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ABSTRACT

For the ultrasonic non destructive inspection of the vessel shell ring welds in the
Phénix reactor, the insert of the NDT instrument needs to drill the double-wall tank, to
install and weld nozzles. This last operation is realized by the way of an orbital welding
installation.
Considering severe environment restraints (irradiation, temperature, space, ...), the
welding control is made at distance (50m). To supervise this operation, the welder
requires an high quality image of the welding scene.
Five nozzles of about 400 mm diameter are distributed on a 12 m-diameter tank. The
junction between the nozzle and the tank present a shape of horse saddle and the
passes trajectories against the tank wall show a lateral deviation of several
millimetres. To take care of this deviation and of eventual geometrical defects, the
welder adjust the torch position during welding. For that he needs an adapted
information.
The "Laboratoire Moderne de Soudage"inside CEA/CEREM has designed, validated
and provided a new Computer-Assisted Welding system (Soudage Assisté par
Ordinateur- SAO) for real-time remote-controlled orbital welding. Video cameras and
a laser diode module were installed on the orbital installation for the watching of the
welding scene. An image processing unit of new generation gives the real-time
measurement of the distance between the torch and the wall tank. The control of the
torch position is particularly significant to guarantee the good welding pass sequence.
With this system, the position precision can reach 0.1 mm.
The new SAO system were delivered to Comex Nucléaire for training and preparation
of production weld test coupon, then for intervention on Phénix installation in August
1999. One day and half are necessary to realise the 30 passes weld of a nozzle. Two
teams of three welders intervened.
The remote-controlled welding system were appreciated by the welders and the
radiographie tests are true to the highest criterions of the RCC-MR code.
Although simplicity of the image processing application does not need the
implementation of the most advanced functions, the quickness achievement of a
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practical product and its facility of use reinforce CEA/CEREM in his new choice of
architecture for the new generation SAO systems.
The CEA/CEREM laboratory, Laboratoire Moderne de Soudage (LMS)*, pursues
applied research and development in the field of welding. It has a great many objectives
and its work concerns the key stages of design and manufacture by industrial firms.
The main aims of the research conducted in the laboratory consist in predicting the
modifications entailed by assembly, mastering the processes and interactions with parts
to be welded, and proposing ever increasingly productive and "intelligent" processes.
For this reason, LMS calls upon specialized skills and competencies in five major
disciplines: the study of welding and weldability, the development of real-time process
control systems (concept of computer-assisted welding), welding modelling and
simulation, welding metallurgy and instrumentation.

It is this multidisciplinary approach to welding that led Comex Nucleaire to involve LMS
in the development of a tool for the remote monitoring of the welding of nozzles on the
reactor vessel of the Phenix power plant.

A new generation of computer-aided welding systems

In the context of the development of computer-assisted welding, the LMS laboratory has
validated a number of monitoring and control scenarios for the TIG (tungsten inert gas)
arc welding process [1] [2] [3]. These scenarios are mainly based on the utilization of
video images obtained in the immediate vicinity of the electric arc. The measurements
conducted are aimed at determining relevant characteristic dimensions from the image.
These dimensions include, for example, the width of the weld pool, clearance values and
misalignment of the assembly, and the position of the joint and the molten pool. These
images are used by seeking characteristic contours of the elements in the welding
scene lit up directly by the arc or by using laser traces which provide information on the
relief of the scene by means of optical triangulation. To this end, the laboratory has been
developing new real-time vision based measuring systems for three years. Three
specific characteristics were sought for the purposes of this new generation:
performance, robustness and easy implementation.

The rapid technical progress achieved on this type of machine, built on the basis of a
PC, makes it much easier to obtain better processing performances. In addition, careful
choice of the algorithms used to determine contours and the development of methods
that are well adapted to obtaining the required information ensure that the necessary
speeds are achieved as well as greatly improving the reliability of measurements. These
systems are now acquiring, processing and displaying the images from two video
cameras simultaneously and at a frequency of 25 images per second. One directly
observes the molten pool (Figure 1) while the other observes the profile of the assembly
by means of the laser plane. For the user, the man-machine interface is simply a
console equipped with a few potentiometers and buttons allowing simplified and highly
intuitive parameterizing. Indeed, this can be performed extremely quickly: the operator
selects the approximate measuring area and enters the set point to be complied with.
All the information required by the operator is then instantaneously displayed in inset
mode on the monitoring screen.



