the information mentioned previously, Zetec has initially designed and manufactured 

a 2 MHz, 32 x 8 elements, 64 mm x 64 mm 2D matrix PA probe to tackle the inspection of large turbine 

rotors and disks [2)]. The active aperture has been determined by considering conflicting requirements: the 



 373 

long soundpaths addressed by this application require high energy and thus large aperture, whereas the 

need for steering capabilities requires small individual elements. Another parameter that has been 

considered is the maximum number of elements that can be simultaneously managed by commercially 

available PA hardware and software (256). 

The active surface of the 2M32x8E64-64 PA probe was approximately 9 times larger than the B2S 

conventional probe. For inspections on flat test specimens, this was a significant advantage as it provided 

very good results as direct coupling was possible. However, it was more difficult to adequately couple the 

large active aperture to cylindrical inspection specimens, especially on outer diameters smaller than 2,000 

mm. The use of a contoured delay line was then necessary to assure good coupling; unfortunately, this 

decreased significantly the signal quality close to the scanning surface, as it created standing waves 

leading to high ultrasonic noise. 

To address this limitation, Zetec has come up with an innovative new design which splits the same 

total active aperture into 4 individual matrices of 8 x 8 elements and aperture of 16 mm x 64 mm. The 4 

matrices are mechanically linked and are used as a single array (Figure 2). The 2M8x8E16-64-QUAD 

probe assembly allows an adequate coupling for diameters of 250 mm and up, so it will allow conducting 

an efficient inspection of a complete rotor with multiple stages. It also provides the benefit to 

mechanically focus the acoustic energy towards the center of curvature of the inspected specimens. 

 

Figure 2: 2M8x8E16-64-QUAD Probe Assembly on ϕ250mm Mock-Up 

 

Figure 3 and Figure 4 are respectively showing theoretical soundfield intensity and -6 dB beam 

dimension in relation to depth for an unfocused 0°LW beam in a flat specimen. The use of a large active 

aperture obviously leads to a significant increase of the soundfield intensity and decrease of the beam 

dimension compared to the B2S probe. 

Up to a depth of aproximately 1000 mm, the theoretical soundfield intensity of the 2M8x8E16-64-

QUAD probe is slightly lower than for the rigid 2M32x8E64-64 probe. This can be explained by the fact 

that, due to the inter-array distance (4.55 mm), the unfocused beam generated by the semi-flexible probe 

assembly takes longer to form. However, this side-effect of the division of the total active aperture into 

four individual arrays can be easily compensated by the use of focused beams for the region closer to the 

scanning surface. Beyond 1,500 mm, the intensity in both unfocused beams is very much alike. Moreover, 

in practice, the semi-flexible probe will not require a wedge, thus drastically increasing the resulting 

acoustic energy in the metal 

Figure 5 shows a cross section at a depth of 2,000 mm of the acoustic beam simulation of all three 

probes. Given the slightly larger effective aperture on the primary axis of the 2M8x8E16-64-QUAD due to 

inter-array spacing, its -6 dB beam dimension is a little smaller than for 2M32x8E64-64. 
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Figure 3: Soundfield Intensity Comparison in Relation to Depth 

 

 
Figure 4: -6 dB Beam Diameter Comparison in Relation to Depth 

 

 
Figure 5: Acoustic Beam Simulation Comparison at a Depth of 2,000 mm 

 

Even with this large active aperture, the element size of the 2M8x8E16-64-QUAD still allows for 

steering the acoustic beam from 0°LW to ±35° on specimens from 250-mm OD up to flat, as can be seen 

on Figure 6. For detection of indications at intermediate depths, a reduced aperture can be used. Finally, 

the design of the 2M8x8E16-64-QUAD probe assembly also provides the benefit of allowing the use of 

inter-array transmit-receive configurations for the detection of near surface indications. 
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Figure 6: Acoustic Beam Simulation Showing Beam Steering Capabilities from 0° to 35°LW 

 

 

HARDWARE & SOFTWARE INNOVATIONS 

To conduct this challenging inspection efficiently, a high-performance UT PA system is required. The 

DYNARAY
®
 system allows using up to 256 beam-forming channels simultaneously, allowing using 

efficiently large 2D matrix probes. This system 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. The 

capability to record up to 256,000 points per A-Scan with an amplitude resolution of 16 bits at a rate of 20 
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MB/s really allows the DYNARAY to run efficient inspections through long soundpaths. 

The DYNARAY is controlled by UltraVision
®
 3. This software suite manages ultrasonic signal 

acquisition, displays real-time imaging of these signals, and provides online as well as offline data analysis 

and reporting. UltraVision 3 offers many advanced features and tools that improve the efficiency of UT 

inspections. In particular, it allows the control of custom arrays such as the 2M8x8E16-64-QUAD probe 

assembly which has multiple pitches. Given the amount of data recorded when conducting an efficient 

inspection on large rotors and disks, the fact that UltraVision 3 can handle data files up to 20 GB makes it 

a perfect fit for this type of work. 

