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A WELDING SYSTEM FOR SPENT FUEL CANISTER LID 
 
ABSTRACT 
 
The report presents a proposed welding system for spent fuel canister lids. The system 
is used for welding the copper lid to the copper overpack. The apparatus will be in-
stalled in the encapsulation plant. 
 
The report presents basic requirements for and implementation of the welding system, 
operation, service and maintenance of the equipment, as well as a cost estimate. Some 
aspects of the apparatus design are quite specified, but the actual detailed planning and 
final selection of components is not included. The report also describes actions for poss-
ible malfunction and fault conditions. 
 
Closing of the copper cylinder’s lid is carried out by electron beam welding, which must 
be performed in vacuum. The welding system for spent fuel canister lid consists of two 
welding chambers, a canister docking system, an EB-welding machine with its accesso-
ries, a vacuum apparatus, as well as necessary auxiliary equipment. The system’s 
equipment is housed in a welding room, an auxiliary system room, an operation control 
room, as well as mounted on the ceiling of a transfer corridor. One of the welding 
chambers is intended for carrying out test welding procedures and for calibration of 
welding parameters. The actual spent fuel canister lid welding chamber has a welding-
ready canister docked thereto in an airtight manner. The chamber is pumped for a va-
cuum, followed by closing the canister’s copper lid and carrying out the lid welding 
process. The lid is brought into the chamber prior to docking the canister by means of a 
canister transfer trolley lifting gear. Lifting of the canister and rotating it during a weld-
ing process are also handled by means of the transfer trolley. The lid welding chamber 
houses equipment for the alignment and installation of the lid, as well as heating means 
for the top side of a copper overpack for ensuring a sufficient installation clearance be-
tween the lid and the overpack. The equipment not needed in the immediate vicinity of 
welding chambers, is located in an adjacent auxiliary system room for facilitating main-
tenance and repair measures. The lid welding chamber has a low contamination risk but, 
during the presence of a canister in the welding chamber, the welding room must be 
kept restricted because of a high radiation level. The system is controlled from a fuel 
handling cell operation control room. 
 
Attached to this report is a separate research report, disclosing various heating calcula-
tions for the canister’s copper overpack. Calculations have been conducted with regard 
to the effects on the copper overpack from preheating necessary for installing the lid, as 
well as with regard to the heating of a canister’s shell during the actual encapsulation 
welding. 
 
The total cost estimate, without a value added tax, for manufacturing the apparatus 
amounted 1 551 000 euros, including 242 000 euros for designing costs and 151 000 
euros for installation costs. 
 
Keywords: Spent fuel encapsulation, disposal canister for spent nuclear fuel and elec-
tron beam welding. 



  

LOPPUSIJOITUSKAPSELIEN KANNEN HITSAUSJÄRJESTELMÄ  
 
TIIVISTELMÄ 
 
Raportti esittelee loppusijoituskapselien kannen hitsausjärjestelmän suunnitelman. Jär-
jestelmällä hitsataan loppusijoituskapselin kuparikansi kiinni kuparikapselin lieriöön 
niin, että sauman eheys vastaa kapselin vaipan eheyttä. Järjestelmä asennetaan kapse-
lointilaitoksen kapselin siirtokäytävän yläpuoliseen tilaan, polttoaineen käsittelykammi-
on ohjaushuoneen viereen.  
 
Raportissa esitellään hitsausjärjestelmän laitteiden perusvaatimukset ja suunniteltu to-
teutus, laitteiden toiminta, huolto ja kunnossapito, sekä kustannusarvio. Järjestelmä on 
suunniteltu joiltain osin varsin yksityiskohtaisesti, mutta varsinaista detaljisuunnittelua 
ja lopullisia komponenttivalintoja ei ole tehty. Raportissa kuvataan myös toimenpiteet 
mahdollisissa vikaantumis- ja virhetilanteissa. 
 
Kuparikapselin kannen sulkeminen tapahtuu elektronisuihkuhitsauksella, joka pitää suo-
rittaa tyhjiössä. Loppusijoituskapselien kannen hitsausjärjestelmä koostuu kahdesta hit-
sauskammiosta, kapselin telakointijärjestelmästä, elektronisuihkuhitsauskoneesta apu-
laitteineen, alipainelaitteistosta sekä tarvittavista apulaitteista. Järjestelmän laitteet on 
sijoitettu hitsaushuoneeseen, apulaitehuoneeseen, ohjaushuoneeseen, sekä siirtokäytä-
vän kattoon. Toinen hitsauskammio on tarkoitettu koehitsausten suorittamiseen ja hit-
sauslaitteen säätöjen kalibrointiin. Varsinaiseen loppusijoituskapselin kannen hitsaus-
kammioon telakoidaan hitsattava kapseli ilmatiiviisti. Kammioon pumpataan tyhjiö, 
jonka jälkeen suljetaan kapselin kuparikansi ja suoritetaan kannen hitsaus. Kansi tuo-
daan kammioon ennen kapselin telakointia kapselin siirtovaunun nostimen avulla. Kap-
selin nosto ja hitsauksenaikainen pyöritys hoidetaan myös siirtovaunun avulla. Kannen 
hitsauskammiossa ovat laitteet kannen keskitykselle ja asennukselle, sekä kuparikapse-
lin lieriön yläreunan lämmityslaitteet, joilla varmistetaan riittävä asennusvälys kannen ja 
lieriön välille. Laitteet, joiden ei tarvitse olla hitsauskammioiden välittömässä läheisyy-
dessä, ovat sijoitettu viereiseen apulaitehuoneeseen huollon ja korjaustoimenpiteiden 
yksinkertaistamiseksi. Kannen hitsauskammion kontaminaatioriski on pieni, mutta kap-
selin ollessa hitsauskammiossa pitää hitsaushuoneeseen pääsy estää korkean säteilyta-
son takia. Koehitsauskammiossa on säteilysuojaus, mutta se on mitoitettu ainoastaan 
hitsauskoneen tuottaman röntgensäteilytason mukaan. Järjestelmää ohjataan polttoai-
neen käsittelykammion ohjaushuoneesta käsin. 
 
Raportin liitteenä on erillinen tutkimusraportti, jossa on esitetty erilaisia loppusijoitus-
kapselin kuparivaipan lämpenemislaskelmia. Laskelmia on tehty kannen asentamista 
varten tarvittavan esilämmityksen vaikutuksista kuparilieriöön sekä kapselivaipan läm-
penemisestä itse sulkemishitsauksen aikana. 
 
Järjestelmän valmistuksen arvonlisäverottomaksi kokonaiskustannusarvioksi muodostui 
1 551 000 euroa, josta 242 000 euroa suunnittelukustannuksia ja 151 000 euroa asen-
nuskustannuksia. 
 
Avainsanat: Käytetyn polttoaineen kapselointi, loppusijoituskapseli ja elektronisuihku-
hitsaus. 
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FOREWORD 
 
The working report describing the lid welding system plan was prepared at Afore Oy to 
the order of Posiva Oy. 
 
Planning work was mostly carried out with Solidworks 3D software. Strength calcula-
tion was performed by using COSMOSXpress FEM program. 
 
Project manager at Afore Oy was Mikko Suikki. Involved in the project were also 
Tapani Wendelin and Antti Eeva. 
 
Subscriber and project supervisor at Posiva Oy was Petteri Vuorio. Special thanks also 
to Nils-Christian Wikström of Posiva Oy, Heikki Raiko of Technical Research Centre 
of Finland, and Tapani Kukkola of FNS. 
 
Attached to this report is a separate research report; Heating analyses for copper over-
pack of the disposal canister (in Finnish), made by Kari Ikonen of Technical Research 
Centre of Finland. 
 
Translation for the English version was performed by Paul Suominen. 
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1 INTRODUCTION 
 
With regard to the long term safety of a spent fuel canister, it is important to close the 
canister-covering copper overpack as reliably as possible. Electron beam welding 
(EBW) is generally used in the most demanding of industrial welding applications, such 
as turbine blades, engine components, and submarine pressure hulls. With this method, 
copper can be provided with a pore-free weld as thick as up to 80 mm, while structural 
changes in the material remain negligible. Consequently, it has been chosen as one of 
the explored options for implementing the closing of copper canister lids. Another op-
tion being studied and developed is friction stir welding (FSW). This report presents a 
welding system plan, in which the employed welding method is electron beam welding. 
 
Electron beam welding is performed in vacuum, i.e. it must be conducted in a vacuum 
chamber. In this case, there is no sense in making a chamber large enough to accommo-
date a copper canister in its entirety but, instead, a so-called docking technique is ap-
plied in which just a top section of the canister is brought inside the welding chamber. 
Spent fuel canisters come in three different lengths (Lo1-2, OL1-2 and OL3) (Raiko 
2005), but this is not an important factor in the equipment of a spent fuel canister lid 
welding system, because the canisters are equal in diameter. The canister transfer trolley 
hoists a canister always to the same height level as far as its top end is concerned, the lid 
installation and welding process being the same regardless of the canister type. 
 
Welding is carried out as one of the processes in an encapsulation plant (Kukkola, 
2006), as soon as possible after loading the canister with fuel. There are two individual 
welding chambers, because the welding chamber for a spent fuel canister lid would be a 
difficult place in terms of conducting calibrations and test welding processes required 
by the welding equipment. At the same time, the facilities of a lid welding chamber are 
not subjected to the unnecessary stress caused by these operations. The welding process 
generates spatters and copper fumes, fouling the chamber. This must be considered in 
designing internal components for the chambers. The same welding machine is used in 
both chambers. The EB-gun, which is the actual working tool of a welding machine, can 
be passed from one chamber to another by means of a special transfer gear. The EB-gun 
makes a sealing engagement with adapters present in the welding chambers’ hatch. The 
EB-gun must not be moved during a welding process, the welding processes being thus 
performed by moving a test specimen or by rotating a canister. 
 
The welding room is non accessible during the presence of a canister in the welding 
chamber as the chamber does not have a radiation shielding level sufficient for reducing 
the canister’s radiation level to what is acceptable for sustained working. This is not a 
problem because, in any event, the welding process is remote controlled by nature and 
therefore conducted out of the adjacent operation control room. On the other hand, dur-
ing calibration or test welding, it is possible to spend time near the chamber as the test 
welding chamber is dimensioned to provide a sufficient protection against X-radiation 
generated in welding. When dealing with a fault or accident situation, it is possible for a 
well-justified reason to approach the canister for performing some vital procedure. In 
this case, the dose of radiation contracted by person falls short of a tolerable annual do-
sage provided that working time in the proximity of a canister is not longer than in the 
order of 10…20 minutes. 
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2 BASIC REQUIREMENTS  
 
The basic requirements in planning the welding system were as follows: 
 
Welding 

 Welding chamber’s vacuum level 10-4 mbar and pumping time 10–20 min. 
 Welding system must have a maximum capacity of 100 canisters a year, in nor-

mal operation about 40 canisters a year. 
 Canister rotation speed in welding operation 0.03 rpm and in tack welding oper-

ation 0.06 rpm 
 Welding chamber’s internal elements must be capable of withstanding the ther-

mal radiation generated by welding process. 
 Maximum clearance between a copper lid and a canister must not be more than 

0.2 mm during welding. 
 Welding of a test specimen must be easy to perform. The test specimen has a 

weight of about 150 kg, thus requiring an appropriate lifting gear for its han-
dling. 

