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1 INTRODUCTION

The report constitutes a summary of the research and development work made for the de-
sign and dimensioning of the canister for nuclear fuel disposal. The basic requirements for
dimensioning are set, the design is introduced, and the manufacturing processes and tech-
nology are described and assessed in the report. The mechanical strength of the canister in
various loading conditions is analysed. In addition, the corrosion, thermal, radiation
shielding and criticality analyses of the canister are summarised and discussed.

The canister construction type introduced here is a copper canister with a cast insert, which
is designed for nuclear fuel disposal in a deep repository in the crystalline bedrock. Two
canister types are dimensioned: one for BWR fuel and another for W E R 440 type PWR
fuel.

The copper canister with a cast insert consists of two major components: the massive
nodular graphite cast iron insert and the corrosion resistant overpack of oxygen free cop-
per. The insert provides mechanical strength and radiation shielding, and keeps the fuel
assemblies in a fixed configuration. During the final welding of the lid of the copper over-
pack, the insert acts as a gas tight vessel keeping the fuel assemblies with the possible inert
gas atmosphere in the void space isolated from the EB-welding process made in vacuum.
During the transfer and handling operations the canister is gripped from the shoulder at the
top lid corner with a mechanical gripping device.

The canisters presented here contain 12 positions for fuel assemblies. The amount of ura-
nium in each canister ranges from 1.44 to 2.16 tons depending on the fuel type. The total
weight of the canister including the 12 fuel assemblies is 18.7 to 24.5 tons, respectively.
The outside diameter of the canister for both types is 1.052 m and the total length is either
3.6 or 4.8 m.

MEXT PAGECS)



2 BASIC REQUIREMENTS

The basic design requirements of the canister for nuclear waste disposal are as follows:

• The canister must not be penetrated by corrosion during the first 100 000 years
after disposal.

• The fuel to be disposed of has an average burnup of 35 - 36 MWd/kgU, the esti-
mated maximum burnup per fuel assembly is 50 MWd/kgU, the minimum cool-
ing time of the assemblies is 20 years.

• The maximum dose rate on the outer surface of the canister shall be less than
1 Gy/h to minimise the radiolysis of water or altering the bentonite buffer out-
side the canister.

• The canisters shall be subcritical even if the void inside the canister is filled with
water. The subcriticality is to be checked for a single canister and a set of canis-
ters in the buffer storage of the encapsulation plant and in the disposal holes of
the repository.

• The canister surface temperature in repository condition shall not exceed +100 °C
to guarantee the chemical stability of the surrounding bentonite.

• The canister shall be designed to withstand the loads caused by disposal at a
depth of 400 to 700 m, which entails an evenly distributed load of 7 MPa hydro-
static pressure from groundwater and 7 MPa pressure from swelling of bentonite.

• The canister strength shall be demonstrated also in non-symmetric cases of ben-
tonite swelling without groundwater pressure and in a case of additional hydro-
static load caused by 3 kilometres of ice during a glaciation.

• The strength of the copper overpack is to be checked for handling and operational
loads during the disposal process.

• The manufacturing tolerance of the gap between the copper overpack and the iron
insert has to be limited in such a way that the plastic or creep strain in copper will
be less than 5% in case the copper overpack is deformed against the insert.



2.1 Spent fuel characteristics

The spent fuel characteristics for both ABB Atom BWR reactor and W E R 440 reactor
are given in Table 1. The length of fuel rods and assemblies grows in the reactor some 10
to 25 mm depending on the burnup.

TABLE 1. Fuel characteristics for BWR and WER 440[fuel. WER 440 fuel assembly
with integral fuel channel, BWR fuel assembly with separable channel.

FUEL TYPE
Assembly configuration
Total length (m)
Fuel rod length (m)
Sectional dimension (mm)
Number of rods per assembly
Mass of uranium (kg)
Assembly mass without channel (kg)
Flow channel mass (kg)
Flow channel dimension (mm)
Nominal length with flow channel (m)
Maximum average burnup of a fuel
assembly (MWd/kgU)
Average burnup of all the fuel
(MWd/kgU)
Enrichment U-235 (%)
Minimum cooling time (years)
Average cooling time (years)
Decay heat at average cooling time (W/tU)
Decay heat at 20 y, aver. (W/tU)
Decay heat at 200 y, aver. (W/tU)
Decay heat at 2000 y, aver. (W/tU)

ABB Atom BWR
square
4.1275
4.008
132*

63 -100
172-180
256 - 257

40
139 (square)

4.398
50

35

3.3-3.8
20
28
832
951
176
29.1

WER440PWR
hexagonal

3.195
2.572
144
126
120
180

30-34
144 (hexagonal)

3.195
38

36

3.6 - 4.0
20
27
880
988
190
32.7

*) The top end handle of the BWR fuel assembly has some more extensive details,
max. dimension 151 mm.

The BWR fuel assemblies will be inserted with fuel channels into the canister. The canis-
ter is dimensioned for 8x8-, 9x9- and lOxlO-type fuel assemblies with the standard fuel
channel.

The W E R 440 fuel assembly is an integral structure with the fuel channel. The channel
makes the assembly much longer than the fuel pin.

The maximum average burnup of a fuel assembly is assumed to be 50 MWd/kgU. Modern
BWR fuel assemblies have the so-called axial reflectors made of natural uranium at their



both ends. This results locally in much higher than the average burnups at the axial mid-
point of the assemblies. Therefore, a burnup of 60 MWd/kgU was used in radiation
shielding calculations. The minimum cooling time after removal from the reactor is 20
years. This minimum value has been used in radiation dose calculations. The average
cooling time of the assemblies in each canister is, however, about 27 years. Thermal opti-
misation of the final repository is made in (Raiko 1996). The report gives the details of
disposal strategy and allowed heat loads for canisters.

2.2 Radiation shielding

To prevent any significant radiolysis in groundwater or altering the bentonite buffer at
the outer surface of the canister in the repository, the surface dose rate should be below
1 Gy/h, (Werme 1998). From the point of view of radiation shielding, the main concern
is the dimensioning of the shields in the encapsulation facility and transport system. The
dimensioning of the radiation shields of the capsulation facility and transport system are
based on the actual calculated dose rate. The calculated dose rates on the outer surface
of the canisters are presented in Chapter 7. This gives also a design base for the radiation
shielding calculations for the encapsulation plant and for dose evaluation during the plant
operation.

2.3 Corrosion resistance, life time and leak tightness

The outside shell made of oxygen free copper is designed for long life corrosion protec-
tion, leak tightness and to bear the loads during transportation and handling operations.
The canister design aims at providing with a high probability a corrosion lifetime of at
least 100 000 years in the repository environment.

The canister shall not be penetrated by corrosion in order to prevent water from entering
the canister during the first 100 000 years after deposition. The lifetime of the overpack
may be limited by corrosion or mechanical failure. The stability of oxygen free copper in
repository environment is widely studied in (Aaltonen & Varis 1993), (Ahonen & Vieno
1994) and (Ahonen 1995). The estimated lifetime (time to perforation) of a 15 mm thick
copper overpack in typical groundwater environment is much higher than 100 000 years,
(Werme 1998). For conservative mechanical, manufacturing and corrosion resistance rea-
sons the thickness of the oxygen free copper overpack is conservatively selected to be at
least 30 mm.

The oxidation of the copper canister outer surface during the short storage time, at maxi-
mum a couple of months, in the air atmosphere of the buffer store of the encapsulation
plant is negligible in spite of the elevated temperature of about 100 °C. A thin copper ox-
ide layer will be formed on the canister surface.

After disposal and before water saturation it is possible that the canister can be in contact
with air and dry bentonite at a temperature of max. 100 °C. Also in this type of condition
the amount of oxidation is estimated in (Werme 1998) to be negligible.
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The insert structure is designed to be leak tight only during the sealing process of the cop-
per overpack. The seal welding of the copper lid is planned to be made in vacuum. In the
postclosure safety analysis (Vieno & Nordman 1999) the insert is not assumed to provide
any hindrance for the release of radionuclides.

The canister insert will be exposed to internal corrosion if the void in the insert is filled
with air. The total void of the canister is about 0.6 to 0.96 m3 in W E R 440 and BWR type
canister inserts, respectively. In addition, the water remains in the fuel and the air inside
the canister insert may cause nitric acid formation with the assistance of irradiation. The
nitric acid increases the risk for stress corrosion cracking (SCC). To avoid the risk, the
canister atmosphere is planned to be replaced by inert gas (helium or argon) during encap-
sulation process, if the SCC-risk cannot be shown negligible by further investigations.

The massive insert structure made of nodular graphite cast iron is not prone to creep in
disposal temperatures and, thus, the shape and size of the externally pressure loaded can-
ister will remain stable.

2.4 Dimensional constraints

The size and shape of the canisters for BWR and W E R 440 fuel will be kept as close to
each other as possible for manufacturing and operational reasons and standardisation. Both
of the canister types have the same outer diameter and the lid design with the shoulder for
the gripping device is identical. This is useful in manufacture and handling operations and
minimises the need of special tools and equipment. The length of canister is, however, dif-
ferent for BWR and W E R 440 type fuel. Accordingly, the dead weight of the canisters
varies. The holes for the assemblies in the canister insert have some tolerance to assure the
installation of fuel assemblies without friction drag or risk of jamming when using the fuel
handling machine in the encapsulation station. The maximum size of the canister is lim-
ited by the cooling capacity of the bentonite and rock surrounding the canister in the re-
pository. The canister structure is dimensioned according to the required strength, radia-
tion shielding and subcriticality properties, tightness and lifetime. Subcriticality is required
even if the canister void space is filled with water.

2.5 Manufacturing tolerances

Manufacturing tolerances mean in this context dimensional (geometric) tolerances, align-
ment, roundness and surface roughness. The geometric design has been made so that the
planned properties of the canister can be achieved with reasonable workshop tolerances,
that do not require any special machining tools or processes.

