
 
 

                           June 16 - 18, 2014 - Toronto, Ontario 
 

Advances in Technologies For Feeder Pipe Inspections  
 

 

Ray TEN GROTENHUIS, Yadav VERMA, Thomas HITCHCOX, Alex SAKUTA
 

 

Ontario Power Generation Inc. Inspection & Maintenance Division, NDE Projects Department 

 

Abstract 

The successful development of the Matrix Inspection Technique (MIT) for feeder weld area applications has 

been followed up with a project to leverage the technology to address other aspects of feeder inspection.  The 

goal of the project is to adapt the technology to provide full circumferential inspection of feeder pipes for FAC 

thinning and, potentially, for axial cracking.  The project necessitated evolving a new generation of high speed, 

high element count data acquisition instruments. It also required the development of custom inspection arrays, 

innovative approaches to sealing the water column, use of inertial motion sensors to synthesize encoder inputs, 

real-time visual feedback for the operator, and enhanced automated analysis software capable of plotting the 

inspected configuration in 3D.  The individual components of the system are currently being integrated into a 

whole.  The results obtained to date demonstrate the approach to be fundamentally sound.  The system, called 

MIT360, is scheduled to be commissioned for inspection campaigns commencing 2016. 
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1.  Introduction 
 

Over the course of several decades of service, the power utilities operating CANDU nuclear 

units have identified a range of degradation mechanisms affecting feeder piping of the 

Primary Heat Transport system.  The degradation mechanisms observed included: 

 

• Flow Accelerated Corrosion (FAC) in outlet feeders in the region adjacent the fuel 

channel. 

• Highly localized ‘blunt flaw’ thinning associated with weld root and bend transition 

areas in outlet feeders. 

• Axial cracking in both the ID cheek and OD extrados regions of feeder bends. 

• Circumferential cracking associated with repaired welds. 

• Feeder OD fretting due to impact with adjacent structure while in operation 

 

Identification of these mechanisms has prompted the development of a range of inspection 

systems and techniques.  The principal systems or methods are listed as follows: 

 

• 14 Probe METAR array, zero degree L-wave multiple backwall method using 

independent water columns for FAC thinning. 

• 6 Pac, zero degree L-wave multiple backwall method using a common water column 

for FAC thinning adjacent welds. 

• Manual contact multi-skip shear wave ‘guided wave’ detection technique combined 

with ASME based sizing techniques for axial bend cracking. 

• Manual contact shear wave techniques for weld crack detection. 
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Figure 1  A typical bank of feeder pipes at the periphery of the reactor face. 

 

It should be noted the above tools were intended as general survey techniques and have not 

fundamentally changed since they were first implemented.  The Inspection Specification 

however has been revised several times following the initial inspection results and as the 

understanding of the mechanisms evolved.  The ability of tools and techniques to achieve the 

requirements of the Inspection Specification (IS) is greatly influenced by both the skill of the 

operator and access to the feeder.  Given the updated IS and the inspection OPEX to date, 

opportunities to improve the various facets of the inspection system performance are readily 

apparent. 

 

2.  Feeder FAC Inspection 

 

Ontario Power Generation has initiated a project to improve the feeder FAC inspection 

system.  The project was originally dubbed ‘MuSiFI’ for Multiple Simultaneous Feeder 

Inspection.  However due to reductions in LCMP inspection scope subsequent analysis has 

determined the benefits of the multiple and simultaneous aspects of the system would not be 

realized and were not viable in terms of return on investment.   The goals of the project were 

to develop a system capable of full circumferential data acquisition for single pass inspections 

with the following objectives in mind: 

• Improved inspection productivity 

• Accuracy and precision meeting or exceeding that listed in the IS 

• Increased inspection area coverage 

• Ability to traverse welds (note – inspection through the weld is not required) 

• Ease of use 

• Compatibility with data from previous inspections 

• Reduced dose to operators 
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The development team at NDE Projects elected that rather than making incremental 

improvements to existing systems, a new approach would be taken.  The new approach 

incorporates several innovations in key areas that dictate system performance.  