 Tuning of an electron beam welding machine requires also a so-called beam 
trap, as well as a beam measuring sensor. 

 In terms of space reservations, it must be kept in mind that the electron beam 
welding machine consists of an EB-gun, a high-voltage cable, a high-voltage 
transformer, a high-voltage control cabinet and a distribution board. 

 
Safety 

 Wall penetrations in the welding room must be radiation-proof. 
 Actuators should preferably be electromechanical for avoiding oil leaks typical 

of hydraulic systems. 
 All devices needed in normal operation must lend themselves to remote control 

conducted from the operation control room. 
 All actuators will have to be equipped with sensors in a way that their status is 

displayed in real time at the equipment control point. 
 A possible power failure must not lead to unmanageable events, i.e. the equip-

ment must come safely to a standstill in such a situation. 
 Nothing must be allowed to escape or spill from the system’s equipment onto a 

spent fuel canister or its lid. 
 Fire risk must be low and fire loads must be small. 
 All possibly conceivable problem situations must be anticipated by having relia-

ble disassembly and repair methods in place. 
 The system’s nuclear safety classification is 3 for the transfer trolley and the lid 

manipulator, otherwise not classified (EYT) (Nieminen, 2006). 
 Designing and manufacturing a welding chamber can be implemented by fol-

lowing the instruction YVL 4.2 Steel structures in a nuclear facility, the chamber 
not being a pressure vessel as stipulated either in SFS-EN 13445 or in the in-
struction YVL 3.1 Pressure vessels in a nuclear facility issued by Finnish Centre 
for Radiation and Nuclear Safety (STUK). 
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Maintenance 

 As far as possible, the location of actuators must be outside the welding room 
for easier maintenance. 

 Welding chambers’ internal parts must be designed and built in view of having 
welding spatters cleaned as easily as possible. 

 Need for maintenance and replacement of components must be minimized. 
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3 DESCRIPTION OF THE WELDING SYSTEM 
 
3.1 Location environment 
 
The location of a welding system apparatus is in an encapsulation plant (Kukkola, 
2006), directly above the canister transfer corridor. The apparatus is distributed among 
several different facilities, such that the actual welding room only accommodates weld-
ing chambers, along with necessary actuators therefor (Appendix 1, Fig. 1 and Fig. 3). 
Most of the technical components relevant to vacuum and welding are located in an 
auxiliary system room next to the welding room. Control and monitoring equipment is 
accommodated in a fuel handling cell operation control room, which is located between 
the welding room and the fuel handling cell. A canister docking ring is located at the 
ceiling of a canister transfer corridor (Fig. 2). 
 
The components of the equipment are located so that it provides an efficient use of 
space, as well as easier maintenance. Since the fuel handling cell operation control room 
is located next to the welding room and has been previously furnished with matching 
equipment for a fuel handling cell, it also makes a good location facility for a welding 
system control. The connecting corridor provides an easy passage from the operation 
control room to the welding room. The maintenance of equipment present in the aux-
iliary system room is possible, even in the case that the actual welding room has a po-
werfully radiating spent fuel canister docked therein. 
 

 
 
Figure 1. Cut-away view of an encapsulation plant. On the top from left to right: Aux-
iliary system room  (1), welding room (2) and welding chambers, as well as operation 
control room (3). At the bottom, a canister transfer corridor (4) with a canister transfer 
trolley visible therein. The figure shows a spent fuel canister lifted up into the welding 
chamber by means of a transfer trolley lifting gear.  
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Figure 2. Welding chamber in cross-section. Depicted at the bottom is a canister trans-
fer corridor and at the top right a fuel handling cell operation control room, in which 
the welding system control is also accommodated. The welding room, the docking ring, 
and the welding chambers are in the middle of the figure. A bridge crane (brown part) 
operates all over the room. 
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Figure 3. Components in the welding room, the auxiliary system room (top), and the 
operation control room (right) in an overhead view. A steel grating floor around the 
welding chambers is shown in grey. Vacuum pipes are under the grating.  
 
 
3.2 Welding room and auxiliary system room 
 
Since the welding chamber is not dimensioned to shield the radiation of a spent fuel ca-
nister, the walls of a welding room are 600 mm in thickness. All penetrations are also 
designed to be radiation-proof. The door to the room is protected by a wall, shielding a 
direct radiation towards the door. The door has a lateral dimension which enables bring-
ing test specimens, and if necessary even a copper lid, into the welding room. The door 
is fitted with an electric lock for closing it out of the operation control room and for 
preventing access to the room while a canister is docked to the lid welding chamber. 
The room houses a 3-ton bridge crane for handling heavy pieces. The crane can also be 
used for the opening of welding chamber hatches. 
 
Since the lifting height of a canister transfer trolley (Pietikäinen, 2003) is limited, the lid 
welding chamber must be installed at a height lower than the floor level. Therefore, the 
welding room has parts of its concrete floor at a lower height than other floors of this 
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level. The room has been constructed with a removable steel floor, with part of the 
chambers and equipment therebelow. This construction has also enabled eliminating the 
vacuum pipes from the walking level. 
 
The auxiliary system room houses vacuum pumps for the welding chambers, as well as 
transformers and control equipment for the electron beam welding machine. The aux-
iliary system room can be accessed by a direct passage from the operation control room, 
providing for easy maintenance, adjustment, and monitoring of the equipment. 
 
3.3 Welding chambers 
 
The welding system comprises two separate welding chambers, one of which is used for 
the actual welding of a copper lid (a lid welding chamber) and the other for test welding 
processes and for calibrating the welding machines welding parameters (a test welding 
chamber). The chambers are adjoined with each other in a common unit (Fig. 4). 
 
Both chambers are dimensioned in view of mechanically withstanding a vacuum. The 
chambers’ walls are made of 50 mm thick steel plates. The test welding chamber has its 
internal surface reinforced with an 8 mm layer of lead, providing an effective protection 
against welding-generated X-radiation. In addition, the chamber has its interior lined 
with removable steel lining, which are easier to clean of welding-vaporized copper and 
resulting welding spatters. The chambers’ hatches are hinged. The hatches are locked 
with quick-release latches or screws for ensuring tightness. By releasing the latches, the 
hatches can be lifted to an open condition with the help of a bridge crane. All compo-
nents to be installed inside the chamber must be selected in view of their ability to with-
stand both a canister-generated radiation load and a welding-generated thermal and X-
radiation. The components must also be provided with appropriate vent holes as the 
chambers are repeatedly pumped to a vacuum state and hence the air inside the compo-
nents may cause trouble for the welding operation. 
 
Since the same EB-gun is used in both chambers, it is provided with a customized trans-
fer gear capable of conveniently carrying out a transfer of the heavy-duty welding ma-
chine. The transfer gear has a robust body which is mounted on a side face of the cham-
bers by way of vertical and horizontal guides. The actions are executed by a combina-
tion of servomotors and ball screws for having accelerations and traveling speeds well 
under control. The vertical travel is about 50 mm and the horizontal travel is about 920 
mm. Traveling speeds and accelerations must be restricted as the gun must be handled 
with care. In addition, the EB-gun has its high-voltage cable supported both in the trans-
fer gear and in the wall penetration in view of making the cable bending and stresses on 
delicate connectors as insignificant as possible. The EB-gun makes a sealed engagement 
with adapters present in the welding chambers’ hatches by its own weight. The lid weld-
ing chamber’s adapter can be concealed with a separate covering hatch in order to avoid 
creating an unintentional draft between the transfer corridor and the welding room. For 
safety reasons, the EB-gun’s transfer gear is surrounded by a protective cover to avoid 
personal injuries. 
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Figure 4. Welding chambers. The figure shows a test welding chamber hatch opened. 
Visible in the test welding chamber are a cylindrical beam trap, a beam measuring sen-
sor on top of it, and a welding table for test specimens with a test specimen thereon. A 
welding process going on in the test welding chamber can be monitored through a lead 
glass window. An EB-gun, along with its vacuum pump and camera, is mounted on a 
transfer gear. In this figure EB-gun is engaged to the lid welding chamber adapter. 
 
 
3.3.1 Lid welding chamber 
 
The lid welding chamber for a spent fuel canister has internal dimensions of 2 m x 2 m 
x 0.65 m and a total internal volume of about 3 m3. The volume is influenced by the lo-
cation of a docking ring, as well as by the housing of a lid manipulator. The chamber is 
associated with several separate mechanisms. A canister docking mechanism (Fig. 5) 
constitutes a bottom part of the chamber. The chamber’s hatch is fitted with a copper lid 
installation apparatus (Fig. 6) which, together with heating units (Fig. 7), registers the 
lid concentrically with the copper overpack. 
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Figure 5. Docking ring in section view. Lip seals (1), a bearing (2), expanding seals 
(3), and a compressor (4) for the expanding seals, taking its power by way of a circular 
slip ring (5). The interior is free to rotate with the canister. 
 
 
The canister docking ring is set in a lower position in order to prevent the welding-
generated thermal stress from affecting components of the docking ring. The docking 
ring is mounted on bearings and provided with seals, by means of which the canister can 
be docked hermetically in position. The docking ring allows for rotating the canister by 
means of a canister transfer trolley, meaning that the actual welding machine can remain 
stationary during welding. The docking ring is secured firmly both to the welding 
chamber’s bottom part and to the transfer corridor’s ceiling. The ceiling attachment is 
provided with adjustments capable of compensating for building tolerances. The rotat-
ing part is bearing-mounted with a massive ball bearing on the body part in view of pro-
viding favorable operating conditions for lip seals fitted therebetween. The sealing is a 
triple radial shaft sealing, which is further enhanced with a booster pumping option. The 
installation ring for the seals, as well as the slip surface element, is removable for main-
tenance. At the top is a cover plate, protecting the sealing from falling debris. The actual 
docking and sealing of a canister is carried out with inflatable seals, which are pressu-
rized with air. Since the seals are present in the free-rotating part, the latter is also fitted 
with a compressor for producing the pressurizing air. The compressor has its power 
supply implemented by means of slip rings. In addition, the ring has its bottom part pro-
vided with limit switches for such a situation that there is too much misalignment in the 
position of a copper canister (transfer trolley) to be lifted to the docking station. 
 
The copper lid is not fitted in place until after vacuum pumping, such that residual air in 
the canister is precluded from ruining the welding. The installation is facilitated by pre-
heating, which is applied to the top edge of a copper overpack by a purpose-built heat-
ing apparatus. The lid manipulator is a three-jawed gripper capable of taking hold of the 
copper lid. The jaws are operated by a servomotor, which is linked to the jaws with a 
chain. The gripper jaws have been designed so that they may not open inadvertently but 
only with the help of an electric motor. In view of a possible motor failure, there is also 
provided a separate backup system, which will be described in paragraph 6.4. The ma-
nipulator is adapted for a vertical movement to enable the installation of a lid while the 
chamber is closed. The vertical movement for the device is achieved by means of an 
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electrically-driven screw jack. The vertical movement is implemented by having the 
manipulator yield upwards as necessary. This is beneficial both in the lid entering 
process and in the process of installing the lid as the installation force can be assessed as 
a function of the yielding distance. Consequently, the range of movement must be pro-
vided with sensors for supplying information to the operation control room. The lid ma-
nipulator is attached to the chamber’s hatch so as to enable its manipulation in lateral 
direction for allowing a lid alignment. 
 