The openings in the insert are designed so wide, that the alignment and dimensions
achieved directly in the casting process are sufficient. Especially the square shaped open-
ings for BWR fuel assemblies can not easily be machined, the surface of the openings is
only cleaned by sand blasting. The nominal width of the opening is, at least, 5 mm more
than the nominal width of the fuel assemblies. This tolerance allows reasonable inaccura-
cies in the shape of the openings caused by the casting process.
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The machining tolerance of ±0.5 mm in diameter in cylindrical products with a typical di-
ameter of 1 m and length of 4 m is achieved with a normal "good manufacturing practise".
The nominal inside diameter of the copper overpack and the outside diameter of the insert
has a nominal difference of 2 mm, which corresponds to a nominal 1 mm gap between the
cylinders. This allowance will guarantee a free installation of the insert into the copper
overpack.

The surface roughness requirement for the weld preparation of electron-beam weld be-
tween the lid and the cylinder is Ra = 3.2 urn according to (Aalto 1998).

2.6 Heat loads and allowable temperatures

The maximum operation temperature at the canister surface is limited to be below +100 °C
to assure the chemical stability of the highly-compacted bentonite in the disposal hole and
to avoid the concentration of salt in the vicinity of the canister due to vaporisation of
groundwater in the early years after the sealing of repository. The design temperature of
the metal parts of the canister is set for the strength analyses, however, to +120 °C to
achieve a reasonable margin in required mechanical properties of the materials.

The decay heat generation in canisters will depend on the amount, burnup and cooling
time of the fuel. The initial decay heat load in a canister will be between 1 and 2 kW. The
thermal conductivity of the metal body of the canister is two orders of magnitude higher
than the conductivity of the surrounding bentonite and rock in the repository. Therefore
the metallic canister will be practically at a uniform temperature and all the thermal gradi-
ent will prevail in the bentonite and rock around the canister.

The allowable heat load per canister depends on the heat conductivity properties of the
surrounding buffer and rock and the distance between neighbouring canisters in the re-
pository. Heat conduction and thermal optimisation are studied and discussed in more de-
tail in (Raiko 1996).

The highest fuel pin temperature inside the canister is calculated to be less than +150 °C.
This is calculated assuming radiation heat transfer and conduction through the gas be-
tween the fuel pins and the canister insert, when the canister surface temperature is
+100 °C. Thermal phenomena inside a canister are more closely analysed in (Raiko 1993)
and (Rossi et al. 1999).

2.7 Mechanical design load

The mechanical design load for the canister is 14 MPa external pressure. The design load
consists of 7 MPa hydrostatic pressure (0.7 km water pillar) and a maximum of 7 MPa
swelling pressure of bentonite according to (Werme 1998) and (Karnland 1998). The
swelling pressure of 7 MPa corresponds to the dry bentonite density of 1590 kg/m or den-
sity of 2020 kg/m3 at water saturation. Both of the primary dimensioning pressure compo-
nents are conservative estimates. The planned disposal depth is between 400 and 700 m
below the ground surface in the bedrock. The swelling pressure of the buffer depends on
the density of the bentonite-water mixture. The design pressure is assumed to be evenly



12

distributed and acting on all faces of the vessel. This is the basic design load in operating
condition, case 1.

The insert with flat lids is also analysed in case of 0.1 MPa internal overpressure. This is
the load case during the encapsulation process when the normal atmospheric pressure is
prevailing inside the insert and the canister is in a vacuum chamber for the electron beam
weld of the copper lid. This is case 2, see Figure 1.

The basic dimensioning calculations are performed for the normal operating conditions
and in some upset conditions. The hydrostatic pressure loads are always evenly distrib-
uted, but the swelling pressure of bentonite may have some disturbances, especially in the
early years after the sealing of the repository, when the bentonite starts to wet. These types
of special loads are depicted in Figure 2, cases 3 to 5. All of these cases 3 - 7 do not have a
real physical base, but they are very conservatively defined different type of load condi-
tions.

The bentonite swelling pressure is assumed to be unevenly distributed also in the saturated
condition, cases 6 to 7, see Figure 3. This kind of swelling pressure conditions may be due
to a tilted canister in the disposal hole, variations of bentonite density, heterogeneous rock
properties, or a curved disposal hole.

The strength of the canister is studied also with a postulated hydrostatic load during a gla-
ciation. In this load case the groundwater pressure component 7 MPa is replaced by
34 MPa, which is the sum of 700 meter high pillar of groundwater and 3.0 km of ice
(average density 900 kg/m3) floating on the groundwater. In this extreme load case (p = 41
MPa, the sum of 700 meter groundwater + 3000 meter ice pressure + 7 MPa swelling
pressure of bentonite) no additional safety margin is applied. This is case 8.

The integrity of the canister can be damaged due to shear type rock movements if the shear
plane happens to intersect the deposition hole and the shear amplitude is large enough.
When the bentonite buffer around the canister is 350 mm thick it can be estimated that the
shear movements of the rock up to 100 mm can be tolerated without the direct break of the
canister (SKB 1992). No completely verified analysis of the critical shear amplitude has,
however, been presented due to very sensitive and complicated numerical modelling of the
mechanical material behaviour of saturated bentonite under compression (Borgesson
1992). The risk caused by large rock movements, which may occur during the melting
phase of a major continental glacier, is minimised by locating the disposal gallery outside
major fracture zones in the bedrock. (Vieno & Nordman 1999).

The lifting equipment and the shoulder in the copper lid collar are dimensioned for the
gravity load of the loaded canister multiplied by the dynamic factor of handling loads and
required safety factor.
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p (external hydrostatic) 14 M Pa

CANISTER

Case 1. Basic design load, external pressure of 14 M Pa

p (atmospheric) 0.1 M Pa

CANISTER

Case 2. Internal pressure of 0.1 MPa

FIGURE 1. Basic design pressure loads.

Fixed
ends

L/10

777%.

p 3 7 M Pa L/10

777/
y\ ! CANISTER ! V,

///// V/A
Case 3: Wetting phase, local excentric swelling pressure

L/10 p = 7 MPa L/10

Simple
supports CANISTER

Case 4: Wetting phase, local excentric swelling pressure

L/2
p » 7 M Pa

Fixed
one end

Y////////777,

i CANISTER

V/////////////A

Case 5: Wetting phase, local excentric swelling pressure

FIGURE 2. Special local swelling loads postulated during wetting phase. Groundwater
hydrostatic pressure is not present simultaneously.
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p (swelling) 100%

100%

CANISTER

80%

100%

80%
120%

Case 6. Locally ex centric bentonite swelling pressure

p (swelling) 100%

100%

80%

Shear load CANISTER 80%

80%
100%

Case 7: Axisymmetric but variable bentonite swelling pressure

FIGURE 3. Special swelling pressure loads postulated in fully saturated phase. Ground-
water hydrostatic pressure can be present simultaneously.

2.8 Allowable stresses and strains and required safety factors

Design stress

The design stress of the material in the basic dimensioning calculation is the yield strength
in the design temperature divided by the required safety factor. The minimum yield
strength of the manufacturing materials is given in material standards, e.g. in (SFS 3345)
and (SFS-EN 10028-2).

Safety factors

Safety factor is the ratio of the design strength (usually the yield strength) and the actual
allowable general membrane stress intensity. The stress intensity is a reduced stress, that is
defined in stress analysis standard (SFS 3292) as the difference between the major and mi-
nor principal stress component. For pressure vessels made of steel the required safety fac-
tor is typically 1.5. For pressure vessels made of nodular cast iron the required safety fac-
tor in pressure vessel standards is typically 3.5-4.5.

The disposal canister cannot be compared to a pressure vessel due to the fact that pressure
vessels are designed for cyclic operation (usually thousands of operation cycles) whereas
the disposal canister has only one or a few load cycles. This is why the fatigue control is
not relevant. An other requirement, toughness, is not very relevant due to the fact that in
the design load case the canister is loaded by external pressure only, which leads to com-
pressive stresses in major parts of the canister. Keeping these facts in mind, the required
safety factor in the design load case for membrane stress intensity is set to 2.0. The stress
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state in the canister is typically compression in all three dimensions and the risk of elastic
buckling is totally eliminated by the integral support structure, the bulkheads or separating
walls of the insert.

The primary bending stress intensity is allowed to be 1.5 times the design stress according
to (SFS 3292) that is typically adapted for pressure vessels designed by stress analysis.

For the steel lids the safety factor is taken conservatively as 2.0. According to the Finnish
pressure vessel standard (SFS 2610) the required safety factor for pressure vessel steel is
1.5 at minimum.

The safety factor for the stresses due to handling loads in copper vessel is taken 1.5 to
avoid plastic deformation and residual stresses.

In addition, the strength of the structure is checked in many postulated upset conditions.
These loads are caused by either local irregularities in bentonite swelling or ice age load-
ing, which is conservatively assumed to cause an additional hydrostatic pressure by 3 km
thick ice floating on groundwater. These load cases are specified in section 2.8, cases 3 to
8, see Figures 2 and 3. The canister is checked not to break or collapse due to these loads.
Local plasticity and moderate irreversible deformation is allowed during the postulated
upset load conditions in the canister structure, but the leak tightness shall not be lost. Rea-
sonable margin against rupture or collapse in all upset load cases shall be verified.

2.9 Safety classification

Systems, structures and components important to safety shall be designed, manufactured ,
installed and operated in such a way that their quality level and the inspections and tests
needed to verify their quality level are commensurate with the importance to safety of each
item. The YVL-guide 2.1, published by the national authority, sets the principles and crite-
ria of the classification.

According to the YVL-guide 2.1 components shall be assigned to safety class 2, if their
failure to operate would cause a considerable risk of uncontrolled criticality. On the other
hand, components shall be assigned to safety class 3, if their fault or failure would prevent
decay heat removal from spent fuel, or cause the dispersal of radioactive material. The ap-
pendix of the YVL-guide 2.1 gives an example, that the storage racks for fresh and spent
fuel are assigned to safety class 2 and the storage of spent fuel and liquid wastes, including
pools and tanks, are assigned to safety class 3 .

