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ABSTRACT 
 
For the last 15 years, the inspection of reactor pressure vessel (RPV) head penetrations has been a hot 
topic in the nuclear industry. Ultrasonic testing methods are the most suited techniques for the 
volumetric inspection of these components. 

This paper will present a new non-destructive testing system that has been developed and 
implemented for the manufacturing and pre-service inspections of RPV lower head penetrations for 
boiling water reactor (BWR). The inspection technique is based on phased array UT technology. 

A dedicated scanning mechanism was developed for this application. It consists of a two-axis 
motorized shaft to conduct the inspection from the inside diameter. Dedicated phased array UT probes 
in transmit-receive configuration are used for the inspection of BWR reactor internal pump (RIP), 
control rod drive (CRD) and incore (ICM) penetrations. Both axial and circumferential indications 
can be detected and characterized. 

The data acquisition system is a DYNARAY® phased array system. The UltraVision® 3 
software is used to drive the phased array system and to analyze the examination data. 

The paper shall address the design of the phased array UT probes, which was done using the 
acoustic beam simulation tool of UltraVision 3, and the inspection technique. 

 
 

INTRODUCTION 
 
Some incidents in nuclear power plants have shown that reactor pressure vessel (RPV) head 
penetrations can be vulnerable. It is easy to imagine that the failure of these parts could have 
catastrophic effects. To assure the good health of the plants, the inspection of the RPV head 
penetrations has become critical. 

This paper will present a new non-destructive testing system for the manufacturing and pre-
service inspections of RPV bottom head penetrations for boiling water reactor (BWR). The inspection 
technique is based on phased array UT technology. 

The system consists of a dedicated scanning mechanism, a set of custom 2D TR phased array 
probe assemblies and a specific inspection procedure for the reactor internal pumps (RIP), control rod 
drive (CRD) and incore (ICM) penetrations. The data acquisition system is a DYNARAY® phased 
array system. The UltraVision® 3 software is used to drive the phased array system and to analyze the 
examination data. 
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INSPECTION CONFIGURATIONS 
 
The scope of this non-destructive testing system is the inspection of the reactor internal pump (RIP), 
control rod drive (CRD) and incore (ICM) penetration welds of BWR RPV bottom head. In all cases, 
the inspection is performed from the ID surface. 

Figure 1 shows the geometry of the RIP welds, which have an inside diameter of 241 mm, an 
outside diameter of 312 mm and thus a thickness of 35.5 mm. A total of 10 RIP welds are present in 
the BWR bottom head. The volume to be examined is the complete thickness of the material volume 
and heat affected zone (HAZ) for a distance of 12.7 mm (½”) beyond the extent of the butter 
interface. 

 

 

Figure 1 - RIP weld configuration 
 
Figure 2 shows the geometry of the CRD welds, which have an inside diameter of 142 mm, an 

outside diameter of 194 mm and thus a thickness of 26 mm. A total of 205 CRD welds are present in 
the BWR bottom head. The volume to be examined is the complete thickness of the material volume 
and heat affected zone (HAZ) for a distance of 12.7 mm (½”) beyond the extent of the weld cap. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Figure 2 - CRD weld configuration 
 
Figure 3 shows the geometry of the ICM welds, which have an inside diameter of 52 mm, an 

outside diameter of 101 mm and thus a thickness of 24.5 mm. A total of 62 ICM welds are present in 
the BWR bottom head. The volume to be examined is the complete thickness of the material volume 
and heat affected zone (HAZ) for a distance of 12.7 mm (½”) beyond the extent of the weld cap. 

 

 

Figure 3 - ICM weld configuration 
 



PHASED ARRAY PROBE DESIGN 
 
The proposed ultrasound inspection technique is based on Zetec’s PDI qualified procedure for the 
inspection of dissimilar metal welds using Transmit/Receive examination techniques [1]. For each 
type of penetration weld, multiple phased array assemblies are used to allow for both detection and 
sizing of circumferential and axial flaws (see Figure 4). These phased array probe assemblies consist 
of dual 2D matrix arrays, at a nominal frequency of 1.5 MHz, and placed on integrated rexolite 
wedges. The 2D matrix arrays allow for simultaneous variation of refracted angle and skew angle 
whereas the dual (T/R) arrays offer the following benefits: absence of near-surface “dead-zone”; 
elimination of “ghost echoes” caused by internal reflections in the wedge; a better sensitivity and SNR 
due to the convolution of T and R beams; and an improved inspection capability on various austenitic 
steel structures, especially for L-waves. 

 

 
Figure 4 - Phased array probe assemblies for ICM, CRD and RIP 

 
Multiple line sequences are used, with a small resolution in the scanning direction 

(circumferentially) and a large increment in the index direction (axially), in combination with phased 
array linear and sectorial scanning. 

For the detection of circumferential flaws, two dual array assemblies are used: one looking up 
and the other looking down. These search units allow for transmit/receive (T/R) side-by-side 
operation with both longitudinal and shear waves. The phased array assemblies are used to generate 
focal laws at different refracted angles (0°, 45°, 60° and 70°) with an adaptable primary aperture. This 
“aperture” is then “electronically scanned” in the axial direction to create a set of linear focal laws. 
The ultrasonic beams are oriented axially and a multiple-line inspection sequence is used to fully 
cover the examination volume. The axial positions of the different scan lines are determined as a 
function of the pipe thickness, the weld bevel and the access restrictions of the component. Prior to 
the fabrication of phased array probes and wedges, the probe assemblies design was theoretically 
validated using the acoustic beam simulation tool of the UltraVision 3 software (see Figure 5). 