The movement of heating units is implemented by means of linear drives in such a way 
that each unit has its own motor. The motor has its action stopped precisely by means of 
a non-contacting range sensor (e.g. a laser sensor, precision in the order of micrometers 
at a measuring range of 150 mm), such that the shafts fixed to the heating units shall 
align the lid manipulator concentrically with the canister cylinder. The heating itself is 
achieved by a plurality of separate heating elements, settling firmly against the canis-
ter’s external surface. Each heating unit features four elements, which are attached to 
the unit by steel springs. The springs enable both a surface-conforming orientation and a 
movement caused by thermal expansion. The elements have a heating effect of 15 kW 
in total, i.e. the effect of an individual element is 600 W. 
 
 

 
 

Figure 6. The lid installation and alignment apparatus in a section along the center 
axis of a lid welding chamber. The figure shows a lifting motor (1), an actuator (2) for 
grippers, a chain transmission (3), and a gripper jaw (4). The arrow (5) indicates an 
alignment ring and one of six alignment shafts, which are used for aligning the lid ma-
nipulator concentrically with the copper overpack. A copper lid (6) is held by the grip-
per jaws. 
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Figure 7. The canister heating apparatus in a view directly from above. The chambers 
are shown in section underneath a spatter shield plate. The figure shows a lid welding 
chamber (2), a canister (3), a body (4) of the heating and alignment unit, a heating ele-
ment (5), an elastic clamp (6) for the heating element, as well as a motor (7) for the 
heating unit. A test welding specimen (8) and a beam trap (9) are shown in a test weld-
ing chamber (1). 
 
 
3.3.2 Test welding chamber 
 
A manipulator is housed in the test welding chamber (2 m x 0.7 m x 0.95 m, about 1 m3, 
see Fig.4 and Fig. 7). This manipulator can be used for maneuvering both a test welding 
specimen and necessary accessories.  The test welding chamber is a separate space for a 
simpler execution of calibration and test welding operations required by the process and 
in order to not burden the equipment of the lid welding chamber with a stress resulting 
from these actions. The test welding chamber houses a two-axis manipulator, which has 
a test specimen welding jig, a beam trap and a beam measuring sensor mounted on it. 
The manipulator has a longitudinal travel of 900 mm and a lateral travel of 50 mm. In 
addition, the beam measuring sensor can be displaced in vertical direction by about ±40 
mm. The test welding chamber features also a monitoring window for observing the 
progress of a test specimen welding process. The monitoring window is made of radia-
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tion-shielded glass (lead glass), because electronic beam welding produces X-radiation. 
The chamber also houses a camera for tracking the process out of the operation control 
room. The window and the camera are protected against fouling with a readily replacea-
ble visor as the welding process produces spatters and copper fumes which soil the 
chamber. These impurities must be regularly removed from the apparatus. 
 
3.4 Electron beam welding machine 
 
The electron beam welding machine (EBW) consists of power supply equipment and an 
electron beam gun (other applied terms include: an electron beam welding gun, an elec-
tron beam welding generator and an EB-gun), a water cooling system and vacuum 
equipment. As the voltages and ratings (150 kV and 50 kW) used in electron beam 
welding are high, the power supply equipment is also quite specialized. The latter con-
sists of control electronics, a high-voltage transformer, as well as conventional distribu-
tion and fuse cabinets. Most of the high-voltage control electronics is assembled in a 
single cabinet (600 x 850 x 1870 mm, 450 kg). The high-voltage transformer is a hori-
zontally placed tank (780 x 1700 x 1330 mm, 1350 kg) with a high-voltage cable ex-
tending from its top to the EB-gun. The cable is about 50 mm in thickness and quite in-
flexible. Unnecessary flexing and manipulation of the cable should be avoided as it ex-
erts stress on cable clamps. 
 
The EB-gun (Fig. 8) is a massive tubular piece of equipment (ø370 x 1000 mm) about 
500 kg in weight, by which the actual welding beam is produced. The gun accelerates 
electrons even up to 2/3 of the speed of light, resulting in an extremely high energy con-
tent therein. Inside the gun there are magnetic lenses needed for the formation of a 
beam, which enable controlling the beam both in terms of its focus and its direction. 
The beam allows for a maximum deflection of about 6 degrees and this characteristic is 
used both for positioning and for controlling the welding keyhole. During its operation, 
the apparatus produces X-radiation, which is why it is internally lined with a layer of 
lead capable of shielding the escape of radiation. The apparatus is provided with a cam-
era for monitoring the progress of welding and the beam focusing. For its proper opera-
tion, the apparatus requires a water cooling system. 
 
The gun is also provided with its specific vacuum pumps as a high vacuum is required 
inside the gun. Alongside the apparatus is attached a turbomolecular pump capable of 
achieving a sufficiently low pressure level. For assistance, the turbomolecular pump re-
quires a backing pump which can be accommodated in the auxiliary system room, along 
with other vacuum equipment. Both the welding cable and the yielding vacuum pipe are 
appropriately supported for enabling a transfer of the machine from chamber to cham-
ber. The penetrations extending through the wall will be located and shaped in such a 
way that there is no possibility of a radiation leak through the wall. 
 
There is also a control system, which is used to control and monitor the welding ma-
chine’s processes. In this system it is possible to connect external sensors, so it can 
monitor not only the welding machine, but also the vacuum level, canister rotating 
speed and other vital information concerning the welding process. 
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Figure 8. An electron beam welding gun, i.e. an EB-gun. A black high-voltage cable at 
the top and a high-vacuum pump on the left. The picture is from the brochure of Stei-
gerwald Strahltechnik. 
 
 
3.5 Vacuum equipment for the welding system 
 
The vacuum system consists of a vacuum piping, valves, measuring devices, regulation 
and control systems, as well as vacuum pumps needed in the vacuum system. The va-
cuum piping comprises a pipe system manufactured in stainless steel, having a diameter 
of DN 200 mm. The pipes extending from the chambers connect with a three-way valve 
that can be used to select either one of the chambers for pumping. The piping is pro-
vided with detachable flanges for enabling the disengagement of piping-related compo-
nents for maintenance and cleaning. The piping also includes a vacuum relief valve, by 
means of which the welding chamber vacuum can be discharged in a controlled manner 
after evacuation. It pays to implement the piping by using such components which by 
nature discourage the accumulation of impurities inside the piping. 
 
Because of the lid welding chamber’s relatively large internal volume and extremely 
low pressure level, there are several options in the selection of pumps. One option is to 
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employ the same pump assembly as in the fuel handling cell’s fuel drying system (Alca-
tel RSV 601 B + 2063) and to duplicate that for achieving a sufficiently quick pumping 
time. An arrangement such as this would simplify the maintenance of an entire encapsu-
lation plant. Being dimensioned for the volume of a lid welding chamber, the pump as-
sembly very quickly reaches the welding pressure in a test welding chamber. The esti-
mated theoretical pumping time for a lid welding chamber without a high-vacuum pump 
is 30 minutes and for a test welding chamber 10 minutes. The above-mentioned assem-
bly comprises a Root’s pump, as well as a vane pump. The pumps are pre-assembled on 
a rack, which makes the maintenance and, if necessary, transportation easier. The di-
mensions of a single unit are 1250 x 365 x 980 (length x width x height). Because of the 
low pressure level it is also necessary to employ a high-vacuum pump, which further 
reduces pumping times from those set forth above. If necessary, the pumps can also be 
provided with intake air filters. The clogging degree of a possible particle filter can be 
monitored with a differential pressure sensor.  
 
The vacuum pumps’ discharge air must be conveyed into the discharge ventilation duct 
of an encapsulation plant controlled area because of the fact, although the contamination 
risk from the actual fuel is highly unlikely, the welding process in itself generates 
fumes. In addition, the running of vacuum pumps produces oil mist, the amount of 
which can nevertheless be reduced by means of oil mist filters. The mist formation can 
be eliminated completely by using so-called dry pumps, but the costs of these pumps are 
slightly higher and the operating reliability may be slightly poorer.  
 
Near the pumps are also pressure sensors for measuring the level of vacuum. The sys-
tem includes both capacitive (1000 – 0.1 mbar), Pirani (1000- 10-3 mbar), and Penning 
(10-2 – 10-9 mbar) sensors. The sensors are of a transmitter type, in which case the dis-
play equipment can be located in the operation control room. 
 
The vacuum assembly further includes a minor vacuum pump for ensuring a reliable 
function of the docking ring seal. The EB-gun is also provided with its own vacuum 
system, including a high-vacuum pump alongside the gun and a backing pump with its 
piping and regulation system. 
 
3.6 Welding process control system 
 
The welding process is controlled from an operation control room, in which all essential 
control and display instruments are concentrated. The actuator controls are electrical 
and, if necessary, certain aspects of the process can also be automated by means of a 
programmable logic. A radiation-proof window can be mounted between the operation 
control room and the welding room, but in practice the process is totally run with the 
assistance of cameras and measuring devices. In terms of test welding procedures, cer-
tain actions can be effected directly from the welding room, so a simpler control termin-
al can be used for the welding machine and the test welding manipulator. 
 
The manipulators in welding chambers are servo-controlled, whereby the position the-
reof can be tracked by means of absolute angle sensors. Further assistance for the oper-
ating staff is provided by a sufficient number of thermometers for monitoring the tem-
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perature of a chamber and various parts of the equipment, by pressure sensor displays, 
as well as by necessary remote-controlled control valves. 
 
The control is assisted by a comprehensive camera system (see Fig. 9), enabling a real-
time observation of the system operation. Cameras are mounted on the transfer trolley to 
monitor how the docking process and the hoisting of a lid are managed. The lid welding 
chamber includes a camera which observes the ascent of a lid from above. The chamber 
contains also a horizontally pointed camera, enabling the surveillance of both the eleva-
tion of a canister and the installation of a lid. The EB-gun has its own camera which is 
pointed through the gun directly at the weld. The test welding chamber is provided with 
its own surveillance camera and it is further possible to set up a camera which is used 
for monitoring the position of the lid manipulator’s grippers, in case these are not cov-
ered by the above-mentioned cameras. The room must also include a camera providing 
an overall view for absolutely ensuring personal safety. 
 
 

 
 
Figure 9. Camera positions. A test chamber camera (1), a camera (2) looking through 
the EB-gun, a camera (3) pointed down through the docking ring, as well as a camera 
(4) pointed sideways. The cameras present inside the chambers can be stationary, but 
cameras (5 and 6), mounted on the transfer trolley, contain zoom optics and a motor-
driven stand. The latter cameras can be utilized also in other operations of an encapsu-
lation plant. 
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4 WORKING OPERATIONS IN WELDING 
 
The welding process consists of two main operations, which are a welding machine test-
ing operation and an actual lid welding operation. Because the successful execution of 
welding is the most critical operation in an encapsulation process, at least its initial 
stage comprises maintenance, tuning and test welding of the welding machine prior to 
each actual welding session. 
 
From the viewpoint of a welding process, it does not matter which fuel is contained in 
the presently welded canister, since all canisters have the same diameter. The only dif-
ference is the lifting performed by the transfer trolley, by which the canisters are hoisted 
into the welding chamber to set the top ends thereof at equal level. Also a change in the 
canister’s mass (inertia) may have to be considered in the running setups of a rotating 
motor.  
 
4.1 Welding machine preparations and test welding procedures 
 
The heating conductor of an EB-gun, i.e. the filament, with only a limited service life, 
will be replaced as necessary. The filament must be subjected to so-called aging, which 
is why the test welding chamber’s manipulator is fitted with a special beam trap. It is a 
massive water-cooled block made of copper, on which the welding machine’s beam can 
be focused. When sufficient aging has been completed, the beam can be calibrated by 
means of a measuring instrument mounted above the beam trap. 
 