From these rules and examples given in the YVL-guide it can be concluded that the can-
ister for nuclear fuel disposal shall be classified to safety class 2.
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3 MATERIAL SELECTION AND SPECIFICATION OF PROPERTIES

The insert is made of nodular graphite cast iron. The iron quality is selected in such a way
that adequate strength is achieved and the ductility of the material can be maximised. The
proposed quality is GRP-400 according to the Finnish national standard (SFS 2113). The
manufacturing material, nodular cast iron, is selected instead of cast steel or welded steel
structure due to its superior manufacturing aspects.

The material for the overpack is oxygen free high conductivity copper (Cu-OF according
to the standard (SFS 2905)) with an addition of 40 to 60 ppm phosphorus. We call this
micro alloyed quality in this report 'Cu-OFP'. The micro alloying is made to improve the
creep strain properties of Cu-OF copper in higher temperature (+200 to +300 °C). Copper
is selected as a corrosion protection layer due to its chemical stability. It is a very noble
metal, it is available at reasonable cost, and it does not require an oxide film on the surface
to withstand the corrosion as many other passive metals like titanium or aluminium do.

3.1 Specification of manufacturing materials

The insert is made of nodular graphite cast iron. The proposed quality is GRP-400 ac-
cording to the Finnish national standard (SFS 2113). The quality corresponds to
GGG-40 according to the German norm DIN 1693-73 or quality 0717-00 according to the
Swedish SIS 1407 norm. The design strength of the GRP-400 quality is 250 MPa in room
temperature and 240 MPa in design temperature +120 °C. Minimum ultimate strength is
according to the standard 400 MPa and the elongation to fracture 15% for section of
50 mm thick or less. Other relevant physical properties of the nodular graphite iron are:
density 7200 kg/m3, Young's modulus 170 GPa, Poisson's ratio 0.28, linear coefficient of
thermal expansion 10 to 12-10"6 1/°C according to (SFS 2113) and (SFS 3345).

The flat covers of the insert are made of pressure vessel steel P265GH defined according
to (SFS-EN 10028-2) or any equivalent quality. All the specified strength and ductility
values are shown in Table 2.

TABLE 2. Minimum specified strength and ductility properties for nodular graphite cast
iron GRP-400 and pressure vessel steel P265GH in room temperature and in design tem-
perature (+120 °C). Respective typical properties for oxygen free copper are added on the
bottom line for comparison.

Material
quality

GRP-400
P265GH
Cu-OF

Ultimate
strength
(MPa)

400
410-530

200

Elongation to
fracture
(%)

15
23
50

Yield strength
in +20 °C
(MPa)

250
245
50

Yield strength
in +120 °C
(MPa)

240
210
45
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The yield strength of oxygen free copper is in annealed condition typically 50 MPa in the
room temperature (+20 °C) and about 45 MPa in the design temperature of+120 °C. The
elongation (1-axial strain) to fracture (in rapid tests) is typically 50% according to (Copper
and copper alloy data 1968). The specified minimum elongation of hot formed canister
copper is set to 40%.

The very low speed creep fracture elongation is about 10%. The estimate is based on re-
sults of creep tests made on EB-welded oxygen free copper (Auerkari & Holmstrom
1997). The maximum allowable tensile creep strain in copper material including welds is
set, however, conservatively to 5% due to the limited amount of reliable long term creep
data of copper material.

The grain size in copper base material shall be less than 360 um to guarantee a reasonable
resolution in ultrasonic testing according to (Andersson 1998). In copper welds the typical
grain size is, however, much larger (Aalto 1998) and (Jeskanen & Kauppinen 1997).

Typical physical and mechanical properties of copper in the hot rolled conditions are pre-
sented in Table 3. Other relevant physical properties for copper are: density 8900 kg/m3,
Young's modulus 118 GPa, Poisson's ratio 0.345 and linear coefficient of thermal expan-
sion 17-10"6 1/°C (Copper and copper alloy data 1968).

TABLE 3. Measured physical and mechanical properties of hot rolled (t = 50 mm plates)
oxygen free copper used in EB-welding tests (Rajainmdki et al. 1995).

Copper
quality

Cu-OF
'Cu-OFP'

Ultimate
strength
(MPa)

207
215

Yield
strength
(MPa)

51
52

Elongation
to fracture
(%)

47
50

Grain size
(urn)

0.15-0.20
0.09-0.12

Electric
conductivity
(% IACS)

101.5
97.5

Material analysis requirements of oxygen free copper are presented in Table 4. At bottom
line, a target composition for canister overpack copper is given. It is based on research,
testing and practical know-how of Outokumpu Poricopper company, Finland. The target
composition of the copper is kept as a preliminary chemical analysis specification of the
canister copper.
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TABLE 4. Standard requirements of oxygen free copper according to ASTM standard and
a target composition ofCu-OFP.

Cu-specification / Contents
ASTM UNS C10100, Cu-OFE
ASTM UNS C10200, Cu-OF
target composition of
'Cu-OFP'for canisters

S (ppm)
<15

-
<8

O (ppm)
<5
<10
<5

P (PPm)
<3
-

40-60

H (ppm)
-
-

<0.6

Cu (%)
> 99.99
> 99.95
> 99,99

3.2 Quality controls for the materials manufacture

The quality assurance of the canister material manufacture is to be carried out according to
the normal procedures used in nuclear power plant component manufacture. The quality
control plan shown on Table 5 is drafted accordingly. The material manufacturing opera-
tions are controlled to fulfil the requirements that are set in the design report. The exami-
nation procedure codes (type TM-Ot-xxx) are given as an example. They refer to the vali-
dated procedures used by Teollisuuden Voima Oy (TVO).

TABLE 5. Quality control plan for canister material manufacture.

EQUIPMENT: CANISTER FOR NUCLEAR FUEL DISPOSAL

Requirements for material manufacturing test reports:

Name of item: copper overpack
Chemical composition:
Grain size determination:
Tensile test:
Material identification:

Name of item: nodular graphite cast iron insert and steel lids Certificate
Chemical composition:
Tensile test:
Material identification:

*1) Test reports according to requirements of DIN 50049

Certificate 1)
3.1B
3.1B
3.1B

3.1B

Certificate
3.1B
3.1B
3.IB

Exam, procedure
TM-Ot-003

TM-Ot-004

TM-Ot-210

Exam, procedure

TM-Ot-003
TM-Ot-004
TM-Ot-210
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4 CANISTER DESCRIPTION

4.1 General description and dimensions of the canister

The canister consists of two main components: the integral insert structure made of nodu-
lar graphite cast iron and the copper overpack. The insert is the load carrying part of the
structure and the overpack makes the vessel tight and is a corrosion resistant cladding. An
overall view of the canister is shown in Figure 4.

The overpack lids are identical on both ends of the cylinder in the reference case. The lids
contain a shoulder from which the canister can be gripped with a gripping device during
lifting operations. The bottom lid can be designed without the gripping shoulder if there is
some reason to avoid it. For standardisation, the lids are identical, so far. The main dimen-
sions, volumes and masses are given in Tables 6 and 7 for canisters for BWR fuel assem-
blies and in Tables 8 and 9 for canisters for VVER 440 fuel assemblies.

The Finnish disposal canister evolution history is reported in (Salo & Raiko 1990), (Raiko
& Salo 1992), (Raiko & Salo 1996) and (Raiko 1997).

FIGURE 4. Artist's view of the copper/iron canisters.
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TABLE 6. Mass and dimensional data of the canister for 12 BWR assemblies.

Outside diameter [m]
Wall thickness [ml
Length [m]
Density fkg/m3]
Material volume [m3]
Mass [kgl
Number of items [-]
Total mass [kg]

Cast
insert

0.950

4.450
7200

1.7818
12829

1
12829

Steel lid

0.950
0.050

7850
0.0354

278
2

556

Copper
cylinder

1.052
0.050

4.754*
8900
0.740
6586

1
6586

Copper
lid

1.052
0.050

8900
0.052
463
2

926

Fuel
assembly

4.398
8555

0.0347
297
12

3564

* Total length of the canister may vary depending on the lifting shoulder design in the lid.

TABLE 7. Mass and volume balances of the canister for 12 BWR assemblies.

Mass [kg]
Volume fm ]

Copper

7512
0.844

Steel or
iron

13385
1.853

Fuel
assemblies

3564
0.416

Void space

-
0.956

Total

24461
4.069

TABLE 8. Mass and dimensional data of the canister for 12 WER 440 assemblies.

Outside diameter [m]
Wall thickness [m]
Length [m]
Density fkg/m3]
Material volume fm3]
Mass [kg]
Number of items f-|
Total mass [kg]

Cast
insert

0.950

3.250
7200
1.353
9742

1
9742

Steel lid

0.950
0.050

7850
0.0354

278
2

556

Copper
cylinder

1.052
0.050

3.554*
8900
0.551
4903

1
4903

Copper
lid

1.052
0.050

8900
0.050
463

2
926

Fuel
assembly

3.20
8168

0.0262
214
12

2568

* Total length of the canister may vary depending on the lifting shoulder design in the lid.
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TABLE 9. Mass and volume balances of the canister for 12 WER 440 assemblies.