 

 

EXPERIMENTAL VALIDATION 

In order to validate the theory behind the PA probe design, a comparative test between the 2M8x8E16-64-

QUAD and B2S probes has been performed on a 2,000-mm long, ϕ250-mm rod of carbon steel (see 

Figure 7). A ϕ1.6-mm, 10-mm deep FBH was drilled from one of the flat surface of the rod, and a ϕ0.8-

mm, 10-mm deep FBH from the opposite side. 

 

   
Length: 2,000 mm Diameter: 250 mm FBH: ϕ1.6-mm, 10-mm deep 

Figure 7: Comparative Test Specimen 

 

For each probe, a static acquisition at 0°LW was conducted from each surface through 2,000 mm of 

material. Table 1 shows the essential variables of the ultrasonic setup and Figure 8 shows typical A-Scan 

data for each probe. Both probes were directly coupled to the specimen surface. 
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Parameters 2M8x8E16-64-QUAD B2S 

UT Instrument DYNARAY 256/256PR DYNARAY 256/256PR 

Voltage 200 V 200 V 

Filters Bandpass 1 MHz – 5 MHz Bandpass 1 MHz – 5 MHz 

Optimized Pulse Width 165 ns 250 ns 

Digitizing Frequency 100 MHz 100 MHz 

Compression None None 

Averaging None None 

Samples per A-Scan 69688 69688 

Amplitude Resolution 16 bits 12 bits 

Pulse Repetition Frequency 15 Hz 15 Hz 

Active Aperture 
4x (8 x 8) Elmts  

4x (16 mm x 64 mm) 
1 Elmt – ϕ24 mm 

Table 1: Essential Variables of Ultrasonic Setup 

 

  
2M8x8E16-64-QUAD B2S 

Figure 8: Typical A-Scan Data on the ϕ1.6-mm FBH of Test Specimen 

 

As can be seen on the A-scan data, for a similar response from the ϕ1.6-mm FBH, the acoustic 

noise level on the 2M8x8E16-64-QUAD PA probe assembly is a lot lower than on the B2S probe. This 

leads to a significant increase of the SNR; the semi-flexible matrix probe assembly yieds a SNR of 22 dB, 

while the conventional probe barely allows detection with a SNR of 8 dB. The 2M8x8E16-64-QUAD PA 

probe assembly is even capable of detecting the ϕ0.8-mm FBH with a SNR of 10 dB (see Figure 9), while 

it cannot be resolved from the noise with the B2S probe. This is in accordance with the simulation data 

presented previously and confirms the obvious assumption that a larger active aperture will lead to better 

performances due to the higher energy transmitted through the specimen and the smaller beam divergence. 

The self-averaging effect of the PA technology also explains the improvement of the SNR. Of course it 

would still be possible to use standard averaging to decrease the noise level of the conventional probe, but 

this would be at the expense of the acquisition rate. 

 



 378 

 
2M8x8E16-64-QUAD 

Figure 9: Typical A-Scan Data on the ϕ0.8-mm FBH of Test Specimen 

 

At the time of publication of this article, the semi-flexible matrix probe assembly has not yet been 

used on a specimen representative of a turbine rotor. However, data were acquired with the rigid 

2M32x8E64-64 probe with contoured delay line and the B2S probe on a calibration block representative 

of a “standard-design” turbine rotor in which a ϕ1.6-mm FBH has been drilled. The soundpath was limited 

to 1,800 mm and the material quality of this block was a lot better than the specimen used for the 

comparative tests. SNR of 24.8 dB for the 2M32x8E64-64 probe and 12.4 dB for the B2S probe were 

measured (see Figure 10). Since it can be directly coupled on the inspection specimen, the 2M8x8E16-64-

QUAD PA probe assembly is expected to provide even better acoustic performances. 

 

  
2M32x8E64-64 B2S 

Figure 10: Typical A-Scan Data on the ϕ1.6-mm FBH of Representative Calibration Block 

 

In the case of a “new-design” turbine rotor, the soundpath can go up to 2,800 mm. In such a case, a 

signal loss of 7 dB can be expected according to the AVG/DGS diagram of the B2S probe (Figure 1). 

Assuming it would increase proportionally to the beam dimension, we can also expect the acoustic noise 

level to increase by 8 dB. Considering the measurement made on the 1,800-mm representative block, the 

signal obtained through 2,800-mm would then be completely flooded in the noise and no detection would 

be possible. Under these conditions, the use of large active aperture becomes absolutely necessary. 

 

 



 379 

 

CONCLUSION 

From the work presented in this paper, the following conclusions can be drawn: 

1. The use of large-aperture matrix probes for the inspection of heavy forged components such as 

turbine rotors and disks provides enhanced performance compared to standard conventional UT 

probe, due to the higher acoustic energy transmitted through the specimen and a smaller beam size. 

2. The use of PA technology allows for steering of the acoustic beam in order to generate the angled 

beams required to meet the code requirements with a single probe. 

3. In order to efficiently deploy large PA probes on a rotor having multiple stages, a semi-flexible 

probe design is necessary to allow adequate coupling. 
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