After confirming that the apparatus is in good condition, a test welding is performed. To 
enable opening of the test welding chamber, the EB-gun is moved onto the top of the lid 
welding chamber. For this transfer, the EB-gun is attached to a special manipulator, 
which is provided with necessary vertical and horizontal movements. When the EB-gun 
is present on top of the lid welding chamber, the quick-release latches of the test weld-
ing chamber can be unlocked and the chamber hatch can be lifted open by means of a 
bridge crane. Upon rising up, the hatch locks itself automatically in an open position by 
means of a locking mechanism alongside the chamber. Preparations have been made for 
test welding by making pieces of 500 mm in length from 50 mm copper plate. Under the 
pieces is placed a root support of the same thickness. Because of the weight of the piec-
es, it is advisable to perform all lifts by means of the crane. The test welding manipula-
tor is provided with a jig for easy positioning of the pieces. The joint spacing is adjusted 
to its default value. After the test welding piece has been properly secured to the mani-
pulator, the test welding chamber’s hatch is closed using the crane. The hatch must have 
its clamping latch in a released condition during the initial stages of a descent. When the 
hatch is firmly shut, the quick-release latches are secured for ensuring the hatch tight-
ness. The EB-gun manipulator is operated for bringing the EB-gun into the engagement 
with an adapter included in the test welding chamber’s hatch. The chamber is pumped 
for a required vacuum, followed by conducting the beam focusing by means of the EB-
gun’s camera. The test welding is performed and, if necessary, can be observed through 
the test welding chamber’s window. The EB-gun is repositioned on top of the lid weld-
ing chamber, following by unclamping the quick-release latches and opening the test 
welding chamber’s hatch. The welded test specimen is first inspected as far as possible 
by using the same non-destructive examination equipment (ultrasound, eddy current and 
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X-ray examination) as those used for the actual canister, and finally by means of a de-
structive method for an ultimate confirmation of the weld quality. At the same time, the 
performance of non-destructive inspection equipment becomes tested as well. If every-
thing is OK, the test welding chamber can be closed and the canister welding process 
started. 
 
4.2 Welding of the lid 
 
Because moving the EB-gun during a welding process is not advised by the equipment 
manufacturer, the welding will be performed by rotating the canister. For the duration of 
the welding process, the EB-gun is fixed to an adapter included in the lid welding 
chamber’s hatch. The process is aided by using a transfer trolley, by means of which the 
canister can be hoisted to a correct height level and rotated in a controlled fashion. 
Thus, the maneuvering of actuators for the transfer trolley must be made feasible also 
through the welding machine control point. 
 
Contrary to prior designs, the copper lid is not installed on top of the canister imme-
diately after loading with a fuel. The reason for this is a rather tight installation fit be-
tween the lid and the canister, resulting in the following problems. First of all, the instal-
lation of a lid could be relatively difficult and could require precise and powerful acces-
sories to ensure a proper placement. A more important reason is a vacuum level needed 
in welding, the attainment of which is problematic in the event that the lid in its fixed 
position should preclude an efficient evacuation of the volume between steel and copper 
canisters. In terms of the welding result, it would be disastrous if the pressure in an in-
ternal space underneath the welding joint was to remain at an excessively high level, as 
in this case it might lead to gas bubbles penetrating into the molten weld pool or even 
blowing through a so-called key hole developed in welding. In view of the above, the 
equipment and structures of an encapsulation plant will be subjected to the following 
changes: The lid installation apparatus will be transferred into the welding chamber , the 
lifting distance for the transfer trolley’s lid crane will be longer, and because the fuel-
loaded canister’s travels along a path underneath the fuel handling cell operation control 
room this time without a radiation-absorbing copper lid, the operation control room 
must have its floor thickness increased accordingly. 
 
4.2.1 Delivery of the lid 
 
The canister transfer trolley is provided with a lifting gear, upon which a copper lid is 
placed and centered while the spent fuel canister itself is positioned on a turntable and 
elevator of the apparatus. After a fuel loading process carried out in the fuel handling 
cell and subsequently conducted contamination tests, the transfer trolley is driven to a 
position below the welding chamber. The transfer trolley is positioned so as to place the 
lid lifting gear directly below the lid welding chamber. The lifting gear is operated to 
hoist the lid straight up towards the lowered-down grippers of a manipulator attached to 
the welding chamber’s hatch. The grippers are designed to allow an upward yielding 
with the result that there is no structural stress despite an impact of the lid against the 
grippers’ bottom surface. The yielding distance is measured, so the contact is detectable 
from the operation control room. In addition, the lifting distance can be mechanically 
limited to an approximately correct length, but the grippers’ yielding mechanism affords 
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some necessary installation tolerance. Moreover, the process is naturally monitored by 
means of the cameras. The gripper jaws are turned into a slot in the lid and the lid lifting 
gear can be lowered down. If, for some reason, the gripper jaws were precluded from 
entering the slot, it would be detectable from what is displayed by a position sensor 
linked to the drive motor of said jaws. Thus, the lid is left suspended from the gripper at 
the lid welding chamber’s ceiling in wait for the canister. The lid is basically at a height 
of almost 9 m from the transfer corridor’s floor but, by virtue of a self-clamping design 
of the gripper, the disengagement of the lid from the gripper’s hold requires a misuse 
failure.  
 
4.2.2 Docking of the canister 
 
After the lid lifting gear has descended to its bottom position, the canister transfer trol-
ley is operated for bringing the canister directly below the lid welding chamber. Lifting 
of the canister into the chamber is carried out slowly. The elevator’s lifting height is 
previously calibrated according to the canisters’ length, because the top end is always 
lifted to an equal standard height level. Since the docking ring, through which the canis-
ter is required to find its way, provides quite a close-fit passage, the lifting action is 
closely monitored by cameras. In addition, the docking ring has its bottom part provided 
with an array of sensors, such that the collision of a canister with the ring will certainly 
be detected before damaging the apparatus or the canister. Because of a high precision 
of the transfer trolley parking mechanism, the above-described type collisions are never-
theless extremely unlikely. Being pressure-free, the sealing rings included in the rotat-
ing part of the docking ring are completely contained inside their respective grooves, 
thus not hampering a successful docking procedure. Lifting of the canister is continued 
until the canister’s top end is at the desired height level. This is learned both from the 
elevator’s level indicator and from a camera-recorded contact with the welding cham-
ber’s yielding spatter guard. This is followed by pressurizing the docking ring’s seals to 
enable evacuation of the chamber. 
 
4.2.3 Vacuum pumping and installation of the lid 
 
Vacuum pumping is started and the system’s tightness can be confirmed by monitoring 
the pressure falling rate. After the pressure has fallen to a level compatible with weld-
ing, the pumping will be continued for at least 10 to 15 minutes prior to installing the lid 
for ensuring a complete evacuation of the volume between cast iron insert and copper 
overpack. The surfaces may have retained substances, which at such low pressures be-
gin to gasify little by little and thus increase the final pressure level. 
 
In order to have the installation of a copper lid on a canister proceed reliably, despite a 
close installation tolerance between the components, the canister’s top edge will be 
heated from room temperature to about 100 degrees. With this temperature difference, 
the canister’s diameter increases by about a millimeter, ensuring a sufficient clearance 
for the installation of a lid. The heating units, having a combined output of about 15 
kW, are first heated to their operating temperature (about +120 °C), after which the 
units can be pushed into contact with the external surface of a canister’s top edge. The 
preheating is advisable for achieving as rapid a top-edge heating as possible as the 
stored heat conducts to the copper canister. The speed is beneficial because, as a result 
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of a high coefficient of thermal conductivity of copper, the heat proceeds efficiently 
downwards along the canister. With the above-referred output, the lid installation tem-
perature is reached in about 17 minutes. (Ikonen 2007). 
 
Since the positioning of a copper canister has naturally a small tolerance, the lid mani-
pulator is attached to the hatch of a welding chamber in a manner that allows its move-
ment in lateral direction. The movement is done with heating units (6 pcs) so that the 
heating resistances are pressed against the canister’s top edge. An upright bar present 
above the units comes to contact with a guide frame present in the lid manipulator (Fig. 
10). The movement of heating units is stopped precisely at a correct distance from the 
canister surface by means of servo drive and distance sensors. Thus, the lid manipulator 
is moved to become concentric with the canister. Since the copper overpack’s outer di-
ameter has a tolerance which is considerably larger than the installation tolerance be-
tween the lid and the overpack, the control of a centering movement requires the use of 
computational compensation. What this means is that the movement must always pro-
ceed to such an extent that clearances are eliminated between the lid manipulator’s cen-
tering frame and the heating units’ centering arms. Accordingly, the distance from heat-
ing unit to copper overpack fluctuates according to tolerances, but is nevertheless equal 
among all heating units. Since the centering movement is followed by stopping the heat-
ing units, the distance sensors enable measuring a realized thermal expansion. 
 
 

 
 

Figure 10. Heating unit centering movement. Picture on the left shows the heating unit 
in an open position and the one on the right shows heating units driven under the con-
trol of a distance sensor to a certain distance from a copper overpack, the lid manipula-
tor being centered by a top-end bar. 
 
 
A descent of the lid is carried out by a motor-driven vertical movement of the lid mani-
pulator. The gripper jaws are securely bearing-mounted on the body and operated for 
guiding the lid to its position. The jaws have such a small vertical spacing relative to the 
lid that the lid is precluded from tilting, even in a possible contact with the canister’s 
edge. The installation force can be monitored both from the motor’s supply current and 
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from the same movement-sensor equipped spring which also allows a yielding of the 
gripper jaws as the canister is delivered to its position. A full completion of the installa-
tion can be observed from the readings of movement sensors and verified on the basis of 
a camera picture. 
 
The manipulator’s gripper jaws are turned to an open position (Fig. 11) and the appara-
tus is hoisted to its uplifted position as far as possible from the molten weld pool, which 
generates quite a high thermal radiation load on equipment in the chamber. In the up-
lifted position, the jaws are further shielded by a protective panel which blocks the spat-
ters from reaching a top surface of the jaws. The heating units are switched off and 
pulled off of the canister surface. 
 
 

 
 
Figure 11. Lid manipulator at the final stages of installation. The lid is all the way in 
and the grippers’ claws have been turned to open position. After lifting the grippers, the 
welding process can be started. 
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4.2.4 Welding 
 
The earliest possible starting time of welding is about 12 minutes after the installation of 
a lid (Ikonen 2007, Appendix 4). At this point, the spacing between lid and canister has 
disappeared as a result of equalized temperatures. The EB-gun’s camera is used to find 
a precise location for the welding joint and the canister is rotated for checking whether 
run corrections are needed during the welding. The EB-gun’s beam control inductors 
(i.e. electro-magnetic lens) enable deflecting the beam by ± 6 degrees (corresponds to a 
shift of tens of millimeters, although the beam quality deteriorates with major correc-
tions), which is why minor run corrections are easy to make programmatically. Correc-
tions due to the rise of temperature can also be programmed directly into the apparatus. 
 