 
2.1 MIT – Data Acquisition & Analysis 

Perhaps the most influential decision in terms of technology was to apply OPG’s MIT method 

over more traditional approaches such as normal beam or phased array methods. MIT was 

developed, first deployed in 2010 and subsequently patented to inspect the areas under and 

adjacent welds for localized FAC thinning.  The results of this development exceeded 

expectations in the ability to image through welds and provide true 3D inspection capability. 

 
Figure 2 Typical MIT results obtained for cross section through weld. 

 
Figure 3 3D MIT result for fitting to fitting 

weld. 

The MIT technique applies the Full Matrix Capture (FMC) acquisition method, see references 

[1] and [5] .  Under the FMC method each element in the array transmits and all receive, this 

process repeats for every element in the array thus creating an N by N matrix of A scans.  In 

contrast to phased array methods, there are no focal laws applied with FMC and as such this 

method acquires all possible UT phenomena.  The sole limitation to this data acquisition 

method is imposed by the geometry of the inspection piece hence many of the constraints 

needed to support traditional methods are eliminated. 

 

The FMC acquisition method is combined with OPG’s proprietary version of the Total Focus 

Method (TFM) algorithm to perform the analysis portion of the inspection task see reference 

[2]. The details of the general TFM algorithm is described in work by Holmes et al see 

reference [3].  OPG implements the TFM beam former in the following way.  First, a search 

grid is established in the region under the transducer.  The flight times from each element in 

the array to each point in the search grid are calculated.  The total flight time for combinations 

of transmit-receive pairs to a specific point determines the time index from which the signal 

value is retrieved from the respective A scans.  The individual signal contributions will 

constructively interfere where a valid reflector exists.  If no valid reflector exists, the signals 

destructively interfere resulting in a low-level background.  A Canny edge detector algorithm 

is applied to the resultant image generate the coordinates of the exterior surface.  

 

A second iteration of this method is used to image the interior volume with the added step of 

determining the correct flight times to the points of the search grid.  The appropriate path is 
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determined by evaluating all flight paths through the interface, applying the Fermat principle 

to identify the minimum flight time.  Once the interior surface is imaged, the Canny edge 

detector is applied to define the coordinates of the interior surface.  Outputs of the process are 

a series of images of the exterior and interior surfaces, edge detected coordinates (profiles) of 

both exterior and interior surfaces, the image of the interior volume and a true 3D plot of the 

object inspected. 

 
2.2 Instrumentation 

The system bandwidth becomes a fundamental determinant of inspection productivity due to 

the data intensive nature of the acquisition method.  The instrumentation selected for this 

project consists of 4 of the Peak NDT 128 channel Micropulse 5 FMC units operating in a 

linked mode as one fully parallel 512 channel system see Figure 4.  These instruments use a 

LVDS bus switch to communicate with a master link unit which in turn transfers data out to a 

10 GBit/s Ethernet network.  The systems are designed to maintain a sustained data transfer 

rate of 300 MB/s.  Initial estimates of data acquisition rate versus tool speed indicated a 

maximum rate of 37 mm/s under worst case conditions.   

 
Figure 4  Micropulse FMC - 512 channel system. 

 
2.3 Transducers 

Custom transducers specified for this application are 4 – 128 element curved arrays.  The 

transducers are arranged end to end, to encompass the feeder see Figure 5.  The operating 

frequency is 7.0 MHz with an element pitch of 0.53 mm for the 2½” tool (Figure 6) and 0.47 

mm for the 2” tool.  The transducers are designed for immersion mode with a nominal water 

column of 4.0 mm.  Tests conducted with the production prototype transducers have yielded 

favourable results in terms of signal quality, amplitude, and sensitivity.  Further work may be 

done with the transducer manufacturer to incorporate mechanical features in the transducer 

case that would facilitate integration with the manipulator structure. 
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Figure 5  Transducers assembled around feeder sample.   Figure 6  Production prototype transducer, single quadrant. 

2.4 Software 

The new system will be based on OPG’s Neovision
®
 acquisition and analysis software.  The 

software was originally written to support the 128 channel MIT-Weld Area system and 

required modification to address unique acquisition and analysis requirements of MIT-360.  