Mass [kg]
Volume fm3]

Copper

5829
0.655

Steel or
iron

10298
1.424

Fuel
assemblies

2568
0.314

Void space

-
0.595

Total

18695
2.988

4.2 Insert variations for BWR and VVER 440 fuel

The insert is made of nodular graphite cast iron in one piece. This cast type insert structure
was originally introduced by the Swedish Nuclear Fuel and Waste Management Co.
(SKB), Sweden, in (Werme & Eriksson 1995). The positions for fuel assemblies are open
holes, which are dimensioned and formed either for BWR fuel assemblies or for VVER
440 fuel assemblies. The insert has similar flat end lids made of 50 mm steel plate on both
ends. The lids are fixed with 8 pin screws and there is a gasket between the lid and the in-
sert body. The gasket can be a double O-ring made of rubber or some soft metal or a single
planar vulcanised soft rubber gasket. The purpose for the gasket is to keep the gases inside
the insert during the electron beam welding of the lid of the copper overpack. The EB-
weld is made in vacuum. The insert types for BWR and VVER 440 fuel assemblies are
shown in Figures 5 and 6.

The four minor circular holes in the corner position are added to the construction due to
casting aspects. The 80 mm diameter holes make the solidification of iron take place more
evenly during the casting process. Thus the material quality in these thicker sections will
be better, the residual stresses will be lower, and the distortion inclination of the channels
for the fuel assemblies will be lower during the casting process.
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CANISTER INSERT
FORBWR-FUEL

NODULARCAST IRON INSERT
FOR NUCLEAR FUEL DISPOSAL
CANISTER

INSERT WEIGHT: 12.8/9.7 ton
INSERT LENGTH: 4.45/3.25 m
INSERT DIAMETER: 0.95m

CANISTER INSERT
FOR VVER440-FUEL

FIGURE 5. The schematic view of the inserts for BWR and WER 440 fuel assemblies.
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I nsert section for BWR-f uel

CMs

I nsert section for W E R 440-f uel

FIGURE 6. The sections of the inserts for BWR and WER 440 fuel assemblies.
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4.3 Encapsulation process

The canister is transferred into the hot cell of the encapsulation plant and the fuel assem-
blies are moved one by one from the storage rack through safeguards measurements into
the positions in the disposal canister insert by the fuel handling machine. Finally the steel
lid with gasket is installed, the gas atmosphere in the canister cavity is then, according to
proposed procedure, changed to some inert gas and the lid fastening nuts are tightened
with a manipulator. The inert fill gas proposed is helium or argon and the fill gas pressure
is equal to the atmospheric pressure 0.1 MPa. The leak tightness of the lid gasket is tested.
The schematic presentation of the encapsulation process is shown in Figure 7.

HOT CELL

CASK

EB-WELD1NG
CHAMBER

ENCAPSULATION
PROCESS SCHEME

LIFT

TESTING
CTO

-L CANISTER
BUFFER
STORE

A
V

FIGURE 7. Schematic presentation of the encapsulation process.

4.4 Canister handling operations

The canister is transferred into the hot cell of the encapsulation plant and the fuel assem-
blies are moved one by one from the storage rack into the positions in the canister insert by
the fuel handling machine. Finally the steel lid with gasket is installed and the nuts are
tightened with a manipulator. The gas atmosphere in the canister cavity is then changed.
The air atmosphere inside the canister is changed to some inert gas. The inert fill gas pro-
posed is argon or helium and the fill gas pressure is equal to the atmospheric pressure 0.1
MPa. The leak tightness of the lid gasket is tested. After accepted tightness test the canister
in hot-cell is covered with a gas tight cover, the sealing system pressure in the seal be-
tween the canister and the hot-cell docking penetration is released, the canister is lowered
to the transfer corridor, the copper lid is set on the top of the canister and the canister is
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transferred to welding position for the sealing weld of the copper lid. The canister is trans-
ferred in the corridor on a railway trolley, which has a hoisting device.

4.5 Opening and unloading of the canister

In case of not achieving an acceptable copper lid weld after several repair attempts, or for
some other reason, the copper canister can be machined open and the insert can then be
opened in the hot cell. The copper vessel opening process takes place in the position,
where the weld surface is also machined and the ND-examination for the lid weld is done.
The same machining device is equipped with a narrow cutting tool and the copper cylinder
is cut through the wall some centimetres below the EB-weld position. After this the copper
lid can be lifted up and removed. Then the canister is moved back to the loading position
in the encapsulation station and the screws of the inner steel lid are loosened and the lid is
lifted up and removed. Now the fuel assemblies can be handled with the fuel handling de-
vice in the same way as during loading. All the fuel is removed and the empty canister is
moved to decontamination. After decontamination the canister can be sent back to canister
assembling workshop for further actions.

1}
left SLAVIC
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5 MANUFACTURING PROCEDURE

The canister is pre-fabricated in various workshops of subcontractors outside the encap-
sulation site. The canister components are manufactured, tested and quality controlled and
then assembled. The assembled canister with one end open and the lids, screws and gas-
kets are transported to the encapsulation site, where the loading, final closing and final
controls are made.

5.1 Pre-fabrication of the canister

The insert is cast in a foundry, and no separate thermal treatment is needed. The openings
for fuel assemblies are formed to the cast body by setting an equivalent steel structure into
the mould. The prefabricated structure is welded together from steel tubes with strict di-
mensional tolerances. After casting the block is cleaned up, cut into the right length and
the outer surfaces are machined. Then a volumetric ND-examination is made, hi addition,
the dimensions and machined surfaces are examined. The lids are manufactured by ma-
chining from rolled steel plate. The pin screws are installed and the bottom lid with a gas-
ket is assembled.

The cylinder of the overpack is manufactured either by welding hot rolled and bent copper
plates together or by extrusion or pierce and draw process from a single cast and pre-
heated billet. The cylinder is then machined. The copper lids are manufactured by casting a
cylindrical billet, hot pressing and machining. The bottom lid is welded onto the cylinder.
The pre-fabricated overpack is examined as for dimensions, surface roughness and unac-
ceptable flaws.

The pre-fabricated components are then assembled together, the insert is put inside the
copper overpack. The canister with loose top lids is transported to the encapsulation plant.
A special cradle is used for handling and transportation of a pre-fabricated canister. Manu-
facturing processes of the canister components are described in more details in (Aalto et
al. 1996) and (Aalto 1998).

5.2 Installation tolerances

The nominal inside diameter of the copper overpack is 2 mm larger than the outer diame-
ter of the insert. This corresponds to a radial 1 mm gap between the cylinders. This is
needed due to the fact that the machining of the inside of the large soft copper cylinder
cannot possibly be made with more strict tolerances. An equal nominal gap (+2 mm axial
tolerance) is also designed between the lids of the insert and the overpack.

The magnitude of the maximum (positive) strain in the copper material is evaluated in
(Raiko & Salo 1992) to be about 2% in case the soft copper shell is plastically deformed
the amount of the gap against the insert.
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5.3 Quality controls for the pre-fabrication

The quality assurance of the canister pre-fabrication is to be carried out according to the
normal procedures adapted for nuclear power plant component manufacturing. The quality
control plan shown on Table 10 is drafted accordingly. The workshop operations in pre-
fabrication are controlled to fulfil the requirements that are set in the design report. The
examples of the named examination procedure codes (type TM-Ot-xxx) refer to the vali-
dated procedures used by Teollisuuden Voima Oy (TVO).

The copper plates or tubes are examined not to include large laminar defects by means of
ultrasonic test before machining. The copper welds manufactured in workshop are exam-
ined by radiography and the weld surface is tested with liquid penetrant after machining.
The acceptance criteria in volumetric examination are drafted according to existing stan-
dards, for example (SFS 2379) or equivalent. The surface shall not contain detectable
cracks.

The nodular graphite cast iron block is ND-examined before or after machining. The outer
circumference is examined with ultrasonic test not to include large buried indications
within the 50 to 60 mm depth measured from the outer circumference. The planar faces on
the top and bottom end of the block are surface tested with liquid penetrant or magnetic
particle examination for surface cracks.

The planar lids are surface tested for cracks.

5.4 Sealing weld of the canister lid

After loading and sealing of the insert, the canister is moved from the hot cell in vertical
position to the electron beam welding position in a vacuum chamber. After evacuating the
chamber and the canister, the copper lid is installed, fixed with a tool and welded. The
welding is made in at least two phases, first a tag weld all around the lid to ensure the lid
positioning during the full penetration weld. The positioning of the electron beam must be
targeted to the lid seam with an adequately accurate tolerance during all the welding proc-
ess. The positioning and the compensation of thermal deformations during the welding
process is made with a programmed steering automation or mechanical steering device,
which follows the pre-fabricated trail close to the seam to be welded. This kind of a local
steering device allows the possible use of a front bar on the seam to give additional mate-
rial to the weld and to minimise the surface craters caused by leaking of liquid weld metal.
After welding the weld surface is machined and the weld is surface tested and ND-
examined by radiography or ultrasonic equipment.

Figure 8 shows the details of the lid and lid weld construction. The optimal welding posi-
tion of the copper lid with the procedures developed in the Finnish EB-welding develop-
ment program is vertical according to the know-how and experience gained so far. The
construction details may, however, change as a result of the continued procedure devel-
opment. A program for the development of EB-welding for 50 mm thick copper was car-
ried out in Finland in 1994 -1997. The results from welding tests are presented in (Aalto
1998).
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TABLE 10. Quality control plan for canister pre-fabrication and assembly.

