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1. PURPOSE

The purpose of this appendix is to describe the method for analyzing the welded joints.

It covers the part penetration fillet welds.

The stresses on the "throat section" plane are evaluated:

* normal stress u_,

" tangential stress t., which is the component perpendicular to the weld axis,

* tangential stress r//, which is the component parallel to the weld axis,

The stresses o., t 1 , , //are determined from the external loads.
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2. CALCULATION OF THE STRESSES IN THE WELD BASED ON
EXTERNAL LOADS

2.1 Forces issued from SYSTUS

The generalized forces (forces per unit of length of the average fibre) in the shell elements -
issued by SYSTUS (reference 18) are as follows:
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• tangential stress '1-, which is the component perpendicular to the weld axis, 
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2. CALCULATION OF THE STRESSES IN THE WELD BASED ON 
EXTERNAL LOADS 

2.1 Forces issued from SYSTUS 

The generalized forces (forces per unit of length of the average fibre) in the shell elements -
issued by SYSTUS (reference 18) are as follows: 
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" NX, NY : membrane forces,
" NXY : shear forces,
" MX, MY : bending moments,
" MXY : torsional moment.

M•MY

The components of the load set, forces and moments, calculated by SYSTUS are expressed in a

local system of axes, specific to each element in the model.

These local systems of axes are obtained as follows:

" let the nodes of an element be identified 1, 2, 3 and, if necessary, 4,

" the normal axis to the shell plane is defined by: z = 12 A 13,

* axis x is obtained, relative to the global system, as: x = ZA z,

• axis y is obtained, relative to the global system, as: y = zA x.

Since this local system is variable, it does not necessarily correspond to the local axes of each
type of weld.

2.2 L-beam case
For the welds on the L-beams (S14), which are positioned on an arc of circle, the axes of each
element are obtained by permuting the axes (± Tc/2 or ± 7r rotation), since the three local axes are
parallel to the global axes. Then, to take account of the azimuth, the axes were rotated in order to
be positioned in a radial-tangential system.

We then consider the L-beam as stiffer than the shell (this is true because it has a thickness
which is above that of the shell): this way, we assume that the forces on the welds are transmitted
by the L-beam.

In this case, after changing the reference, we also transpose the calculation point of the load set
from the center of the plate which represented the flange of the modeled L-beam, towards the
mid-point between the two welds which are at the base of the angle.

With reference to the figure below, this is equivalent to changing the SYSTUS calculation point
"E", to point "M", the mid-point of the L-beam.
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• NX, NY 
• NXY 
• MX, MY 
• MXY 

membrane forces, 
shear forces, 
bending moments, 
torsional moment. 

The components of the load set, forces and moments, calculated by SYSTUS are expressed in a 
local system of axes, specific to each element in the model. 

These local systems of axes are obtained as follows: 

• let the nodes of an element be identified 1, 2, 3 and, if necessary, 4, 

-• the normal axis to the shell plane is defined by: z = 12 A 13 , 

- -• axis x is obtained, relative to the global system, as: x = Z A z, 

- - - -
• axis y is obtained, relative to the global system, as: y = z A x . 

Since this local system is variable, it does not necessarily correspond to the local axes of each 
type of weld. 

2.2 L-beam case 

For the welds on the L-beams (S 14), which are positioned on an arc of circle, the axes of each 
element are obtained by permuting the axes (± nl2 or ± n rotation), since the three local axes are 
parallel to the global axes. Then, to take account of the azimuth, the axes were rotated in order to 
be positioned in a radial-tangential system. 

We then consider the L-beam as stiffer than the shell (this is true because it has a thickness 
which is above that of the shell): this way, we assume that the forces on the welds are transmitted 
by the L-beam. 

In this case, after changing the reference, we also transpose the calculation point of the load set 
from the center of the plate which represented the flange of the modeled L-beam, towards the 
mid-point between the two welds which are at the base of the angle. 

With reference to the figure below, this is equivalent to changing the SYSTUS calculation point 
"E", to point "M", the mid-point of the L-beam. 
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The correlations for this transformation are as follows:

* MXMZMXE+NY.(e-b)/2,

* MXYM = MXYE,

" MYM-MYE-NX•(e-b)/2.

In this way, we assume that after transfer of the forces and moments, the forces are equilibrated
in equal parts by the two welds at the base of the L-beam.

The calculation of the stresses is carried out relative to the load set calculated at point "M".

X,.

A f~

IN,

Force NX : each weld carries

NX

NX-, then:
2

NX, -
U31  --

4a
NX,/

4a

TH/ = 0

Force NY: this force only creates a normal stress cry, then:

NY j ---- 0N= 0

'U,, = 0
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The correlations for this transformation are as follows: 

• MXM :: MXE + NY . (e - b) / 2, 

• MXYM = MXYE, 

• MYM ::MYE -NX·(e-b)/2. 

In this way, we assume that after transfer of the forces and moments, the forces are equilibrated 
in equal parts by the two welds at the base of the L-beam. 