For acquisition the software was modified to accommodate 512 channels with multiple 

apertures defined by the user.  It is obvious for any given element there is essentially no 

possible interaction with elements located 180 degrees away.  Indeed the curvature of the 

feeder limits the element interaction to a relatively small aperture that is, in part, determined 

by the local ovality of the pipe.  Thus it is possible to support multiple apertures operating 

simultaneously, provided a sufficient gap is maintained to prevent aperture crosstalk.  This 

modification has been implemented in Neovision
®
 software and has been successfully tested 

on a 256 channel system. 

 
Figure 8  Scrolling apertures on feeder pipe. 

  

 
Figure 7  Aperture circumferential distribution. 

 

The Neovision
®
 code will be updated to accommodate the new encoder strategy.  Each FMC 

frame will include 3D position and orientation information.  This information will be passed 

to the analysis algorithm so that the frame results can be reconstructed into the true 

representation of the feeder geometry.   The final piece of acquisition code modification will 

require the software to execute in the vault rather than at the remote data acquisition PC.  The 

purpose of this software will be to control the acquisition apertures to ensure the correct 

distribution of coverage regardless of feeder geometry and tool orientation. 
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Neovision

®
 analysis code has been modified to accommodate reconstruction based on 

Cylindrical rather than Cartesian coordinates.  Results of this modification based on test data 

collected are found in Figure 9 and 10.  As mentioned above the reconstructed frames will 

also be plotted in their correct orientations to yield a 3D representation of the feeder 

inspected.  

 

 

 
Figure 9  Exterior and interior intensity map 90 degrees.           Figure 10  Interior and exterior surfaces with wall loss. 

 
2.5 Seals 

The water column seals are another area for innovation.  The seals must address several 

competing requirements.  A brief list of requirements is: 

• Maintain constant water column regardless of motion, orientation, or ovality. 

• Permit reasonable ease of tool motion when manipulated manually 

• Assist or maintain the tool normal to the feeder surface 

• Accommodate ovality of the feeder bend 

• Permit the tool to traverse weld caps 

 

Several seal concepts were proposed and evaluated with respect to the requirements.  The list 

was reduced to two concepts; a wiper seal with stabilizing piston arrangement and a rolling 

seal arrangement, see Figure 11 and 12.  Prototypes of these two concepts were developed and 

tested.  The tests demonstrated the validity of both concepts.  Further detailed design, 

prototyping and evaluation will be required to more clearly establish the performance 

characteristics of each approach. 
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Figure 11  Rolling seal - flex shaft concept                                     Figure 12  Section view of rolling seal on feeder. 

2.6 Encoder Strategy 

 

Inspection systems typically employ linear displacement encoders to trigger data acquisition 

while recoding transducer location see Figure 14.  This method works well on regular or 

linear geometries i.e., straight pipe or scans in the circumferential direction.  Use of linear 

encoders in feeder bends create distorted scans of the feeder from either, over sampling of the 

intrados or under sampling the extrados, depending upon the specific path traversed by the 

encoder through the bend geometry.  In order to avoid this problem, the orientation of the tool 

with respect to the bend geometry must be monitored at all times. 

 

The MIT acquisition method records large volumes of data and consequently the system is 

operated near maximum data transfer rates.  At times, there is the possibility the inspection 

tool speed may exceed the system’s maximum data acquisition rate.  Furthermore local 

motion of the tool must be appropriately monitored to distinguish true displacement to the 

next data acquisition point.  An example of this application is the differentiation of true 

motion from jockeying of the tool as operators adjust their grip, the break-away motion 

caused by stiction, or irregular motion when traversing welds.  