Mode : Normal
AUTO

L.rnax : 125
L. av :

Seuil : 4
Contr.: 0

42 14

S.Acq :

XI :
Y1 :
Val :
DX :
DY :

30 0

66
270
10
23
0

Figure 1: Example of the application of image processing for TIG welding.
Measurement of weld pool dimensions by means of a dynamic
windowing technique (304 L type stainless steel)

While performance, robustness and simple utilization are good arguments to convince
industrial manufacturers, the speed with which the system can be adapted to meet a
given industrial requirement are an altogether different challenge. For the application of
this new generation welding system to inspections nozzles on the double-wall tank of the
Phenix power plant, a specific program for this, admittedly, elementary function was
developed in less than one month, thanks to the modular design of the basic software. A
total lead time of four months was required, mainly for the performance of mechanical
studies, the specific manufacture of sensors and operating tests in the laboratory.

The challenge of remote servicing work for the Phenix power plant

The Phenix power plant reactor consists of three vessels: the main vessel containing the
core and the sodium of the primary cooling system, the double-wall tank with a distance
of 100 mm between the two walls and the containment vessel which provides a space of
800 mm for the access of approved personnel. In the context of the surveillance of the
integrity of the reactor unit, a mission for the inspection of welds on the conical shell of
the main vessel was undertaken at the Phenix power plant. This inspection is conducted
using ultrasonic probes operating in the space between the first two tanks. In order to
insert the inspection apparatus, the double-wall tank must be drilled and five nozzles
must be fitted and welded around its circumference. This equipment is added in situ in
the space between the double-wall tank and the containment vessel (Figure 2). A
service platform was installed in this space.
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Figure 2: Diagram of nozzle on double-wall tank

All the equipment required for this mission is introduced through a manhole located 9
metres higher up. A section of the heat insulation is removed for each nozzle, in order to
provide access to the double wall which is at a temperature of 130°C. A hole with a
diameter of 12 mm is drilled. An internal inspection is performed using an endoscope.
The nozzle is fitted, attached and then welded by means of an orbital welding installation
using the TIG process. A 344 mm diameter cut is then made in the double wall. The
supporting device can then be inserted and the measuring campaign can be started.

The welding of a nozzle on the double-wall tank is performed in about 30 passes. The
joint geometry, the operating procedure and the installations required for this operation
are defined and implemented by teams from Comex Nucleaire. Owing to the severe
environmental constraints (dosimetry, ambient temperature and radiation from the wall,
confined space, etc.), it is essential to limit the time for which operators are present in
the space between the walls. It was therefore decided that this operation should be
remote controlled from a control station 50 metres away. The nozzles, with an outside
diameter of approximately 400 mm, are joined onto the double-wall tank which is
cylindrical in shape and has a diameter of 12 metres.
This junction is the shape of a horse saddle. The path of the passes in contact with the
tank wall show a deviation of several millimetres from a circular path. This deviation is
accentuated by defects in the tank's shape and deformations which appear during



welding. The torch is moved by an orbital carriage with a circular track that ensures feed
and is mounted in line with the nozzle. Movement of the torch in the radial direction or in
"height" B motor driven and is automatically controlled by an arc voltage regulating
device. Lateral movement of the torch is also motor driven. This movement is parallel to
the nozzle centreline and is directly controlled by the operator. This allows the operator
to control the relative positioning of passes and to correct path deviations. To do this,
the operator needs suitable data, and these are obtained from video images of the
welding scene.

The LMS laboratory therefore designed, built and tested the sensor system to be
integrated on the welding head set up by Comex Nucleaire. A very easy-to-use software
application was developed using the latest generation of image processing systems.
This application allows the distance between the tip of the electrode and the side of the
double-wall tank to be measured in real time and during welding. It then supplies this
data to the operator who corrects the path of the torch (as required by the manufacturer).
A fully automatic version of this function was tested on laboratory installations.