EQUIPMENT: CANISTER FOR NUCLEAR FUEL DISPOSAL

Requirements for component fabrication test reports:

Name of item: copper overpack
Visual inspection:

Dimensional test:
Material identification:
Ultrasonic test of the cylinders or rolled plates:

Final examination:

Name of item: nodular graphite cast iron insert
Visual inspection:

Dimensional test:
Material identification:
Ultrasonic test of the outer circumference:

Surface test of the machined end surfaces:

Final examination:

Name of item: steel lids
Visual inspection:

Dimensional test:
Material identification:

Surface test of the machined surfaces:

Final examination:

Name of item: copper overpack, EB-welds
Welding operator's performance qualification:
Weld process control:
Weld surface prefabrication:
Welding procedure qualification test:

Radiographic examination of welds *2):

Visual inspection of the welds:

Surface test for EB-weld surface:
Ultrasonic test *3):

*1) Test reports according to requirements of DIN 50049

*2) Workshop welds only
'3) Weld class WB (SFS 2379) for workshop welds

Certificate *1)
3.IB
3.1B
3.1B
3.1C

3.1C

Certificate
3.1B
3.1B
3.1B
3.1C

3.1C

3.1C

Certificate
3.IB
3.1B

3.1B

3.1C

3.1C

Certificate
3.1B

3.1B
3.IB
3.1C

3.1C

3.1B

3.1C
3.1C

Exam, procedure
TM-Ot-099

TM-Ot-202
TM-Ot-210

TM-Ot-123

Exam, procedure
TM-Ot-099
TM-Ot-202
TM-Ot-210

TM-Ot-123

TM-Ot-113

Exam, procedure
TM-Ot-099

TM-Ot-202

TM-Ot-210
TM-Ot-113

Exam, procedure
TM-Ot-100
TM-Ot-102
TM-Ot-103
TM-Ot-104

TM-Ot-106

TM-Ot-111

TM-Ot-123
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FIGURE 8. The details of the lid construction, vertical seal weld and dimensions.

5.5 Sealing weld quality control

After EB-welding in the encapsulation plant the weld surface and possible front bar is ma-
chined to get a clean and even surface. The seal weld quality requirements are set in Table
11.
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The outer surface of the weld is examined with a magnetic particle examination device or
liquid penetrant testing or visually by optical TV-devices to detect surface flaws. The weld
itself is examined with an ultrasonic device. The weld is examined with a scanning ultra-
sonic device, single or multi-channel type. To make the ultrasonic test with a manipulator,
the top part of the welded canister is surrounded with a leak tight collar, which is then
filled with water. The ultrasonic detectors are running in the water pool thus getting a good
sound contact with the body to be detected. The use of water as a contact media makes it
easier to keep the canister surface clean before disposal. If the EB-weld for the lid is made
in vertical position, as shown in Figure 8, the ultrasonic testing can be made radially from
the cylindrical outer surface of the vessel. Both normal incidence and angle beam probes
can be used.

TABLE 11. Quality control plan for canister lid sealing weld.

EQUIPMENT: CANISTER FOR NUCLEAR FUEL

Name of item: copper overpack, lid EB-weld
Welding operator's performance qualification:

Weld process control:
Weld surface prefabrication:
Welding procedure qualification test:

Visual inspection of the welds:

Surface test for EB-weld surface:

Ultrasonic test *1):

*1) Weld class WD (SFS 2379) for the lid sealing weld

DISPOSAL

Certificate *1)
3.1B
3.1B
3.1B

3.1C
3.1B

3.1C

3.1C

Exam, procedure
TM-Ot-100
TM-Ot-102
TM-Ot-103
TM-Ot-104
TM-Ot-111

TM-Ot-123

An additional test possibility is the use of Computed X-ray Tomography (CT) to verify
the canister EB-weld integrity. The actual wall thickness of 50 mm copper is beyond the
capability of the equipment available today. However, the use of this method is under con-
sideration.

CT creates cross section images by projecting a thin-beam x-ray through one plane of an
object from many different angles. As the X-rays pass through the object, some radiation
is absorbed, some is scattered, and some is transmitted through the object.

The radiation transmitted through the object at each angle is measured and referred to as
attenuation data. It is a measure of the reduction in X-ray intensity that results from ab-
sorption and scattering by the object.

In CT scanning, the attenuation data is summed over the many different angles from
which it is collected using a computer in a method called, reconstruction. Reconstruc-



34

tion essentially "builds" the CT image from the data collected and represents a cross
section of the object.

CT scanners typically consist of 4 hardware subsystems: a radiation source, a radiation
detector system, a mechanical manipulator, and a computer with display. The radiation
detector system is composed of detection elements, such as scintillating crystals and
photodiodes. A data acquisition system (DAS) measures radiation data transmitted
through the object and digitises it into a format that can be handled by the scanner's
computer system.

A mechanical manipulator is needed to precisely move the object relative to the X-ray
source and detector system. Finally, a CT system requires a computer to control the scan
motion and the timing of data acquisition. The computer then also reconstructs the im-
age from raw scan data.

5.6 Repair procedures

If the ND-examination result of the lid weld is not acceptable, the EB-weld can be repaired
by making a new weld in a partial or total circumference of the weld. This means that the
defected area of the weld is re-melted and solidified.

In case of not achieving an acceptable copper lid weld after several repair attempts, or for
some other reason, the canister can be technically opened. Opening and unloading of the
canister is described in chapter 4.5.
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6 MECHANICAL AND THERMAL-MECHANICAL DIMENSIONING

The mechanical strength of the canister is checked in load conditions specified in Section
2.7. The insert structure is checked in design pressure load cases to have a reasonable mar-
gin (safety factor 2) in general membrane stresses when compared to the material design
strength (yield strength) in the design temperature. Secondly, the structure is checked in
postulated upset load conditions (special local bentonite swelling loads during wetting
phase, non-symmetric swelling loads in saturated phase, and the extreme pressure load
during ice age) to have a reasonable margin against collapse failure.

In addition, the copper overpack is checked to withstand the lifting and handling device
loads during encapsulation, transport and disposal operations.

6.1 Strength analysis of the insert

Design pressure loads, cases 1 and 2

The insert is dimensioned in two basic design load cases:

1. external pressure 14 MPa (the sum of 7 MPa pressure of the 700 m groundwater
and 7 MPa pressure of the expanding bentonite), and

2. internal pressure 0.1 MPa (during the vacuum of the lid EB-weld).

The load cases 1 and 2 are first checked according to the Finnish pressure vessel norm
(SFS 2862) and (SFS 2611), respectively. Load case 2 leads to a very low stress in the
cylinder, less than 1 MPa. In load case 1 the integral structure is conservatively modelled
for manual calculation as a cylinder continuously stiffened against unstable buckling. The
required minimum wall thickness (s) of the cylinder is calculated according to (SFS 2862)
formula (1) as follows:

where p is the external pressure (14 MPa),
Do is the outside diameter of the cylinder (0.950 m),
n is the safety factor (2.0), and
a02 is the yield strength of the material in the design temperature (240 MPa).

The required wall thickness is obtained to be s = 55 mm. The actual 'equivalent cylinder'
wall thickness is about 120 mm in both of the canister variants, see Figures 6 and 9. The
equivalent wall thickness is defined by summing the load bearing section thicknesses in
the weakest section of the insert, e.g. the sum of the thickness of the bulkheads and the
outer circumference 25 mm + 50 mm + 50 mm for BWR-type insert. The measure 25 mm
is the half of the 50 mm bulkhead at the centre.
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The finite element based stress analysis can take into account the actual geometry of the
insert. This load case was analysed with FE-method also. A finite element code EPFM3D
was used. The code is developed for materially non-linear problems, fracture mechanics
and creep in VTT Energy. The analysis has been carried out by Mr. Kari Dconen, who is
also the developer of the EPFM3D code.

A symmetric 1/4-section of the insert (Figure 9) is modelled using isoparametric 3D-brick-
elements and finite element method (FEM) for numerical analysis.

FIGURE 9. The 1/4-section model of the insert for BWR-type fuel.

The finite element mesh used in the strength analysis of the cast insert is shown in Figure
10. The model consists of a 3-dimensional slice of the insert. The model contains 49
isoparametric 20 node elements. The part of the structure shown in Figure 9 was modelled
with 20 node isoparametric solid elements with curved faces. The finite element model is
shown in Figure 10. The external pressure load is modelled to act on the cylindrical outer
surface and on the planar ends of the insert. The axial loading pressure is modelled in such
a way that the effective resultant force on the transverse metal surface equals to the
equivalent force of the external pressure times the surface area of the steel lid. Constraints
are set to all symmetrical sections and the transverse sections of the insert are forced to
stay coplanar.
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FIGURE 10. The 3-dimensional finite element mesh of the 1/4-section of the insert for
BWR-type fuel. The model is made very coarse, because the local compressive peak
stresses in the rounded corners of the square openings are of no interest when there are
no cyclic loads and no risk for fatigue.

The corresponding stress analysis is reported in Appendix A. The numerical three-
dimensional stress analysis shows that the stress intensity level in case 1 is very low, in
average about 35 MPa in the circumference, see Figure 3 in Appendix A. When assessing
the stress intensity results of the numerical analyses one should keep in mind that the can-
ister insert is in compressed condition in all the three dimensions simultaneously due to
external pressure load. Furthermore, the numerical stress analysis result shows that the
stiffening and load bearing effect of the internal bulkheads of the iron insert is very re-
markable.
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Non-symmetric and bending loads, cases 3 to 7

The section properties of the cast insert relevant for bending strength are presented in Ta-
ble 12.

TABLE 12. Sectional properties of the cast insert.

BWR -type insert
W E R 440 -type insert

Sectional area
A(m2)

0.40042
0.41634

Section modulus
WOn3)

0.05633
0.05671

Flexural rigidity
Km4)

0.02676
0.02694

The maximum bending stress in the insert can be calculated according to the linear beam
theory from the bending moment according to formula (2)

o, =
M_

W
(2)

where M
W

is the bending moment in the section, and
is the section modulus.

The ultimate loading capacity of a beam in the bending case can be calculated according to
formula (3)

Mu=au-W-<&, (3)

where Mu

W
is the ultimate bending moment capacity,
is the section modulus,
is ultimate strength (400 MPa), and
is the rupture factor of the bending beam (1.35 for thick walled cylin-
der).

Using the above formula for the ultimate bending capacity of a beam we get the ultimate
bending capacity of the insert Mu = 400 MPa • 0.05633 m3 • 1.35 = 30.42 MNm.