The calculation of the stresses is carried out relative to the load set calculated at point "M". 

. NX 
• Force NX : each weld carries -, then: 

2 
NX..fi 

crol = 
4a 

NX NX..fi 
'ol = 

4a 

'/I = 0 

• Force NY: this force only creates a normal stress cry, then: 

crol = 0 

NY 'ol = 0 

1/1 = 0 
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9 Force NXY:

NXY Ti

=0
=0

NXY

2a

Moment MX: this only generates normal stresses ay:

01 = 0

MX t, = 0

// = 0

@ Moment MY:

F

MY
F - , then:

e

MY,[2

2ae

MY,/2
Ti

2ae

= 0

a Moment MXY:

MXY •1

=0

=0

MXY

ae

Finally, the stresses in the throat section plane are:

NXi2 MY-/2o-_ - __+

4a 2ae

NX-i/2 MY,-2
-T± - +

4a 2ae

NXY MXY

2a ae

2.3 Case of a fillet weld
For fillet welds (S8 or S9), we made a change of the local axes, in order to express the results
issued from the SYSTUS F.E. calculation according to the specific system of each weld for which
the stresses have to be calculated.
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• Force NXY: 
0".1 == 0 

NXY '.1 == 0 

NXY 
'/I == --

2a 

• Moment MX: this only generates normal stresses O"y: 

0".1 == 0 

MX '.1 == 0 

'/I == 0 

• Moment MY: 

MY.,fi 
0".1 == 

-,-~ MY 2ae 

It ~.1ty 
F == --, then: 

MY.,fi e 
'.1 == 

6~ 2ae 
I L~ 

i~ '/I == 0 

~*_I ,it 

• Moment MXY: 
0".1 == 0 

'.1 == 0 
MXY 

MXY 
'/I == --

ae 

• Finally, the stresses in the throat section plane are: 

NX.,fi MY.,fi 
0".1 == + 

4a 2ae 

NX.,fi . MY.,fi 
'.1 == + 

4a 2ae 

NXY MXY 
'/I == --+--

2a ae 

2.3 Case of a fillet weld 
For fillet welds (S8 or S9), we made a change of the local axes, in order to express the results 
issued from the SYSTUS F.E. calculation according to the specific system of each weld for which 
the stresses have to be calculated. 
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This change of axes is obtained by a permutation of the axes (± n/2 or ± T1 rotation), or, at the
limit, by a system identity due to the fact that the weld is always parallel to one of the sides of the
finite element.

A fillet weld is shown in the following figure
SYSTUS convention, as indicated above).

(in which the axes identification is independent of the
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9 Force NY:
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1T// -- 0
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* Force NXY:

NY
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This change of axes is obtained by a permutation of the axes (± nl2 or ± n rotation), or, at the 
limit, by a system identity due to the fact that the weld is always parallel to one of the sides of the 
finite element. 

. A fillet weld is shown in the following figure (in which the axes identification is independent of the 
SYSTUS convention, as indicated above). 
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• Force NX: 
O"J. = 0 

NX 'tJ. = 0 

'til = 0 

• Force NY: 
NY 

O"J. = 
a..fi 

NY NY 
'tJ. = a..fi 
'til = 0 

• Force NXY: 
O"J. = 0 

'tJ. = 0 
NY 

NXY 
'til = --

a 
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" Moment MX: it is assumed that the distribution is linear along the plane of the throat section.
The maximum values are:

6MX
a2

N

MX ,= o

" Moment MY:

01 =. 0

/1 = 0

* Moment MXY: a linear distribution of the stresses is assumed. The maximum values are:

(01 = 0

MXY 0' =

6MXY
1;// a--= a 2

* Finally, the stresses in the throat section plane are:

NY 6MXa +r2 a2

NY

NXY 6MXY
- + 2

a a

3. CALCULATION OF THE EQUIVALENT STRESS

The equivalent stress is given by the formula which envelopes all the formulae included in the
various codes (see Table 1):

Cyeq cy 2+3 (T 2+T 2
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• Moment MX: it is assumed that the distribution is linear along the plane of the throat section. 
The maximum values are: 

6MX 
0'.1 = --

a 2 

MX 
'.1 = 0 

'II = 0 

• Moment MY: 

0'.1 = 0 

MY '.1 = 0 

'II = 0 

• Moment MXY: a linear distribution of the stresses is assumed. The maximum values are: 

0'.1 = 0 

'.1 = 0 
MXY 

6MXY 
'II = 

a 2 

• Finally, the stresses in the throat section plane are: 

NY 6MX 
0'.1 = --+--

a..fi a 2 

NY 
'.1 = 

a..fi 

NXY 6MXY 
'II = --+ 

a a2 

3. CALCULATION OF THE EQUIVALENT STRESS 

The equivalent stress is given by the formula which envelopes all the formulae included in the 
various codes (see Table 1): 
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Calculation of the lashing points
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1. PURPOSE
The purpose of this report is to calculate the loads applied to stowing box welds in stowing conditions.