 
 
 
 
 
 
 
 
 
 



 

 
Figure 5 - Acoustic beam simulation for the probe design of the circumferential flaw detection probe 

assembly of CRD penetration 
 
For the detection of axial flaws, two dual array assemblies are used: one looking clockwise and 

the other looking counter-clockwise. These search units allow for transmit/receive (T/R) side-by-side 
operation with longitudinal waves. Since the probe assembly shall be sitting on the weld when 
scanning for axial flaws, shear waves are not useful since they do not penetrate through a dissimilar 
metal weld. The wedge assemblies are designed to allow for the generation of acoustic beams with 
refracted angles between 45° and 85° (with adaptable increments), and skew angles from -20° to 20° 
(with typical increments of 2.5°). The ultrasonic beams are oriented essentially circumferentially and 
a multiple-line inspection sequence is used to fully cover the examination volume. The axial positions 
of the different scan lines are determined as a function of the pipe thickness, the weld bevel and the 
access restrictions of the component. Prior to the fabrication of phased array probes and wedges, the 
probe assemblies design was theoretically validated using the acoustic beam simulation tool of the 
UltraVision 3 software (see Figure 6). 

 

 
Figure 6 - Acoustic beam simulation for the probe design of the axial flaw detection probe assembly 

of CRD penetration 



SCANNING MECHANISM 
 
A dedicated scanning mechanism was developed for this application (see Figure 7). It consists of a 
two-axis motorized shaft to conduct the inspection from the ID surface.  The mechanism can be 
driven by the MCDU-02 or by the new ZMC2 TM motor controller.  The encoder positions are sent to 
the acquisition system in real-time.  For each type of penetration, a special docking station with a 
coupling device assures an easy installation of the scanning mechanism and a precise centering of the 
probe assemblies. 

 

 
Figure 7 - Scanning mechanism 

 



INSPECTION SPEED AND FILE SIZE 
 
To conduct this challenging inspection efficiently, a high-performance UT PA system is required. The 
DYNARAY® system (see Figure 8), in its 128/128PR configuration, allows driving two search units 
simultaneously. 

 

 

Figure 8 - DYNARAY high-performance phased array UT system 
 
The complete inspection of a specific penetration can be done in only three passes: one using 

LW and one using SW looking for circumferential flaws from both sides of the weld, and one using 
LW looking for axial flaws from both the clockwise and the counter clockwise direction. Moreover, 
the 20 MB/s data throughput and the support of data files up to 20 GB make it possible to rapidly and 
efficiently acquire the UT data of each pass in a single data file. 

The Table 1 shows the scan time needed to inspect each type of penetration.  In all cases, the 
total scanning time is less than 20 minutes. 

 
Table 1 - Inspection speed and file size 

 

 

Configuration Location Technique # Focal laws Max acq rate Max acq speed File size Scan time

(Hz) (mm/s) (Mb) (mm:ss)

CIRC TRL 315 6 12 533 06:45

CIRC TRS 180 11 22 398 03:00

AX TRL 204 10 20 678 08:00

Total 699 - - 1609 17:45

CIRC TRL 315 6 12 292 03:30

CIRC TRS 180 11 22 249 02:00

AX TRL 204 10 20 323 03:45

Total 699 - - 864 09:15

CIRC TRL 315 6 12 439 05:15

CIRC TRS 180 11 22 338 02:45

AX TRL 204 10 20 712 08:30

Total 699 - - 1489 16:30

Inner CIRC TRL 119 17 17 183 02:00

CIRC TRS 68 29 29 117 01:00

AX TRL 170 12 12 865 04:30

Total 357 - - 1165 07:30

Outer CIRC TRL 119 17 17 280 03:00

CIRC TRS 68 29 29 191 01:15

AX TRL 170 12 12 1505 08:00

Total 357 - - 1976 12:15

Inner

Outer

CRD

ICM

RIP All



The new UltraVision® 3 software, with advanced data acquisition and analysis functions, is 
required to drive the DYNARAY systems. UltraVision 3 includes all the features of the widely used 
UltraVision 1 software, but in addition it offers a 3D work environment for the creation of 
components, 3D ray-tracing, the generation of focal laws and the visualisation of examination data. 

 
 

PROJECT STATUS 
 
At the time of publication, the inspection system has been validated: the scanning mechanism is 
functional and the receipt inspection of the probes has been performed. Final performance validation 
and deployment of the system are scheduled in 2011. 

 
 

CONCLUSION 
 
From the work presented in this paper, the following conclusions can be drawn: 
 
1. The proposed phased array solution for the UT examination of BWR RPV bottom head 

penetrations offers excellent detection capabilities in combination with reduced inspection time. 
2. The three types of penetrations can be inspected using a single dedicated scanning mechanism. 
3. A high-end acquisition system, with a high number of available channels and a high data 

throughput, is required to allow for a time-effective inspection. 
4. The final performance validation of the inspection system will be performed in 2011. 
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