The bending effect in load cases 3 to 6 can be calculated from the actual maximum bend-
ing moment of the case and the section modulus given in Table 12. The bending stress re-
sults are presented in Table 13. The yield stress is exceeded remarkably only in case 5, but
even in that case the ultimate bending capacity (at ultimate strength 400 MPa) is not
reached. The stiffening effect of the copper cylinder is conservatively ignored. As dis-
cussed in chapter 2.7, the load cases 3 to 7 are very conservative assumptions, because the
bentonite is assumed to be able to anchor the canister rigidly.
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TABLE 13. Bending moment and bending stress (according to linear beam theory) in
load cases 3 to 6. Legend: L = length of the canister 4.8 m, D = outside diameter of the
canister 1.052 m, andp = specified maximum bentonite swelling pressure 7 MPa.

Load case

3
4
5
6

Maximum bending
moment

1/12 • p • D • (4/5 • Lf
1/8 • p • D • (4/5 • L)2

1/2 • p • D • (1/2 • L)2

0 . 2 - 1 / 1 6 - p - D - L 2

Maximum bending
moment (MNm)_

9.0
13.6
21.2
2.1

Maximum bending
stress (MPa)

160
241
376
37.7

Load case 7 (see section 2.8, Figure 3) is the only one, that possibly causes some other
stresses than pure compression to the copper overpack. If we consider the axial force bal-
ance (in load case 7) between the ends of the canister, we see that the unbalance must be
compensated by axial friction forces between bentonite and copper overpack. The unbal-
anced reaction force between the ends in this case is

= Ap-
n-D2

(4)

where AF is the unbalanced axial force,
Ap is the pressure difference (20% of the maximum bentonite swelling

pressure 7 MPa) between the ends, and
D is the outside diameter of the canister overpack (1.052 m).

We get the unbalanced force AF = 1.22 MR If we conservatively ignore the friction be-
tween the copper overpack and the inside insert structure, we can presume that the unbal-
anced force is transferred by the copper overpack only. The maximum possible axial stress
in copper overpack in this load case is the unbalanced force divided by the sectional area
of the copper cylinder. We get the maximum axial stress of 7.8 MPa. This is a very low
stress when compared to the copper yield strength (45 MPa) in the design temperature.
The unbalanced axial force is, in practice, balanced by the friction between the copper
cylinder and the iron insert, which causes some shear stresses on the copper cylinder.
However, these are one or two orders of magnitude lower than the axial stress and can be
thus ignored.

Ice load, case 8

The extreme loading condition, case 8, external pressure 41 MPa (hydrostatic pressure of
7 MPa + bentonite swelling pressure of 7 MPa + extra hydrostatic pressure of 27 MPa due
to three kilometres of ice) is checked not to cause a collapse failure of the canisters.

This load case can be analysed by numerical methods. The linear-elastic finite element
calculation of the ice load case, load case 8, was made and the stress intensity result is
shown in Figure 4 in Appendix A. The resulting average stress intensity is about 100 MPa
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in the circumference meaning that even in this case the safety factor against global col-
lapse is more than 2.

Analysis of collapse load

In addition and for comparison, the collapse load of the insert was assessed with the same
finite element model and program. The extreme load case leads to limited plasticity in the
insert structure. The material behaviour is modelled in this ultimate case including the
post-yield condition. The critical measures in this kind of analysis are the maximum strain
and the maximum deformation.

The limit load analysis for the insert structure was made with finite element method using
non-linear (elastic-plastic) material modelling. Limit load means the pressure load that
starts the plastic collapse of the insert structure.

The yielding and strain hardening material behaviour was modelled with Ramberg-
Osgood stress-strain relation based on the yield (240 MPa at +120 °C) and ultimate
strength (400 MPa) and respective maximum plastic strain (15%) of the cast material. The
load, external pressure, was incrementally increased acting on the model surface. The non-
linear analysis was continued in 22 load increments as far as to 110 MPa external load.
The stepwise balance iteration converged with all increments. The ratio between load and
maximum displacement was very stable until about 100 MPa pressure and after that the
displacements started to increase more rapidly. However, the analysis was stable with 110
MPa external load but the maximum radial displacement was more than 2.5 mm and the
cylindrical shape of the insert was deformed to more polygon-like. As far as the iteration is
converging the strain state is stable and the load carrying capacity is not exceeded.

The results show that the pressure load carrying capacity of the cast insert is at least about
100 MPa, see Figure 2 in Appendix A. This gives a safety factor of more than two against
collapse even in load case 8, ice load during glaciation.

The element mesh was intentionally not detailed enough to model the rounded corners of
the openings. Thus the openings were conservatively modelled as sharp squares. The sin-
gularity of the sharp corners of the FEM-mesh gives some extra local stress concentration
but the effects of stress concentrations are vanishing when wide plasticity is present in the
elastic-plastic collapse analysis. The stresses in the sharp corners remain compressive even
in case of slightly asymmetric load.

The collapse analysis was made for the canister insert for BWR fuel assemblies. The
structure and material for the insert for W E R 440 fuel assemblies is mechanically so
identical that no separate analysis was seen necessary for that special structure.

The FEM-analysis was made with Silicon Graphics Indigo workstation. The number of
degrees of freedom of the model is 969, and the number of effective elements in the stiff-
ness matrix is 203 255. The non-linear solution was made in 22 load increments and the
balance between loads and stresses was iterated during each of the load increments. The
required processing time for one non-linear analysis was about 400 seconds.
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6.2 Flat cover dimensioning

The mechanical strength of the flat cover is checked in three (of the eight) relevant load
cases:

1. external pressure 14 MPa (7 MPa pressure of the groundwater + 7 MPa pressure
of the expanding bentonite)

2. internal pressure 0.1 MPa (during the vacuum of the lid EB-weld), and

8. external pressure 41 MPa (extreme loading condition during ice age, canister
temperature +20 °C, no safety factor requirements).

The flat cover is made of pressure vessel steel P265GH according to (SFS-EN 10028-2).
The yield strength of the steel is 245 MPa in room temperature and 210 MPa in the design
temperature +120 °C. Flat covers are dimensioned according to the Finnish standard
(SFS 2615). The safety factor used for design load is 2.0 that is more than the pressure
vessel standard requirement 1.5. The required cover plate thickness is calculated according
to the formula (5):

s>C-z-a- Jp -nl ay (5)

where C is 0.35 (constant depending on the lid joint type),
a is side length of the square opening (mm),
z is a shape factor of the opening (1.0 for circle, 1.1 for square)
p is the loading pressure (14 MPa),
n is the safety factor (2.0 in design condition),
<Ty is the yield strength of the material (210 MPa) in the design temperature,

and
s is the required plate thickness (mm).

In the case of external pressure the dimension (a) is the size of the square openings of the
cast insert, 155 mm. In case of internal pressure (case 2) the supporting structure diameter
(a) is equal to the gasket diameter 900 mm and the shape factor of a circle is 1.0.

In load case 1 we get the minimum dimension for the steel lid thickness s = 21.8 mm and
in case 2 thickness s = 9.7 mm. hi load case 8 the required lid thickness without safety
factor is s = 45.1 mm. hi this extreme load case the calculational safety factor is still 1.11
for the lid thickness and thus the case is lower than yield load and very far from rupture
load.
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6.3 Screws and gasket of the flat ends

The flat cover screws are loaded only in the internal pressure load case, load case 2 ac-
cording to 5.2:

2. internal pressure 0.1 MPa (during the vacuum of the lid EB-weld).

The sum of the loading force, that is acting on the screws is calculated according to the
formula (6):

D2

F = p-n--j , (6)

where p is 0.1 MPa, and
D is the average diameter of the gasket (0.900 m).

The formula gives F = 0.0636 MN = 63.6 kN. The force is divided by the number of
screws (8) and thus the force acting on a single screw is 63.6 kN / 8 = 8 kN.

The designed screws are M 16x2 and the strength class 8.8. The area of the load bearing
section of the M 16 screw is 157 mm2 and the yield strength of the material is 640 MPa.
The actual stress in the screws in the load case 2 is 8 kN / 157 mm2 = 51 MPa, which leads
to a safety factor of 12.5. The required safety factor for screws is 1.5 (SFS 2610).

6.4 Copper overpack and the lifting shoulder

The canister is handled either by supporting through the bottom end or by hanging from
the top end shoulder in the copper lid. In the following the strength of the shoulder is veri-
fied. The shoulder is calculated as a cantilever beam, whose length is 25 mm and height is
30 mm, the load bearing width is assumed to be 75% of the circumference. The total width
or circumference of the shoulder is 2.52 m. Thus the grip is assumed to load the length
75%-2.52 = 1.89m of the circumference. The shape of the shoulder is shown in Figure 11.

The maximum shear mode and bending mode stresses are calculated at the root of the
cantilever. The maximum shear stress is calculated according to the formula (7)

where F is the maximum weight of the canister (240 kN),
f is the additional dynamic load factor (1.3)
A is the sectional area of the loaded part of the shoulder,
b is the load bearing width of the shoulder circumference (1.89 m), and
h is the section height of the shoulder (0.03 m).

The resulting maximum shearing stress is x = 5.5 MPa.
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FIGURE 11. The details of the shoulder for the lifting grip and the dimensions.

The maximum bending stress is calculated assuming that all the dead weight load is con-
centrated onto the inner edge of the shoulder, see Figure 11. The bending stress component
is calculated according to the formula (8) for cantilever beam:

< ? > , =
M F-f-l
W~ b-h1 (8)

where M is the bending moment in the section,
W is the section modulus,
F is the weight of the canister (240 kN),
f is the additional dynamic load factor (1.3),
1 is the distance of the acting force from the section (0.025 m),
b is the load bearing width of the shoulder circumference (1.89 m), and
h is the height of the shoulder section (0.03 m).

The resulting maximum bending stress is <Tb= 27.5 MPa.
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The specified minimum yield stress of annealed copper is 50 MPa in room temperature
and 45 MPa in the design temperature of+120 °C. The reduced stress is calculated com-
bining the bending and shearing stress components as follows (9):

<rred = i c j + iVcT 2 +4r 2 . (9)

We get the reduced stress of 28.6 MPa. Thus the actual safety factor against yielding is
1.57 which is acceptable.