Description of sensor system

The sensor system implemented includes four units containing a total of three remote
CCD video camera heads and a laser light plane generating module (Figure 3). Two
units are located to the front of the torch. These ensure a degree of redundancy and
contain two camera heads which observe the electrode, the front of the molten pool and
the feed of the filler wire (Figure 4). Adjustments of exposure times which are made on
the control station are optimized for vision outside the arc in one case and vision during
welding in the other.
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Figure 4: Front view of the welding scene

The next unit is located behind the torch and projects a laser light plane perpendicular to
the feed direction. This plane is invariable with respect to movements in lateral
directions and height. It leaves a trace on the assembly and this is observed by the
camera head located in the last unit which, thus, gives an image of the back of the
molten pool and of the laser trace in the chamfer and in the bead (Figure 5). It provides
the operator with information on the relief of the weld bead.
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Figure 5: Rear view of the welding scene
The four units are attached to a support plate mounted on the welding torch. Like the
torch, they are moved by motor-driven means laterally and in height. This set-up
comprising four units is flexible and allows the progress of the welding tool to be
monitored. A retractable torch and a motor-driven system controlling the position of the



wire were installed for the welding installation finalizing phase. Their detailed and overall
dimensions were not known when the sensor system was designed.

The dimensions of the units, 35 x 35 x 130 mm3, match the overall size of the torch and
do not create any additional dimensional constraints. Indeed, the space in which the
torch moves is limited: 80 mm between the tank wall and the nozzle flange (Figure 6).
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Figure 6: Ovei
between the tank wall and the nozzle

md the sensor system

The cameras used are made up of a number of parts. The CCD sensor is housed in a
cylinder with a diameter of 17 mm which constitutes the remote head. This head is
completed by a lens assembly with a focal length of 24 mm and a suitable filter and is
then placed in the unit. A cable 50 m long links it to an electronic box located in the
control station. In fact, for easier installation on the operating site, the 50 m cable is
made up of two cords. The first, which is 1 metre long, is routed out of the camera unit
inside a stainless steel sheath providing it with mechanical protection. The second,
which is 49 metres long, is routed through the umbilical line for the welding machine
ancillary equipment. A camera init weighs 300 grams, and the 1 m cord with the
stainless steel sheath weighs 400 grams.

The class 3A laser module is in a single piece. The wavelength of 675 nm is visible. The
lens assembly fitted on it can be used to generate an especially homogenous flat laser
sheet. Two flashing indicator lights were added for the sake of operator safety: one is
located behind the unit and the other is on the console on the control station. These
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indicate the operating status. The module is switched on by means of a key switch and
its power can be reduced by a potentiometer.

The units are equipped with a cover which can be used to adjust the focus of the optical
assembly and make angular adjustments to the field of observation and the laser plane.
The units are very dose to the tank wall which is at a temperature of 130°C and their
front faces are located at only about 90 mm from the welding arc. Consequently, the
thermal constraints are high, especially as the operating temperature range of the
cameras and the lasers is limited to 50°C. To overcome these problems, a coolant is
circulated through the units to provide a heat shield and the inlet windows are equipped
with dichroic panes fitted on elastic seals. These stop infrared radiation and absorb the
thermal shock created when the arc is ignited. The cooling system supplies the four units
in series with glycol at a flow rate of 1.5 litre per minute of fluid at 20°C (Figure 7).
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Figure 7: Diagram of a camera unit

Thermal tests in laboratory

Temperature resistance tests were conducted before implementing the sensor system
on a mock-up representing the tank and the nozzle. All the units were placed in an oven
at 70°C, corresponding to the average temperature in the space between the tanks
(Figure 8): the internal temperature did not exceed 26°C.
With the units positioned around the torch in accordance with the configuration on the
site, a second temperature resistance test was conducted, consisting in heating a fixed
steel block 80 mm wide, 250 mm long and 40 mm thick by means of the welding torch
with an arc of 200 A and at 12 V. After maintaining this state for 60 minutes, the surface
temperature of the steel block reached 525°C. Behind the protective pane in the laser
unit, at the point that was nearest to the molten pool and the most exposed, the
temperature recorded did not exceed 40°C (Figure 9).
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Figure 8: Set of units on the temperature resistance test bench
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Figure 9: Variation in temperature of the steel block and in the units
Image processing application and man-machine interface