The welding process consists of two main operations, namely bridging and actual weld-
ing. The actual welding execution time is about 30 minutes, which means that, with a 
welding power of about 50 kW, a considerable heat displacement to the workpiece is 
taking place. According to calculations, the entire top section of a canister has its tem-
perature rising to more or less 300°C while the actual molten weld pool, at its hottest, 
reaches up to 1600–2000°C. However, temperatures homogenize rapidly after the weld-
ing is completed and do not conduct very far from the welding site. In the proximity of a 
docking ring, where the seals are in engagement with the copper canister, the maximum 
temperature is not expected to rise higher than 70-80 degrees. Even this temperature 
does not materialize until about 1.5-2 hours after the welding has been completed and, 
hence, in normal conditions the seals are not compelled to tolerate higher-than-normal 
temperatures at all. 
 
Because the welding, to be successful, requires a rather high vacuum, the process is sen-
sitive to all types of gas leaks. During a welding process, the canister is rotated with the 
assistance of a canister transfer trolley, forcing a sliding displacement of the docking 
ring’s internal sealing arrangement. In order to maintain a failsafe tightness, the triple 
lip seal has its topmost interspace provided with a spacer ring and a channel, enabling 
the pumping through a gap between the seals. Hence, if necessary, such a separate low-
capacity pump can be used to make sure that under no circumstances can the chamber-
side sealing ring develop a pressure difference higher than a few mbar. Similarly, the 
inflatable seal, which presses itself tightly against the actual canister surface, will be 
subjected to a dynamic stress during the course of rotation. It is forced to transmit a tor-
que required for rotating the docking ring, as well as to compensate for movements 
caused by a possible slight eccentricity. However, the seal is quite massive and elastic, 
and therefore the development of a leak is very unlikely. In principle, if extra security is 
desired, it is also possible to arrange between the inflatable seals a booster pumping 
process similar to what has been described above. 
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Figure 12. View of an EB-welded copper canister. Welding develops considerable 
amounts of spatter that the equipment must be protected from.  
 
 
An objective of the welding process is to provide a weld joint of consistent quality and 
sufficient depth. The canister has some extra material on its top surface and lid at the 
weld joint for a final result to constitute a slightly elevated bead in line with the weld 
joint (Fig. 12). This bead is machined later with a cutter in the transfer corridor to be-
come flush with the rest of canister surface for a continuous and smooth surface. This is 
important in view of both weld joint testing and long-term safety. 
 
4.3 Canister removal from the welding chamber 
 
As the welding is completed, the vacuum pumps are stopped and the chamber is purged 
by ventilation. The docking ring’s inflatable seals are depressurized for enabling a des-
cent of the canister. The canister transfer trolley’s elevator lowers the canister out of the 
lid welding chamber and carries it to the next process operation. The lid manipulator’s 
grippers can be lowered to a standby position for the next lid. Access to the welding 
room is prevented until the canister has been moved away from the welding room. The 
canister has to be moved far enough so that the radiation can not access the welding 
room from the docking ring or through the reduced-thickness floor. If necessary, the 
chamber can be opened in case of required maintenance or cleaning, but in this event 
the presence of a fuel-loaded canister in the transfer corridor is absolutely forbidden. 
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5 WELDING SYSTEM MAINTENANCE 
 
All devices associated with the welding system are as maintenance-free as possible and 
located, as much as possible, away from the areas exposed to radiation. Vacuum pumps 
and electric enclosures are housed in a separate auxiliary system room which can be en-
tered without restrictions. The welding room equipment is also freely approachable as 
long as there is no fuel-loaded canister present in the transfer corridor. 
 
The EB-gun is subject to specific maintenance and regulation procedures prescribed by 
the manufacturer and the welding process. Assistance to these procedures can be offered 
by a test welding chamber, which houses necessary components for testing. The most 
critical spare parts are worth keeping in storage, because EB-gun failures bring the en-
tire encapsulation process to a standstill. Delivery time for the spare parts of this appara-
tus may be longer than those for other, slightly more conventional components of the 
system. 
 
The vacuum pumps come with a maintenance schedule worked out by the manufacturer, 
the observation of which does not call for any special actions because, in normal opera-
tion, the pumps remain clean of radioactivity. The pumps must be maintained in good 
condition as the malfunctions thereof reflect directly in the weld quality. If necessary, 
maintenance of the pumps is accompanied by the maintenance and calibration of pres-
sure gauges linked with the pumps. The system comprising a range of separate and dif-
ferent pumps, along with accessories therefor, the maintenance and repair measures re-
quire special skills. If the final decision is to start using the proposed pump assembly, 
the maintenance action and spare parts management would be easier as the devices are 
compliant with those of the drying system. 
 
Both chambers can be opened for maintenance and repair measures (Fig. 13). The open-
ing of hatches is performed manually by releasing the clamping mechanisms and by us-
ing the bridge crane present in the room. The hatches are fitted with mechanical clamps 
to enable a disengagement of the crane from the hatch, e.g. for lifting test welding spe-
cimens. The test welding chamber’s hatch is provided with quick-release latches and 
with a simple keep-open device, as this chamber will be necessarily opened also in con-
nection with test welding processes. The welding chambers are lined on the inside with 
removable sheet metal panels to make it easier to clean the vaporized copper. A circular 
piece of sheet metal protecting the heating units, as well as a sheet metal guard of the 
grippers can also be removed and cleaned. In the event of considerable fouling, there 
may be included more than one set of sheet metal panels for enabling a cleaning action 
in other times than during maintenance. Likewise, the lid manipulator’s grippers and 
other components can be cleaned while the chamber is open. Regarding mechanics of 
the apparatus, the maintenance is principally limited to cleaning and inspections to find 
out that the devices have not developed defects as a result of e.g. thermal radiation, ag-
ing or radiation. A ceramic shield placed closest to the weld may be subjected to such a 
high stress level that a regular replacement thereof becomes necessary. The cameras in 
both chambers, as well as the test welding chamber’s window, are provided with shiel-
ding visors to preclude the fouling of actual optics or valuable lead glass. 
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Exposure to the highest load of radiation falls on devices existing alongside the canister, 
especially the docking ring seals. Correct material selections and an appropriate re-
placement rate of the components render it possible to avoid the problems resulting 
from changes in the properties of materials. In preparation for the docking ring mainten-
ance work, it is necessary either to bring in the transfer corridor a passenger hoist or to 
outfit the transfer trolley with a suitable man cage as the target lies at quite a high level. 
It is also possible to construct the transfer corridor’s working platform with a movable 
extension which can be extended to a position below the docking station for the duration 
of maintenance procedures. 
 
In principle, the location of a docking ring and welding chambers can be adjusted even 
at a later stage as such elements are supported by adjustment screws and legs. If the 
building undergoes some sort of transformation as a result of aging, the apparatus can 
have its position readjusted. The vacuum conduits can be provided with flexible ele-
ments (e.g. bellows-type equalizers) in view of enabling readjustment and equalizing 
stresses caused by possible movements (including heat displacements caused by weld-
ing). 
 
 

 
 
Figure 13. The EB-gun is engaged to the test welding chamber, so it is possible to open 
the lid welding chamber hatch for maintenance. 
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6 FAILURE AND FAULT SITUATIONS 
 
The working process carried out by the apparatus involves precise handling of quite 
heavy components with many theoretical fault possibilities. The most critical of such 
operations are docking of a canister and installation of a lid to the canister. The appara-
tus is nevertheless designed with such risk factors in mind and thus, in practice, there 
are few possible fault situations that would lead to serious consequences.  The move-
ments of equipment included both in the transfer trolley and the welding chamber are 
sensed by motion detectors, whereby the real-time position thereof is always known. 
Regarding e.g. a passage of the transfer trolley, the parking is further enhanced by the 
use of mechanical wedges for locking a correct position. All transfers can be monitored 
by cameras and a still further safety measure is provided by anti-collision limit switches. 
The apparatus’ working process was subjected to a simplified risk analysis (PFMEA), 
wherein the risk factors and solutions of the process were systematically analyzed. The 
analysis is in appendix 2. The results lead to a summary that there is no single mishap 
that would have consequences affecting directly the plant safety but, instead, the mi-
shaps lead either to an abortion of the process or, in a worst case scenario, to a canister 
being partially damaged (dents or welding defect), which can be solved by dismantling 
the canister. 
 
It should be appreciated that, in the process of working out a fault or accident situation, 
there is a possibility of momentarily visiting the welding room while a canister is in the 
chamber, for carrying out some vitally important task. In this instance, the person shall 
contract a radiation dose which falls short of acceptable annual dosage, provided that 
the working time in the vicinity of the canister is not longer than in the order of 10…20 
minutes. 
 
6.1 Problems in canister handling 
 
Because the handling of a canister is totally based on a transfer trolley, this report does 
not deal with these problems in detail. Generally speaking, the transfer trolley equip-
ment must be adequately reliable in operation and the trolley must have a structural pre-
cision sufficient to enable lifting of a canister to the chamber. Although the margins of 
error regarding a docking ring and a welding site are just a few millimeters, the toler-
ances should nevertheless be sufficient in practice. The pieces being handled are preci-
sion-dimensioned machined pieces, which can be accurately positioned relative to the 
transfer trolley equipment. 
 
6.2 Problems in docking ring 
 
The docking ring may cause two types of problems, either leaks or resistances to motion 
created in the process of rotating a canister, both of which may have an effect on the 
weld quality. The triple lip seal system is secured by pumping a vacuum also in the in-
terspace between the seals. There is also a possibility of designing a similar type system 
for inflatable seals but, since no sliding occurs in the case of these seals, this may be 
unnecessary. 
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The compressor for a docking ring, by which the inflatable seals are pressurized, cannot 
be approached while a canister is present in the transfer corridor. It is advisable that the 
pressure level sustained by the compressor in the seals be secured by means of a backup 
tank and a valve, such that power supply failures in the slip-ring system do not cause 
pressure fluctuations in the seal. The valve must be pulse-controlled for the same reason 
(i.e. the valve’s operating mode is only reversed by a signal, not e.g. by a power failure). 
The configuration can be further enhanced by adding a vacuum pump for pulling in the 
inflatable seals if, for some reason, the disengagement of seals from the canister surface 
could not be managed as planned. However, this problem is unlikely as this particular 
sealing solution is in general industrial use. 
 
The smoothness of rotation is influenced by the condition of a bearing system, the oper-
ation of a slip-ring system, as well as by possible centering errors. These all may alter a 
torque required for the rotating action as the inflatable seals are forced to adapt in their 
grooves during the course of rotation. These problems can be anticipated by regularly 
checking the torque needed for rotating the docking ring, as well as by dimensioning a 
sufficiently high torque for the canister transfer trolley’s canister rotating motor. 
 
Additionally, it has already been possible to analyze the operation of a docking ring by 
means of a test apparatus, which includes sealing configurations similar to those de-
scribed herein. The test apparatus has been manufactured to a scale of 1:2 in a compro-
mise between handling and costs. Based on tests and measurements conducted in the 
test apparatus it has been possible to conclude, for example, that the risk of seals coiling 
up between the canister and the docking ring is practically nonexistent. Likewise, it is 
highly unlikely that the canister could, under any circumstances, remain suspended from 
the docking ring as the retaining power of the seals is not even close to being capable of 
holding a mass equal to the canister.  
 
6.3 Problems in lid handling and lid manipulator 
 
Handling of the lid is perhaps the most challenging integral aspect in the mechanics of a 
welding chamber. The handling involves several aspects with strict demands set on the 
precision of the apparatus. 
 