When the whole canister is lifted from the top lid corner the gravity load causes an average
axial membrane stress of 1.5 MPa to the copper cylinder of thickness 50 mm and an aver-
age shear stress of 1.6 MPa to the weld between the lid and the cylinder. These stresses are
insignificantly low when compared to copper yield strength of 45 MPa at design tempera-
ture +120 °C. Allowable shear stress is 50% of the design strength.
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6.5 Operation temperature

The typical maximum temperature of a disposal canister in the repository is presented in
Figure 12. The maximum temperature is reached within 20 years after the disposal. The
canisters are planned to be emplaced in disposal holes in tunnels with a span of 7.5 to
8.0 m depending on the rock properties. The distance between parallel tunnels is 25 m.
Thermal dimensioning and optimisation of the repository is made in (Raiko 1996). The
maximum increase in the interface temperature of the canister surface and the bentonite is
given in Figures 13 and 14 as a function of the surrounding rock thermal conductivity (A,)
for both the canister types.
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FIGURE 12. The maximum temperature of a disposal canister and near-field materials.
The initial temperature of the ambient rock is assumed to be +10 °C that is a typical
value in Finland in depth of 500 m. The canister surface temperature is calculated with
dry bentonite properties. The bentonite is assumed to be in contact with the canister
outer surface. If the bentonite is or becomes water saturated, the gap between the can-
ister surface temperature and the disposal hole edge temperature will be reduced by
50%. The hole edge and rock temperatures are not dependent on the bentonite condi-
tion.
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face.
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6.6 Cooling properties of the inserts

The decay heat generation in canisters depends on the amount, burnup and cooling time of
the fuel. The initial decay heat generation in a BWR canister will be 2 kW or less and
1.4 kW or less in a W E R 440 canister.

The highest fuel pin temperature inside the cast insert type canister with 12 assemblies is
calculated to be about +150 °C. This is calculated conservatively assuming only radiation
heat transfer and conduction in gas with air properties but ignoring possible effects of con-
vection between the fuel pins and the canister insert. If the void inside the canister is filled
with helium, the thermal conduction will be even better between the fuel pins and the iron
insert. This would lead to even lower fuel pin temperatures (Rossi et al. 1999).

6.7 Thermal stresses and deformations

The thermal conductivity of the metal body of the canister is two orders of magnitude
higher than the conductivity of the surrounding bentonite and rock in the repository. This
is why the metallic canister will be practically in an uniform temperature and the whole
thermal gradient will prevail in bentonite and rock around the canister.

The same type of cooling condition situation prevails when the canister is stored in natural
air cooling conditions immediately after loading in the encapsulation plant. The canister
body temperature will rise about 25 °C above the ambient temperature within a couple of
days according to calculation in (Rossi et al. 1999). The minimal thermal gradient in the
metallic canister body will cause no significant stresses.

The bimetallic structure of the canister will react on the temperature increase as follows:
the copper overpack will expand more than the iron insert due to the higher thermal ex-
pansion coefficient. The nominal gap between the insert and the overpack is 1 mm in ra-
dius after manufacture in room temperature. When the operation temperature stays below
+100 °C the gap will be increased not more than about 20%. If the temperature of the can-
ister is below room temperature the gap will decrease. However, the nominal gap cannot
vanish totally due to thermal deformation, because the temperature should then theoreti-
cally be below absolute zero.

6.8 Creep strains caused by shrinking in cooling period

The canisters reach their maximum temperature in the repository within 20 years after the
disposal. A typical maximum temperature history is shown in Figure 12. The calculated
canister temperature assumes conservatively that the bentonite around the canister is in dry
condition. If the bentonite buffer is water saturated before the maximum temperature is
reached, the value of maximum temperature will be some 15 °C lower.

Now we presume that simultaneously when reaching the maximum temperature the can-
ister overpack is deformed due to creep or plastic deformation under the external pressure
load. As a result of these deformations all the radial 1 mm gap between the cylindrical
overpack and insert is closed. The copper overpack will be deformed until a full contact is
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reached on all surfaces between the overpack and the iron insert due to the possibly very
slowly increasing external pressure load. The actual maximum local strain in the copper
overpack will be about 2% according to (Raiko & Salo 1992) when the 1 mm radial gap
between the overpack and the insert is forced to close due to creep (or plastic) deformation
caused by external pressure load.

The temperature of this bimetallic structure is then cooled within a few thousands of years
from the maximum of+100 °C to about +10 °C. The temperature decrease will cause now
a tensile strain into the copper overpack due to the fact that the copper is shrinking more
than iron when the temperature is decreasing, which can be estimated with the formula
(10)

As = -AT-Aa, (10)

where As is the increase of the tensile strain
AT is the temperature change of the system (10 -100 = -90 °C), and
Aa is the difference of linear thermal expansion coefficients of the materi-

als in the overpack and canister insert (17-10'6-l 1-10"6 = 6-10'61/°C).

We get As = 0.00054 = 0.054%, which is of no importance when compared to the al-
lowable creep strain in copper (5%).
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7 RADIATION SHIELDING

Gamma and neutron dose rates on the outer surface of the canisters have been calculated
with the Monte Carlo code MCNP and the point kernel code MARMER. The two canister
types, one for the square BWR fiiel assemblies and the other for the hexagonal VVER 440
fuel have been analysed in (Anttila 1998). A summary of the calculation results is shown
in Tables Hand 15.

TABLE 14. Average gamma dose rates at the axial middle level on the outer surface of
the canisters.

Cooling time of the fuel assemblies assumed to be 20 years. Flux-to-
dose conversion factors based on the ANSI/ANS-6.1.1-1991 standard
applied.

Rounded results from the MCNP4B calculations.
BWR canister, discharge burnup 60 MWd/kgU
VVER 440 canister, discharge burnup 60 MWd/kgU

Average
gamma
dose rate
(mSv/h)

116
136

TABLE 15. Average neutron dose rates at the axial middle level on the outer surface of
the canisters.

Cooling time of the fuel assemblies assumed to be 20 years. Flux-to-
dose conversion factors based on the ICRP-74 report applied.

Rounded results from the MCNP4B calculations.
BWR canister, discharge burnup 60 MWd/kgU
VVER 440 canister, discharge burnup 60 MWd/kgU

Average
neutron
dose rate
(mSv/h)

14
9

The average dose rates on the outer surface of the BWR canister are a little lower than
those outside the W E R 440 canister. The variation of the dose rate on the canister surface
is large, the local maximum rate is typically twice the average rate, see Figure 15. The
maximum radiation dose rate on the surface of the canister ends is similar as on the cylin-
drical surface.
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FIGURE 15. The calculated average dose rate on the outer surface of the BWR and
WER 440 disposal canister. Discharge burnup is 60 MWd/kgU, cooling time 20 years,
nominal canister geometry, 12 fuel assemblies.
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8 CRITICALITY SAFETY

Subcriticaliry analyses are reported in (Anttila 1999). A canister used for final disposal of
nuclear fuel must be subcritical also under very unfavourable conditions, i.e. for instance,
when:

• the fuel in the canister is in the most reactive credible configuration,

• the moderation by water is at its optimum and

• the neutron reflection on all sides is as effective as credibly possible.

The criticality safety criteria require that the effective multiplication factor of the system
studied is less than 0.95. If the calculation methods are not thoroughly enough validated or
if the codes applied are known to predict too low values for reactivity, then the limit shall
be even lower.

Concerning the criticality safety calculations of the disposal canisters the application of the
so-called burnup credit would be a reasonable procedure, because the canisters are planned
to be filled with irradiated fuel assemblies. However, all the calculations were carried out
for the fresh fuel assemblies. Besides, the presence of burnable absorbers were omitted in
the case of the BWR canisters

According to the results of MCNP4B calculations the VVER 440 canister loaded with
twelve similar fresh VVER 440 assemblies with the initial enrichment of 4.2% fulfils the
criticality safety criteria. The BWR canister loaded with twelve fresh BWR assemblies of
so-called ATRIUM 10x10 type with the initial enrichment of 3.8% and without burnable
absorbers meets the same criteria.

NEXT PAGE(S)
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9 SUMMARY

The new design of the canister for nuclear fuel disposal is presented in this report. The
canister structure consists of a massive nodular graphite cast iron insert with emplacement
holes for twelve fuel assemblies and a 50 mm thick overpack of copper. The structural
details are given, the manufacturing processes are discussed and assessed, the handling,
seal welding and transport to the deposition hole in the repository is described. All manu-
facturing and handling methods are based on technologies available today.

The mechanical dimensioning calculations of the canister design with two variations (for
BWR and for VVER 440 fuel) are documented in this report. The mechanical strength of
the design is excellent. The collapse external pressure load is about 100 MPa.

The subcriticality of the canister configuration is analysed in (Anttila 1999). The subcriti-
cality analysis of the canister shows that the required safety criteria are met even in case
where the fuel assemblies are fresh and the void of the camster is filled with water.

The radiation dose level on the surface of the canister is analysed in (Anttila 1998). The
results show that the design requirements are met with a good margin. The maximum of
the average gamma dose rate on the canister surface is less than 150 mSv/h and the local
maximum is less than 250 mSv/h. Neutron dose rates outside the canisters are much lower
than gamma dose rates. The maximum average value of neutron dose is 10 -15 mSv/h.

The thermal analysis of the canister and the surrounding rock in repository is presented in
(Raiko 1996). The analysis gives the minimum grid distances of the canisters in the re-
pository configuration. Site specific thermal properties of the rock are used in the analyses.
The limiting thermal criteria is that the temperature of the bentonite buffer outside the
canister shall not exceed +100 °C at any time.