The operating procedure adopted for welding passes in contact with the double-wall
tank entails maintaining a constant distance between electrode and wall. This is done by
measuring the distance by means of the image on the camera observing the laser trace.
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The displacement of the laser trace in the image corresponds to the variation in the
electrode/wall distance, which is determined by processing the image on a computer.
The image acquired by the camera is digitized and displayed on the video screen
(Figure 10).
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Figure 10: Video screen of the electrode/wall distance measuring application

The operator simply defines the measuring window which is inset in the image. This
operation is carried out on a console by means of a few potentiometers which are used
to adjust the parameters (Figure 11).

Figure 11: View of control console

A first potentiometer ("height") is used to position the measuring window immediately
above the junction line between the bead and the wall.
With the electrode in contact with the wall, a second potentiometer ("wall") is used to set
the measurement zero value by matching up the zero index (yellow) with the laser trace.
The value of the deviation between the actual position of the line and this zero value is
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constantly displayed on the screen. A third potentiometer ("width") is used to set the
measuring range.

During welding, the operator makes sure that the line is positioned on the set point index
(green). The position of the set point is determined during the operating procedure
finalizing phase. The position of this set point index is controlled by means of a
potentiometer ("set point") in the same way as for the zero index. The value of the
deviation between the actual position of the set point is displayed on the screen in real
time. A minimum offset distance must be ensured for the electrode as, if it is too near
the wall, the arc regulating mechanism causes it to rise quickly along the tank. An alarm
index (red) is thus positioned experimentally using a fifth potentiometer ("limit"). When
the index is exceeded, a wide red warning strip is displayed.

During the welding of the nozzles, the electrode is periodically replaced. A zero setting
must be performed in order to correct the measuring deviations due to the electrode
positioning tolerances. The new electrode is placed in contact with the wall, using the
"front" camera which is optimized for observation outside the arc. The zero index is
readjusted by the operator, and the alarm index and the set point index are then
automatically updated. Once measurement programming has been performed, the
corresponding parameters can be recorded simply by pressing a push-button. The
parameters are automatically recalled when the machine is switched on, becoming
operational immediately.

The computer work cycle includes image acquisition, measurement of the position of the
laser trace, management of operator actions and display of the processing window and
the values of the parameters which are inset in the initial image. This cycle is performed
in less than 40 ms, i.e. at the speed of the video signal with 25 images per second. The
necessary parameterizing actions are carried out very smoothly. The programming
method, based on a learning process, the adjustment of potentiometers and interaction
on the screen, is quite natural for the operator. Only a short training course is required on
the utilization of the system: it takes less than half a day.

Functional tests on all the equipment supplied and the acceptance inspection were
carried out at CEA/CEREM in January 1999. The torch position precision obtained is
about one tenth of a millimetre.
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Implementation of equipment by the manufacturer

The system was delivered in Marseille in February, 1999, for integration in the welding
installation control rack (Figure 12).
The operating procedure was validated and the operators were qualified on the
premises of Comex Nucleaire.
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Figure 12: Views of the welding installation control racks

On the site of the Phenix power plant, tests on a representative mock-up were
conducted in June 1999 (Figure 13). The reference nozzle and the five nozzles on the
double-wall tank were manufactured in August 1999. It took a day and a half to complete
the 30 passes for a nozzle. Two teams of three welders performed the work in turns. The
remote-controlled operation was conducted satisfactorily and radiographic tests of the
welds satisfied the most demanding criteria of the RCC-MR code.

Figure 13: View of orbital tool in position



oooe
Conclusion

The system was accepted immediately by the operators owing to the quality of the
images obtained and the easy utilization of the software. With regard to the
instrumentation of the welding scene, the technical options adopted to ensure good
resistance to environmental constraints were fully validated: no malfunction and no
degradation of images was observed during the final, intensive campaign for the
welding of the nozzles on the double-wall tank.

Although the simplicity of this application did not require the implementation of extremely
sophisticated image processing functions, the speed with which a practical application
was achieved and its easy utilization back up CEA/CEREM in its new choice of
architecture for the design of new generation computer-assisted welding systems.
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