First of all, the lid hoisting action from a transfer trolley to a welding chamber covers a 
traveling distance of 2.5 meters, which means that the lifting gear must be in perfect or-
der in terms of its straightness and stability. Taking hold of the lid is quite a simple pro-
cedure but, since a lid of 425 kg in its engagement with the manipulator is at a height of 
over 8 meters from the transfer corridor’s floor and at a height of 2 meters from the top 
structures of a transfer trolley moving below, the engagement must be absolutely relia-
ble. 
 
The most difficult-to-clear situation results if the motor of a lid manipulator’s gripper 
breaks down or jams in the middle of a moving action, leaving the engagement in an 
undeterminable state. With a fuel-loaded canister in the vicinity, there is no access to 
repair the device and the transfer trolley cannot be moved if the secure lid attachment to 
the grippers cannot be ascertained. In addition, turning the manipulator’s axles from the 
welding room side is inconvenient as the devices are housed inside a pressure cover. 
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The solution comes in the form of an extra pneumatic cylinder (Fig. 14), which is 
mounted on a chain driving the grippers. If the motor does not work nor has an inade-
quate power, the moving action can be brought to a desired position by means of this 
backup cylinder. In normal operation, the cylinder is pressure-free, thus causing no leak 
into the lid welding chamber. The motor has its shaft further fitted with a clutch, which 
can be decoupled in a remote controlled manner whenever necessary. This is needed in 
the case that the motor or its gearshift is totally jammed, thus precluding also the opera-
tion of a backup cylinder. The clutch can be e.g. a non-sliding gear clutch and its de-
coupling action may also be pneumatically driven. 
 
The installation of a lid to a canister is also a challenging operation because of its preci-
sion requirements. Centering and calibrating the unit calls for accuracy, since both the 
position and the diameter of a canister fluctuate within certain tolerances. In the event 
that the installation of a lid cannot be accomplished for some reason, this shall be de-
tected from the readings of the manipulator’s motion sensors. In addition, the lifting 
force of a manipulator can be considerably high if the installation of a lid is cancelled. 
Damage to the lifting unit during the process is not critical, since there is always an op-
tion of cancelling the process in this case. 
 
 

 
 
Figure 14. The cover of lid handling manipulator is removed. The lift motor and the 
turning motor with chain transmission for grippers are in sight. At the top-right corner 
is the pneumatic cylinder, which can be used in emergency cases to turn the manipula-
tor grippers. EB-guns adapter and cover plate are on the left. 
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6.4 Problems in heating units 
 
The heating units are basically quite straightforward devices, based on generally applied 
solutions and components. Damage to a single heating element or heat sensor does not 
cause the process any major harm, because the high thermal conductivity of copper 
takes care of quite a rapid equalization of temperatures. If a heating unit actuator fails 
after the centering operation, the canister can still be lowered away from the chamber. 
The spring load of heating elements can be dimensioned sufficiently small not to be 
likely to cause a canister any surface defects, even if the canister were to be lowered 
down while the heaters are in engagement with the cylinder surface. The canister sur-
face must naturally be inspected prior to carrying on with the process, if such an action 
has been resorted to. However, the rotating action required by the welding process can-
not be performed, because in that case it would be impossible to avoid surface defects to 
the canister and breakdown of the heating elements. 
 
6.5 Problems in welding process 
 
The electron beam welding of copper as a process is quite challenging and sensitive to 
several disturbing factors. The vacuum level must be sufficient and the joint gap must 
be small. Moreover, the machine must be properly set up and calibrated for the weld 
quality to match the set requirements. Regarding the welding chamber, canister configu-
rations, and execution process, such relevant aspects have been considered as thorough-
ly as possible. The machine adjustment and calibration are managed by means of a test 
welding chamber’s equipment and the result can be verified by test specimen welding. 
 
The welding machine’s own monitoring program is capable of shutting down the weld-
ing process, if any of the monitored limit values is exceeded. These limit values could 
be for example minimum and maximum pressure or beam current levels. To be certain 
that the beam could not in any circumstance point in a wrong direction, it is possible to 
use extra beam detector in the welding chamber. This hole plate shaped detector is 
mounted between EB-gun and welding point, so it is possible to measure if the beam is 
bended  close to the aperture edge (by current measurement). As an option, it is possible 
to use a stand alone backup system, which monitors the welding control system and 
other vital measurements. This system is connected to the welding control system so, 
that it can interrupt the welding if necessary. 
 
However, if the encapsulation process itself is hampered by some sort of fault in the 
welding operation (e.g. as a result of power failure) or an equipment failure, the further 
measures must be considered case-specifically. If the canister has not developed, as a 
result of disruption, any perceivable reason for aborting the process, the completion of 
welding can be attempted and a re-examination of the joint can be conducted to clarify 
whether or not the canister is good for disposal. If the EB-gun itself has developed an 
equipment fault, the canister must be removed from the station for providing access to 
the welding room. After the device has been repaired, the welding process can be con-
tinued as long as there are no visible reasons that would interrupt the operation. If, as a 
result of a process disruption, the weld develops a defect precluding continued welding, 
the procedure will be similar to the case in which a welding defect is found in re-
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examination. The copper canister’s top section is removed and the canister is unloaded 
in the fuel handling cell docking station. 
 
6.6 Vacuum pumping problems 
 
A malfunction in vacuum pumps in the middle of a welding process may lead to the 
failure of welding. The equipment is nevertheless quite reliable and a malfunction there-
in does not result in a radiation or contamination risk. With reasonable service hours for 
the pumps, there is no compelling need for duplicating the equipment. On the other 
hand, since a reasonably short pumping time is desirable, it is perhaps practical to 
supply two similar pumps in parallel. This provides both good performance and reliabil-
ity in operation as even a single set is sufficient for keeping the chamber’s vacuum lev-
el. Maintenance and repair procedures are easy to perform as the pumps, except for 
high-vacuum pumps, are located in a freely accessible space. 
 
The system leakage can be observed during the course of each pumping cycle by com-
paring the pressure drop to previous observations. The pumping speed is generally more 
or less constant. A fouled chamber or a high humidity result in increased pumping time, 
yet these can be anticipated quite well. The best picture of chamber tightness is obtained 
by tightness test. 
 
As a general rule, it is advisable the system be subjected to a tightness test after every 
maintenance operation in order to avoid the need to take up repairs while the system is 
in active operation. Since the pressure level within the system is extremely low, the 
tightness of the apparatus is crucially important. In case the leakage level is so high that 
the desired vacuum level cannot be attained, the leak must be located and fixed. Inspec-
tion of the test welding chamber’s tightness is easy to conduct. The lid welding chamber 
inspection would require an auxiliary cap the size of the canister’s diameter, which 
would plug the docking ring opening. In principle, an empty copper canister could be 
used for this purpose. In this case, however, the pumping time would be longer as the 
volume to be pumped and the surface areas would be considerably larger, which is why 
the comparison with a standard pumping graph is not an option. Yet, the final pressure 
could be used for confirming the level of tightness. 
 
In terms of tightness, the most critical items include the inflatable seals of a docking 
ring and the seals of an EB-gun’s adapter as both are necessarily opened and closed be-
tween welding sessions. A serious, although unlikely risk is also a leak of the sealing of 
a cast iron insert’s lid. A leak from inside the canister may cause contamination of the 
chamber and the vacuum system. The sealing is tested in the fuel handling cell docking 
station, the risk being thus minimal. If the vacuum piping is fitted with an argon-gas 
measuring sensor (the canister’s interior is filled with argon) or an activity measuring 
sensor, a leak in the steel lid is detected immediately. 
 
6.7 Power failures 
 
The system’s equipment and processes are designed in such a way that the only conse-
quence of a power failure is basically an interrupt of the process. The movements and 
functions come to a controlled standstill and in most cases the process can be continued 
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as soon as the power supply is re-established. Still, it is advisable that the surveillance 
camera system for the apparatus be coupled with a backup power source to enable ob-
serving the process status even during a power failure. This facilitates e.g. planning of 
the following actions. 
  
The most serious trouble ensues if a power failure occurs in the middle of an actual 
welding operation, as in this case there is a real risk of a lid welding failure. In each par-
ticular case, it is necessary to clarify whether the completion of welding after a power 
failure is feasible or whether the canister must be dismantled. Because of a high power 
rating required by welding, the current supply to the apparatus is difficult to secure. 
Even a momentary break in supply power brings the welding process to a halt, which 
means that the start-up time of backup generators is far too long from the standpoint of 
welding. 
 
Since the vacuum pump system is duplicated, it is also advisable to provide a divided 
power supply thereto, such that both pumps are not disabled e.g. by the blow-out of a 
single fuse. 
 
6.8 Fire 
 
Although, in the process of welding a canister, the thermal load on the environment is 
considerable and welding spatters cannot be avoided, there is just a minor fire risk. First 
of all, the chamber’s equipment is shielded from spatters and thermal radiation as well 
as possible. In addition, the chamber contains no air during a welding process, which 
makes the ignition unlikely. The highest risk of a fire being started exists indeed in the 
auxiliary system room, wherein both the vacuum pumps and the high-voltage appliances 
may basically ignite a fire, in response to e.g. a short circuit or some other equipment 
malfunction. Although such a fire is damaging to the equipment and causes a risk of 
human casualties, it nevertheless does not endanger the actual spent fuel canister, nor 
does it cause a radiation risk. 
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7 INSTALLATION OF THE WELDING SYSTEM IN AN 
ENCAPSULATION PLANT 

 
The welding system is located in an encapsulation plant among several different room 
spaces, which are separated from each other by radiation shielding walls. The compo-
nents are located so that they are safe and easy to maintain. Such an arrangement sets 
demands on wall and floor structures, as these must be installed with process-related 
conduits and penetrations as early as in the construction stage. Especially the penetra-
tion between a canister transfer corridor and a welding chamber is a challenging under-
taking because of strict accuracy requirements. 
 
The installation of a docking ring extending through the welding room floor is simpler 
to perform that of a fuel handling cell docking station (Suikki 2005), since in this case 
the penetration does not need to be absolutely tight from the outside. The straightness of 
a docking ring can be adjusted during the course of installation by means of adjustment 
screws with the assistance of an installation ring bolted to the transfer corridor’s ceiling. 
The welding room has its floor surface at a lower level than the normal floor as most of 
the welding chamber’s elements shall be located below the floor surface. A practical 
solution is to build a light-structured steel floor at normal level, whereby the equipment 
left below the floor continues to be readily accessible. The welding chamber structure 
itself is such a large unit that it does not fit through the welding room doorway as an 
integral unit. A solution is to construct the chambers on site from elements or to bring 
the chamber as an integral unit inside the building in its construction stage. In any case, 
the coupling between a docking ring and a lid welding chamber must be constructed on 
site. As planning of the apparatus progresses, it is advisable to note that in this scheme it 
is the height of a beam trap present in the test welding chamber which is the factor that 
determines the height of a welding chamber and at the same time the depth of a lower 
floor level. If the structural height of a beamtrap can be optimized, it is possible to re-
duce the depth of the floor immersion. 
 
Vacuum pipes, electrical wires and EB-gun’s cooling conduits go through the wall be-
tween the welding room and auxiliary system room. In order to attain high-quality rad-
iation shielding, it would be easiest to provide a concrete wall with built-in pipes pro-
vided with appropriate elbows or at least extending away from the canister. Since the 
pipes associated with the foregoing can be installed later, the installation precision of 
penetration pipes is not a crucial factor. Another consideration has to do with power 
supplies required by the equipment, as well as control and sensor cables extending be-
tween these spaces as well as the operation control room. 
 