55

REFERENCES

Aalto, H. 1998. EB-welding of the copper canister for nuclear waste disposal. Final report
of the development programme 1994 -1997. Report POSIVA 98-03, Posiva Oy, Helsinki.
43 p. ISBN 951-652-041-3.

Aalto, H., Rajainmaki, H. & Laakso, L. 1996. Production methods and costs of oxygen
free copper canisters for nuclear waste disposal. Report POSIVA 96-08, Posiva Oy, Hel-
sinki. 30 p. ISBN 951-652-007-3.

Aaltonen, P. & Vans, P. 1993. Long term corrosion tests of OFHC-coppers in simulated
repository conditions - Final report. Report YJT-93-05, Nuclear Waste Commission of
Finnish Power Companies, Helsinki. 32 p.

Ahonen, L. 1995. Chemical stability of copper canisters in deep repository. Report
YJT-95-19, Nuclear Waste Commission of Finnish Power Companies, Helsinki. 101 p.

Ahonen, L. & Vieno, T. 1994. Effects of glacial meltwater on corrosion of copper canis-
ters. Report YJT-94-13, Nuclear Waste Commission of Finnish Power Companies, Hel-
sinki. 20 p.

Anttila, M. 1998. Radiation protection calculations for an encapsulation plant. Working
Report 98-81, Posiva Oy, Helsinki. 36 p.

Anttila, M. 1999. Criticality safety calculations of the nuclear waste disposal canisters for
twelve spent fuel assemblies. Working Report 99-03, Posiva Oy, Helsinki. 20 p.

Auerkari, P. & Holmstrom, S. 1997. Long-term strength of EB welds of the canister for
nuclear fuel disposal. Working Report 97-35e, Posiva Oy, Helsinki. 21 p.

Borgesson, L. 1992. Interaction between rock, bentonite buffer and canister. FEM calcula-
tions of some mechanical effects of canister in different disposal concepts. Technical re-
port TR 92-20. Swedish Nuclear Fuel and Waste Management Co. (SKB), Stockholm.
83 p. + appendixes. ISSN 0284-3757.

Copper and copper alloy data. 1968. Permanent file No 1 issued by CDA. Data sheet No
A 4, Cu-OF. 1968 Edition. Copper Development Association. London. 10 p.

Jeskanen, H. & Kauppinen, P. 1997. Ultrasonic inspection of electron beam welded joints
in copper. Working Report 97-34e, Posiva Oy, Helsinki. 35 p.

Karnland, O. 1998. Bentonite swelling pressure in strong NaCl solutions. Report
POSIVA 98-01, Posiva Oy, Helsinki. 36 p. ISBN 951-652-039-1.



56

Raiko, H. 1993. The Effect of Filling Material on Temperature Profiles in Copper/steel
Canisters for Spent Nuclear Fuel. TVO Work Report TEKA-93-09, Teollisuuden Voima
Oy, Helsinki. 20 p.

Raiko, H. 1996. Thermal optimisation of the final disposal of spent nuclear fuel. Report
POSIVA 96-03, Posiva Oy, Helsinki. (In Finnish). 57 p.

Raiko, H. 1997. Description and cost estimate of the canisters for disposal. Work Report
97-24, Posiva Oy, Helsinki. 14 p. (In Finnish).

Raiko, H. & Salo, J.-P. 1992. The design analysis of ACP-canister for nuclear waste dis-
posal. Report YJT-92-05, Nuclear Waste Commission of Finnish Power Companies, Hel-
sinki. 39 p. ISSN-0359-548X.

Raiko, H. & Salo, J.-P. 1996. Design report of the canister for nuclear fuel disposal. Re-
port POSIVA 96-13, Posiva Oy, Helsinki. 51 p. ISBN 951 -652-012-X.

Rajainmaki, H., Aalto, H., Raiskio, J., Pohjavirta, J., Laakso, L. & Raiko, H. 1995. EB-
welding procedure development for the manufacture of a massive copper canister. Optimi-
sation of the parameters for basic welding. Working Report TEKA-95-08, Teollisuuden
Voima Oy, Helsinki. 67 p. (In Finnish).

Rajainmaki, H., Nieminen, M. & Laakso, L. 1991. Production methods and costs of oxy-
gen free copper canisters for nuclear waste disposal. Report YJT-91-17, Nuclear Waste
Commission of Finnish Power Companies, Helsinki.

Rossi, J., Raiko, H., Suolanen, V. & Ilvonen, M. 1999. Assessment of radiation doses due
to normal operation, incidents and accidents of the final disposal facility. Report POSIVA
99-16. Posiva Oy, Helsinki. 85 p. ISBN 951-652-071-5. (In Finnish).

Salo, J.-P. & Raiko, H. 1990. The copper/steel canister design for nuclear waste disposal.
TVO/KPA Turvallisuus ja tekniikka, Work Report 90-10, Rev. 1., Teollisuuden Voima
Oy, Helsinki. 26 p.

SFS 2113 standard, Spheroidal or nodular graphite cast iron. Qualities and designation.
1975. Suomen Standardisoimisliitto. Helsinki. 2 p.

SFS 2379 standard, Welding. Fusion welded joints in steel. Classification. 1983. Suomen
Standardisoimisliitto. Helsinki. 13 p.

SFS 2610 standard, Design of pressure vessels, Basic requirements. 1990. Suomen Stan-
dardisoimisliitto. Helsinki. 8 p.

SFS 2611 standard, Design of pressure vessels, Cylindrical and spherical shell subject to
internal pressure. 1981. Suomen Standardisoimisliitto. Helsinki. 4 p.



57

SFS 2615 standard, Design of pressure vessels, Flat end and flat cover. 1985. Suomen
Standardisoimisliitto. Helsinki. 14 p.

SFS 2862 standard, Design of pressure vessels, Shell subject to external pressure. 1987.
Suomen Standardisoimisliitto. Helsinki. 8 p.

SFS 2905 standard, Oxygen free copper for electrical purposes. 1975. Suomen Standard-
isoimisliitto. Helsinki. 6 p.
SFS 3292 standard, Design of pressure vessels. Stress analysis. 1979. Suomen Stan-
dardisoimisliitto. Helsinki. 10 p.

SFS 3345 standard, Materials for pressure vessels. Grey iron and nodular iron. 1987. Suo-
men Standardisoimisliitto. Helsinki. 6 p.

SFS-EN 10028-2 standard, Flat products made of steel for pressure purposes. Part 2: Non-
alloy and alloy steels with specified elevated temperature properties. 1993. Suomen Stan-
dardisoimisliitto. Helsinki. 22 p.

SKB 1992. Treatment and final disposal of nuclear waste - Detailed R&D-Programme
1993 - 1998. Swedish Nuclear Fuel and Waste Management Co. (SKB), Stockholm.
187 p. ISSN 1100-8113.

Vieno, T. & Nordman, H. 1999. Safety assessment of spent fuel disposal in Hasthol-
men, Kivetty, OIkiluoto and Romuvaara TILA-99. Report POSIVA 99-07, Posiva Oy,
Helsinki. 253 p. ISBN 951-652-062-6.

Werme, L. 1998. Design premises for canister for spent nuclear fuel. Technical Report
TR-98-08, Swedish Nuclear Fuel and Waste Management Co. (SKB), Stockholm. 46 p.
ISSN 0284-3757.

Werme, L. & Eriksson, J. 1995. Copper canister with cast inner component. Technical
Report TR-95-02, Swedish Nuclear Fuel and Waste Management Co. (SKB), Stock-
holm. 14 p. ISSN 0284-3757.

YVL-guide 2.1, Safety classification of nuclear power plant systems, structures and com-
ponents. 1992. Finnish Centre for Radiation and Nuclear Safety (current name Radiation
and Nuclear Safety Authority), Helsinki. 13 p. ISBN 951-47-6891-4.



59 APPENDIX A

FEM-RESULTS FROM THE COLLAPSE LOAD ANALYSIS OF THE CANIS-
TER INSERT

Following figures show the element mesh used for the collapse load analysis (Figure 1),
the increase of the maximum radial deformation of the canister insert as a function of the
increasing load (Figure 2) and isoband plots of the stress intensity in case of pressure
load of 14 MPa (Figure 3) and 41 MPa (Figure 4). The results of the non-linear analysis
for collapse load with pressure load of 110 MPa are shown in Figure 5 (distribution of
the reduced von Mises stress) and in Figure 6 (distribution of effective plastic strain).

Figure 1 shows the finite element mesh of the 90 degree section of the insert. The total
number of the 20-node elements is 49. The number of nodes is 484. The integration order
of the element stiffness is 2x2x2. The model has symmetric constraints on all cut surfaces,
also on both the transverse sections. The transverse sections are forced to deform as par-
allel surfaces. Both radial and axial component of the pressure are modelled in the
3-dimensional finite element model. The material properties used in the analysis are ac-
cording to the specification in chapter 3.1.
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FIGURE 1. Finite element mesh of the 90 degree section of the insert.
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Figure 2 shows the maximum radial displacements (deformation) as a function of the
increasing load. The maximum load in the non-linear plastic analysis is 110 MPa. The
corresponding maximum deformation is 2.5 mm which still is small when compared to
general dimensions of the structure. Thus the geometric effects of the large deformations
in the finite element model are ignored. The total external pressure load is divided into
22 equal load increments in the non-linear load range. The curve tells that the plastic
collapse of the canister insert starts at about 100 MPa pressure but the final collapse re-
quires more load due to the strain hardening effect of the metal.
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FIGURE 3. Isoband plot of the stress intensity distribution at 14 MPa (design pressure)
load. Analysis is linear-elastic. The maximum stress intensity in the corners is about
100 MPa but the average membrane stress intensity on the circumference is about 35
MPa.
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FIGURE 6. The isoband plot of the effective plastic strain distribution at 110 MPa
pressure load. The maximum effective plastic strain in the sharp corners is more than
2%. The deformation of the shape is exaggerated by factor 10.
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