 

Given these requirements the design team decided upon a hybrid approach combining a linear 

encoder with a pair of Inertial Measurement Units (IMU).  IMUs are MEMS devices 

combining 3 axis accelerometers with 3 axis gyroscopes on small chipsets, see Figure 13.  In 

the MIT 360 application 2 IMUs are used to provide redundancy and minimize the effect of 

noise components on individual axis.  Suitable filtering of the linear and angular acceleration 

also serves to minimize noise that would otherwise integrate over time creating erroneous 

displacement.   Using the IMUs the instantaneous orientation of the tool in 3-space is reliably 

determined by monitoring the direction of the gravity vector see Figure 15.  The motion 

information derived from the IMUs is matched to that from the linear encoder in what is 

effectively a rigid body motion model.  When the two data streams correlate with each other, 

the motion is considered valid, when there is a discrepancy the likely source can be identified 

e.g. encoder slip or IMU noise for instance and, a dead reckoning model used. 
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   Figure 14 Quadrature encoder.            Figure 15 Orientation - displacement model. 

Figure 13 6 Axis IMU module. 

2.7 Process Integration 

Most readers will tend to associate the goal of improved inspection productivity directly as a 

function of scanning speed of the inspection tool.  Those familiar with the inspection process 

however will recognize that actual data collection portion of the task is a smaller part of the 

entire inspection cycle.  All tasks identified in Figure 16 should be considered and optimized 

where possible with respect to the interfaces with the data acquisition systems.  Examples of 

tasks where the efficiency can be substantially improved through better system integration 

include: 

• Calibration – automation of task as well as transfer of result into the feeder DMS 

• System set-up, restart and tool change-out – use of tool RFID tags for ‘plug and play’ 

operation, enable system restart in last known setting as opposed to generic channel 

defaults 

• Scan file logging - software interfaces from the system to DMS to eliminate repeat 

entry of channel, tool and user information. 

 
Figure 16  Process flowchart for feeder inspection. 
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2.8 Visual Feedback 

Tool and process status communication between the acquisition technician and the platform 

operator is a time consuming and error prone activity.  It is conducted verbally and requires 

the acquisition operator observe and interpret the condition of the tool from the UT signal 

displayed and then direct the platform operator to perform some corrective measures.  This 

tedious process can be improved by directly providing the platform operator with a visual 

colour coded indication of the tool and process status.  This can be achieved by using 

something as simple as miniature RGB LED light sets mounted on or adjacent to the tool.  

The control of these lights can be programmed to correspond to various aspects of the system.  

Examples of tool and process status along with corresponding light code are: 

• Tool closed and latched – white 

• Partial water column in tool – strobe blue 

• Full water column in tool, ready for acquisition – steady blue 

• Data acquisition in progress, data transfer rate good – steady green 

• Data acquisition in progress, data transfer at or near maximum speed – steady yellow 

• Data transfer rate exceeded, areas not scanned – strobe red 

• Backing up to acquire areas not scanned – alternating red – green 

 

Other responses to conditions may be programmed as identified by the users. 

 

3 Conclusions 
Several key innovations have been introduced into the design of the new generation of feeder 

inspection tooling.  Innovations span the areas of technique, instrumentation, software, seals, 

encoders process integration and visual feedback.   

 

4 References 
 
[1] ten Grotenhuis R, Hong A and Sakuta A, “Inspection of complex geometries using the full matrix 

capture (FMC) method”, ”, 9
th
 Int Conf on NDE in Relation to Structural Integrity for Nuclear and 

Pressurized Components, Seattle WA, USA, 2012. 

[2] ten Grotenhuis R and Hong A, “Imaging the weld volume via the total focus method”, 9
th
 Int Conf 

on NDE in Relation to Structural Integrity for Nuclear and Pressurized Components, Seattle WA, 

USA, 2012. 

[3] Holmes C, Drinkwater B and Wilcox P, “Post-processing of the full matrix of ultrasonic transmit-

receive array data for non-destructive evaluation”, NDT & E Int., 2005 38(8), 701-711. 

[4] Hunter A J, Drinkwater B W and Wilcox P D, “The wavenumber algorithm for full-matrix 

imaging using an ultrasonic array”, IEEE Trans. On Ultrasonics, Ferroelectrics and Frequency 

Control, 2008 55(11), 2450-2462.   

[5] Long R, Russell J, Cawley P and Habgood N, “Ultrasonic phased array inspection of flaws on 

weld fusion faces using full matrix capture”, 35
th
 Annual Review of Progress in Quantitative 

NDE, Chicago, USA, 2008. 

 

 