There must be a suitable intake for vacuum pumps’ discharge air into the discharge ven-
tilation duct of an encapsulation plant controlled area. Although the contamination risk 
from the actual fuel is highly unlikely, the welding process in itself generates fumes.  
 
Since the installation of a lid is not performed until in the welding chamber, the fuel-
loaded canister travels across below the operation room without a copper lid, which 
blocks part of the radiation. Therefore, the operation room floor must be increased in 
thickness for ensuring adequate radiation safety. 
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8 COST ESTIMATE 
 
The cost estimate for the system has been prepared according to the price level of the 
year 2007, and the manufacturing costs of equipment have been estimated based on ex-
perience. The cost bases have been itemised in more detail in Appendix 3. The current 
sales prices have been inquired for the most expensive components to be purchased. All 
the components listed in Appendix 3 refer to preliminary selections, and there are also 
alternative suppliers for them. Value added tax has not been included in the cost esti-
mate. 
 
The designing and installation costs of the system have also been included in the cost 
estimate for the share directly related with the actual system. It has been assumed that 
the building already contains the openings needed for the installation of the equipment 
as well as the necessary power supply and ventilation systems. It has also been assumed 
that the manufacturing of penetrations, pipe ducts and cable shelves for the pipe and 
wiring systems of the welding system should not be included in the costs for the weld-
ing system. The designing costs will be increased by two items differing from normal 
designing. First of all, special skills are required by extraordinary structural solutions 
and a complicated vacuum mechanism called for by electron beam welding. Another 
factor increasing costs is the approval protocol and the amount of documentation needed 
for a nuclear engineering plant. The distribution of equipment into several different 
rooms within the encapsulation plant also adds the number of designing interfaces. This 
typically produces a greater number of designing stages, as the technologies represent-
ing different fields become at the same time more specific as the designing work ad-
vances. 
 
The cost structure will also be affected a lot by finding the right sub-contractors. Even 
though the manufacturing of the equipment basically comprises normal engineering 
workshop technology, with regard to both the machining accuracies and materials, the 
expertise in the field of treatment of stainless steel as well as sufficiently big and precise 
machine tools will be required for manufacturing particular components 
 
 
 

Welding chambers with relevant equipment 540 000 € 
Crane and floor structures 41 000 € 
Electron beam welding machine 703 000 € 
Vacuum system 105 000 € 
Control system 162 000 € 
Total cost 1 551 000 € 
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9 SUMMARY 
 
The report presents a plan for an electron beam welding system for a spent fuel canis-
ter’s copper lid. The system is located in a welding room, auxiliary system room and 
operation control room, which are located in an encapsulation plant. The welding room 
is located directly above a canister transfer corridor and, thus, the canister can be 
hoisted by means of a transfer trolley’s lifting gear for having its top section enter the 
room. The system’s equipment consists of a spent fuel canister docking station, a lid 
welding chamber and a test welding chamber, along with welding gear and accessories 
therefor, as well as of vacuum, control and sealing systems. 
 
It is irrelevant to the welding process as to which type of canister (OL1-3, Lo1-2) is be-
ing handled, because the canisters are equal in diameter. The only difference is the lift-
ing height of a transfer trolley, the top ends of canisters of various heights being always 
set at the same height level in the welding chamber. The copper lid to be welded is 
hoisted by means of the transfer trolley’s lid elevator into the welding chamber prior to 
the canister. The lid is a tight fit, which is why the canister is heated with separate hea-
ters prior to installing the lid for increasing the spacing. 
 
It has been an objective in planning to provide straightforward reliable equipment with a 
low maintenance requirement. The number of spent fuel canisters processed annually in 
an encapsulation plant is around 40, which means that the system has quite a low degree 
of utilization. The welding system equipment, located in the operation control room or 
in the auxiliary system room, is continuously accessible and can thus be maintained 
without special arrangements. Access to the welding room is restricted at the time when 
a loaded spent fuel canister has been docked to the chamber and, in principle, also when 
it is present in the transfer corridor in the immediate vicinity of the welding room. 
 
A risk analysis has been made and it found the process safe as the consequence of basi-
cally all foreseeable faults is either an abortion of the process or, in the worst case sce-
nario, the rejection of a canister and its subsequent dismantling. 
 
The design work did not solve all of the most minute details, even though both 3D mod-
eling and component selections have been advanced quite far. There is no need for this 
at this point anyway, since also other systems of an encapsulation plant are still in need 
of more detailed planning and this is naturally interactive with the lid welding system's 
equipment. 
 
The estimated price of the lid welding system is 1 551 000 euros (VAT 0%) according 
to the current (2008) cost level. The cost estimate includes planning of the welding sys-
tem’s equipment, its installation, manufacture, and the price of components, but not 
planning and installation classified as construction engineering processes. 
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APPENDIX 1 
 
Layout of the welding system for spent fuel canister lid (situation before 
this plan). 
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APPENDIX 2 
RISK ANALYSIS 
POTENTIAL FAILURE MODE AND EFFECTS ANALYSIS (PFMEA) 
 
 

 Process 
Function/ 

Description 

Potential Failure 
Mode 

Potential Effect(s) 
of Failure 

Potential 
Cause(s)/Mechanism

(s) of Failure 

Current Process Con-
trols 

Recommend-
ed Action(s) 

1 Lifting of 
copper lid 

Collision to the 
docking ring 

Damage in bear-
ing or canister 

Canister transfer 
trolley not in the 

right position 

Sensors installed below 
docking ring, canister 

transfer trolley precise-
ly positioned, visual 

confirmation 

 

    Copper lid installed 
diagonally on the 
lifting platform 

Visual confirmation Centering 
element on 
the lifting 
platform 

  Collision to  sheet 
metal plate cover 

Damage in 
equipment or 

copper lid 

Lifting process is 
not vertical or the 
copper lid is in-

stalled eccentrically 

Visual confirmation, 
regular maintenance 
and calibration of the 

lifting device 

 

  Collision to the lid 
manipulator 

Damage in mani-
pulator or copped 

lid 

Error in lifting 
height 

Manipulator designed 
to have a flexible con-

struction, sensors  

 

    Manipulator left in 
“closed” position 

Sensors, visual confir-
mation 

 

  Inadequate  lifting 
height 

Process is inter-
rupted 

False lifting height Sensors, visual confir-
mation 

 

    Power failure Visual confirmation. 
Wait until situation is 

fixed 

Camera sys-
tem ener-
gized with 

backup 
power 

2 Grabbing 
the copper 

lid 

Movement of the 
gripper is prevented 

Process is inter-
rupted 

Mechanical ob-
stacle in manipula-
tor or on the copper 

lid 

Sensors, visual confir-
mation 

 

    Power failure Visual confirmation, 
Gripper is self locking. 
Wait until situation is 

fixed 

Camera sys-
tem ener-
gized with 

backup 
power 

  Grip is lost Damage in struc-
tures below cop-

per lid 

Malfunction in ma-
nipulator 

Self locking mechan-
ism, visual confirma-

tion 

 

3 Lifting of 
the spent 

fuel canis-
ter 

Collision to the 
docking ring 

Damage in bear-
ing or canister 

Canister transfer 
trolley not in the 

right position 

Sensors installed below 
docking ring, canister 

transfer trolley precise-
ly positioned, visual 

confirmation 

 

    Spent fuel canister 
installed diagonally 
or eccentrically on 
the canister transfer 

trolley 

Sensors installed below 
docking ring, visual 

confirmation 

 

  Collision to the 
inflatable seals 

Damage in inflat-
able seals 

Seals inflated Pressure sensor, visual 
confirmation 

 

    Inflatable seals off 
the groove 

Visual confirmation  

  Collision to the 
spatter shield plate 

Damage in 
equipment 

False lifting height Visual confirmation, 
movement sensor 
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 Process 
Function/ 

Description 

Potential Failure 
Mode 

Potential Effect(s) 
of Failure 

Potential 
Cause(s)/Mechanism

(s) of Failure 

Current Process Con-
trols 

Recommend-
ed Action(s) 

  Inadequate  lifting 
height 

Process is inter-
rupted 

False lifting height 
or system malfunc-

tion 

Visual confirmation, 
movement sensor, pos-
sibility to emergency 

lower the canister lift in 
the canister transfer 

trolley 

 

    Power failure Visual confirmation, 
Gripper is self locking. 
Wait until situation is 

fixed 

Camera sys-
tem ener-
gized with 

backup 
power 

  Collision to the 
heaters 

Damage in 
equipment or 

spent fuel canister 

Heaters are not ful-
ly in “open” posi-

tion 

Visual confirmation, 
limit switch 

 

  Collision to the 
copper lid 

Damage in copper 
lid, spent fuel 

canister or 
equipment 

Manipulator left in 
“down” position 

Manipulator designed 
to have a flexible con-
struction, movement 
sensor, visual confir-

mation 

 

4 Sealing 
between 
welding 
chamber 
and spent 
fuel canis-

ter 

Seal does not in-
flate 

Process inter-
rupted 

Leaking sealing Pressure sensor  

    Pump malfunction Pressure sensor,  
Pneumatic storage tank 
and a valve for pressure 

upkeep 

 

    Power failure Wait until situation is 
fixed 

 

    Malfunction in slip 
rings 

Periodical mainten-
ance, double carbon 
brushes. Pneumatic 
storage tank and a 
valve for pressure 

upkeep 

 

  Seal breaks Process is inter-
rupted 

Overpressure in the 
seals 

Pressure sensor, pres-
sure-relief valve 

 

5 Welding 
chamber’s 

vacuum 
pumping 

Insufficient vacuum Process inter-
rupted 

Leak in the vacuum 
system 

Pressure test for pipe-
lines and seals 

 

    Malfunction in the 
vacuum pump 

Maintenance and repair 
(the pump is located in 
the accessible room) 

 

    Power failure Wait until situation is 
fixed.  

(doesn’t affect the out-
come, because the 

welding is always in-
terrupted) 

 

    Filters are blocked Periodical maintenance  
    Too much impurity 

in the chamber 
Removable cover 

plates on the walls and 
on the ceiling. Regular 

cleaning 

 

    Inadequate closing Manual tightening sys-  
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 Process 
Function/ 

Description 

Potential Failure 
Mode 

Potential Effect(s) 
of Failure 

Potential 
Cause(s)/Mechanism

(s) of Failure 

Current Process Con-
trols 

Recommend-
ed Action(s) 

of the welding 
chamber hatch 

tem. Pressure test after 
maintenance. 

    Insufficient sealing 
of the EB-gun 

Double sealing  

    Docking ring’s lip 
seal leaking 

Triple sealing and a 
possibility to vacuum 
pump the intermediate 

ring 

 

    Docking ring’s in-
flatable seal leaking 

2 seals, far away from 
the welding heat 

Vacuum in 
the interme-

diate ring 
    Leak in the steel 

lid’s seals 
Argon-sensor in the 

vacuum system 
 

6 Heating of 
the spent 

fuel canis-
ter 

Heaters don’t move Process is inter-
rupted 

Malfunction in the 
electric motor 

6 separated heating 
units. A malfunction of 
one unit does not nec-
essarily interrupt the 

installation of the cop-
per lid. Lowering of the 
spent fuel canister for 
maintenance is possi-

ble. 

 

    Mechanical ob-
stacle 

See the square above  

    Malfunction of the 
ball screw 

Preventive mainten-
ance, 6 separated heat-

ing units 

 

    Power failure Wait until situation is 
fixed 

 

  Spent fuel canister 
does not heat up 

enough or heating 
is too slow 

Process is inter-
rupted or delayed 

Malfunction in the 
heating resistor 

48 separated resistors 
in the process. Diame-
ter of the copper over 
pack can be measured. 
Temperature measure-

ment. 

 

    Power failure Wait until situation is 
fixed 

 

    Small contact sur-
face 

24 heating elements. 
Every element is 

equipped with flexible 
springs. 

 

  Heaters are stuck in 
“closed” position 

Process is inter-
rupted 

Malfunction in 
electric motor 

Process is interrupted 
and the spent fuel ca-

nister is lowered 

Heating sys-
tem without 
contact to 
the copper 
over pack 

    Mechanical ob-
stacle 

Process is interrupted 
and the spent fuel ca-

nister is lowered 

Heating sys-
tem without 
contact to 
the copper 
over pack 

7 Copper lid 
installa-

tion 

Copper lid is stuck 
in the copper over 

pack 

Copper over pack 
or the copper lid 

is damaged 

Diagonal installa-
tion of the copper 

lid 

Straightness of the 
copper lid is tolerated. 
Straightness of the lift 
is measured. Calibra-
tion during mainten-

ance 

 

    Eccentric installa-
tion of the copped 

The manipulator has a 
designed centering 
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 Process 
Function/ 

Description 

Potential Failure 
Mode 

Potential Effect(s) 
of Failure 

Potential 
Cause(s)/Mechanism

(s) of Failure 

Current Process Con-
trols 

Recommend-
ed Action(s) 

lid system 
    Obstacle between 

copper lid and cop-
per over pack 

Visual confirmation  

  Copper lid is stuck 
in the manipulator’s 

lifting device 

Process is inter-
rupted 

Manufacturing flaw 
in the copper lid 

Visual confirmation, 
quality control in pro-

duction 

 

    Mechanical ob-
stacle 

Visual confirmation, 
splash covers 

 

  Centering system 
locks up 

Process is inter-
rupted 

Mechanical ob-
stacle 

Splash covers  

  Malfunction in the 
manipulator 

Process is inter-
rupted 

Malfunction in the 
lifting motor 

Electric motor with 
automated breaking 

system 

 

8 Opening 
the grip 
from the 

copper lid 

Release is pre-
vented 

Process is inter-
rupted 

Malfunction in the 
actuator 

Gripper can be opened 
with a backup system 

 

    Power failure Wait until situation is 
fixed 

Camera sys-
tem ener-
gized with 

backup 
power 

9 Welding 
the copper 

lid 

Uneven rotation Damage in 
equipment or 

process is inter-
rupted 

Spent fuel canister 
is incorrectly in-

stalled on the canis-
ter transfer trolley 

Earlier inspections, 
Centering element 

 

    Straightness error in 
docking ring (may 
occur for example 

from building 
movement) 

Regular inspections. 
straightness can be 

adjusted 

 

    Uneven rotation 
friction or lock up 
of the docking ring 

Periodical maintenance 
and inspections (bear-

ing and slip rings) 

 

    Power failure Wait until situation is 
fixed 

 

   Damage in 
equipment or 

spent fuel canister 

Heaters in “closed” 
position 

Limit switch, Centering 
system does not touch 
the copper over pack. 
Heaters are flexible 

 

  Failure in welding 
process 

Damage in copper 
lid or copper over 

pack 

Vacuum is not high 
enough 

Pressure sensors in the 
welding chamber 

 

    Power failure None. Emergency 
power generators are 

not fast enough. 

 

    Malfunction in EB-
gun 

Preliminary tests and 
inspections 

 

10 Lowering 
the spent 

fuel canis-
ter 

Inflatable seals 
tacking to the spent 

fuel canister 

Damage in inflat-
able seals and 

possible falling 
from their 
grooves 

Overpressure is left 
in the inflatable 

seals or the material 
is tacked on the 

spent fuel canister 

Pressure measurement 
of the inflatable seals, 
visual confirmation 

Bearing 
must be 

measured to 
handle the 

release 
force, va-

cuum release 
for the in-

flatable 
seals. Speci-
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 Process 
Function/ 

Description 

Potential Failure 
Mode 

Potential Effect(s) 
of Failure 

Potential 
Cause(s)/Mechanism

(s) of Failure 

Current Process Con-
trols 

Recommend-
ed Action(s) 

fied equip-
ment in the 

canister 
transfer cor-
ridor to re-
move the 
damaged 

seals. 
  Collision to the 

docking ring 
Damage in spent 
fuel canister or 

equipment 

Position of the 
spent fuel canister 
is changed during 

welding 

Visual confirmation, 
positions systems for 
the canister transfer 

trolley 

 

 



54 
 

 
 



55 
 

APPENDIX 3 
 

Estimate of cost for welding system of spent fuel canister copper lid 
 

Description  quantity/unit  unit price  total 
Welding chambers     
Steel construction, covers and hatches  10 000 kg 10 €/kg 100 000 € 
Equipment in test welding chamber; Beam trap, 
XY-manipulator, protective glass etc. 1 as a whole 50 000 € 50 000 € 
Heating units 6 units 12 000 € 72 000 € 
Accessories  1 as a whole  5 000 € 5 000 € 
Design 1000 h 60 €/h 60 000 € 
Assembly 500 h 50 €/h 25 000 € 
   312 000 € 
Manipulator    
Steel construction 400 kg  40 €/kg 16 000 € 
Accessories 1 as a whole 5 000 € 5 000 € 
Design 400 h 60 €/h 24 000 € 
Assembly 200 h 50 €/h 10 000 € 
   55 000 € 
Docking ring     
Steel construction              5000 kg  15 €/kg  75 000 € 
Bearing 1 pcs 3 000 €  3 000 € 
Seals (2x inflatable seal + 3 x lip seal)  1 set  5 000 € 5 000 € 
Secondary compressor for inflating the seals     
+accessories  1 pcs  2 000 € 2 000 € 
Slip ring system 1 pcs 48 000 € 48 000 € 
Accessories 1 as a whole  2 000 € 2 000 € 
Design 300 h 60 €/h 18 000 € 
Assembly 400 h 50 €/h 20 000 € 
   173 000 € 
Fitting out the welding room    
Steel structures for the floor 1000 kg  10 €/kg 10 000 € 
Overhead traveling crane 3000 kg, installed 1 pcs 14 000 € 14 000 € 
Design 200 h 60 €/h 12 000 € 
Assembly 100 h 50 €/h 5 000 € 
   41 000 € 
Welding equipment    
EB-welding equipment with accessories  1 as a whole  565 000 € 565 000 € 
Monitoring of welding data 1 pcs  11 000 € 11 000 € 
Additional options (Data analysis, saving…) 1 pcs 27 000 € 27 000 € 
Design 200 h 60 €/h 12 000 € 
Assembly 600 h 50 €/h 30 000 € 
   645 000 € 
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Manipulator for EB-gun    
Steel structure 700 kg  40 €/kg 28 000 € 
Actuators and accessories 1 as a whole 8 000 € 8 000 € 
Design 200 h 60 €/h 12 000 € 
Assembly 200 h 50 €/h 10 000 € 
   58 000 € 
Vacuum system for welding chambers      

Pipelines and valves: Approximately 10 m tub-
ing DN200 and necessary vacuum equipment.  1 as a whole  20 000 € 20 000 € 
Pump: ALCATEL RSV 601 B + 2063 2 pcs  13 000 € 26 000 € 
Option: high vacuum pump + accessories 1 as  a whole 20 000 € 20 0000 € 
Design 400 h 60 €/h 24 000 € 
Assembly 300 h 50 €/h 15 000 € 
   105 000 € 
Control system    

Including PLC, sensors, frequency converters, 
cable work, control devices and accessories.  1 as a whole  30 000 € 30 000 € 
Camera system: 6 fixed and 2 rotatable 1 as a whole 16 000 € 16 000 € 
Design 1000 h 80 €/h 80 000 € 
Assembly 600 h 60 €/h 36 000 € 
   162 000 € 
        
TOTAL Manufacturing  1 158 000 € 
 Design  242 000 € 
 Assembly   151 000 € 
   1 551 000 € 
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Raportin nimi 
Loppusijoituskapselin kuparivaipan lämpenemisanalyysejä  
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Avainsanat Raportin numero 
Kuparikapseli, esilämmitys, hitsauksen aiheuttama lämpenemi-
nen  

VTT-R-09944-07 

Tiivistelmä 
Tässä raportissa esitetään alustavia laskelmia loppusijoituskapselin kuparilieriön esilämmityksestä kuparikannen 
asentamista varten sekä kapselivaipan lämpenemisestä itse sulkemishitsauksen (EBW) aikana. Raportti korvaa 
aikaisemman raportin nro VTT-R-08093-07 samasta aiheesta. 
 
Esilämmitetyn kuparilieriön ja paikalleen sijoitetun kuparikannen lämpötilat tasoittuvat riittävän lähellä toisiaan 
noin 12 minuutin kuluttua ja kannen hitsaus voidaan aloittaa.  Kun lieriön esilämmitys lopetetaan, lieriön yläpää 
alkaa jäähtyä nopeasti kuparin hyvän lämmönjohtavuuden takia.  Varmuuden vuoksi lieriön esilämmitystä kan-
nattaa jatkaa siihen asti, kunnes kansi on saatu paikoilleen.  
 
Laskelmat ovat yksinkertaistettuja, aksisymmetrisiä (=2D), eivätkä ne pyrikään kuvaamaan paikallisesti itse hit-
saustapahtumaa, vaan ainoastaan hitsauksesta aiheutuvaa globaalia komponentin lämpenemistä.  Raportin lopus-
sa on esitetty menetelmän verifioimiseksi tehtyjä tarkistuslaskelmia.  Esilämmityksestä tai hitsauksesta aiheutu-
van lämmön on laskentamallissa oletettu siirtyvän tasaisesti kuparilieriön 50 mm leveään yläpäätypintaan. 
 
Reunaehtoina on huomioitu lämmön säteily kuparivaipan sisä- ja ulkopinnalta +20oC ympäristöön (rautainsert-
tiin ja hitsauskammion tai rakennuksen seiniin) sekä kuparivaipan ulkopinnalta läpiviennin tiivistepinnan alapuo-
liselta osalta myös johtumalla kuljetuskäytävän ilmaan (+20oC). Hitsauksessa on oletettu koko tehon 48 kW tu-
levan säteen mukana kuparilieriön yläpäähän. 
 
Tulokset osoittavat lyhyesti sanottuna, että: 

� 10 kW esilämmityksellä saadaan lieriön pään lämpötila nousemaan noin 100oC:hen 37 minuutissa ja 15 
kW esilämmityksellä noin 17 minuutissa 

� lieriö ei lämpene +100oC asti läpiviennin tiivisteen kohdalla hitsauksen missään vaiheessa 
� kannen keskikohta lämpenee enimmillään noin +250oC:hen hitsauksen loppuessa 
� lieriövaipan pohjanpuoleinen osuus ei lämpene missään vaiheessa merkittävästi. 
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�  = 395 W/(mK) (lämmönjohtavuus) 
� = 8 900 kg/m3 (tiheys) 
c = 395 J/kg/ m3 (lämpökapasiteetti) 
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