The study is carried out from a calculation to finite elements, based on the model used for the study
subject to the note in reference 1. Said note includes the description of the 12-foot container modelling
which is taken up in this report.

2. BASIC DATA

2.1 Geometry and weights
-. The 12-foot container dimensions are given in the reference note 1, whose features are reminded here

for reference.
5

The container is comprised of two lower and upper half-shells, assembled by bolts at the flanges
o located along the diametrical horizontal plane.

U)

co The 12-feet container overall dimensions are the following:
C

- length • 4,923 mm,
o °shell diameter • 1,054 mm,
I . overall height • 1,213 mm,

* overallwidth • 1,141 mm.

(0 As per reference note 1: the weights of an FCC3-type 12-foot container with two assemblies are the
a)0 following:-3

Z
* total weight • 4,500 kg,

upper shell weight • 500 kg,
< • lower shell weight " 750 kg,
uJu ° internal equipment weight " 3,250 kg.
0

S 2.2 Material
"- Containers are made of E36 steel, the features of which are taken in reference 4 standard.

As regards weld beads, reference note 1 indicates that the welding material's mechanical features are
at least equal to those of the base metal.

The operating temperature is between -20 'C and +70 'C. Variations of the features relatively to 20 °C
are not significant and the features at 20 °C are kept.

Their numerical values are given in table 1.

2.3 Loadings
The loading applied to each stowing box is represented by reactions applied by the stowing chains.
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1. PURPOSE 
The purpose of this report is to calculate the loads applied to stowing box welds in stowing conditions. 

The study is carried out from a calculation to finite elements, based on the model used for the study 
subject to the note in reference 1. Said note includes the description of the 12-foot container modelling 
which is taken up in this report. 

2. BASIC DATA 

2.1 Geometry and weights 
The 12-foot container dimensions are given in the reference note 1, whose features are reminded here 
for reference . 

The container is comprised of two lower and upper half-shells, assembled by bolts at the flanges 
located along the diametrical horizontal plane. 

The 12-feet container overall dimensions are the following: 

• length 4,923 mm, 
• shell diameter 1,054 mm, 
• overall height 1,213 mm, 
• overall width 1,141 mm. 

As per reference note 1: the weights of an FCC3-type 12-foot container with two assemblies are the 
following: 

• total weight 
• upper shell weight 
• lower shell weight 
• internal equipment weight 

2.2 Material 

4,500 kg, 
500 kg, 
750 kg, 

3,250 kg. 

Containers are made of E36 steel, the features of which are taken in reference 4 standard. 

As regards weld beads, reference note 1 indicates that the welding material's mechanical features are 
at least equal to those of the base metal. 

The operating temperature is between -20°C and +70 °C. Variations of the features relatively to 20°C 
are not significant and the features at 20 °C are kept. 

Their numerical values are given in table 1. 

2.3 Loadings 
The loading applied to each stowing box is represented by reactions applied by the stowing chains. 

FF 017 Rev. 1 
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The resultant's orientation for this load is not precisely known because arrangement of the chains
depends on the number of containers on the trailer (from one to eight) and the number of
superimposed container levels (one or two).

The assumption according to which the chains are always arranged symmetrically relatively to both
longitudinal-vertical and transversal-vertical planes will be retained. This makes it possible for us to
study a quarter of the container and one single stowing box.

In such case, we will be able to define two slopes for the chain, both being quantified relatively to the
horizontal plane:

* angle a: located along the transversal-vertical plane,
* angle P: located along the longitudinal-vertical plane.

Both angles represent the projections of the effective angle of the load resultant applied by the chain
along both indicated planes.

According to reference 2 plane, angle ax can be given both 60' and 70' values which correspond
respectively to two potential situations during transportation:

• situation when the container is placed at the second level, with contact of the chain on the outer
edge of the junction flange between half-shells,

* situation when the container is placed at the first level, with contact on the tangent line of the upper
half-shell, traced from the edge of the chain passage hole in the stowing box.

Angle P3 depends on the position of the chain attachment point on the trailer floor; it can vary between
300 and 600.

A parametric study is carried out with the six combinations given in the table below.

C
0

CD)

U,

U-

0)

Z

I-

Z

0

LL

2.4 Regulation

Case Angle at Angle 3

(degrees) (degrees)

1 60 30

2 60 45

3 60 60

4 70 30

5 70 45

6 70 60

The container analysis carried out in this study deals with the weld strength for container boxes used
for lifting and stowing.

The loading retained (failure of stowing systems) corresponds to an assumption well beyond normal
operating conditions; it is about an accidental situation which would result furthermore in plastic
distortion of the stowing box.
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The resultant's orientation for this load is not precisely known because arrangement of the chains 
depends on the number of containers on the trailer (from one to eight) and the number of 
superimposed container levels (one or two). 

The assumption according to which the chains are always arranged symmetrically relatively to both 
longitudinal-vertical and transversal-vertical planes will be retained. This makes it possible for us to 
study a quarter of the container and one single stowing box. 

In such case, we will be able to define two slopes for the chain, both being quantified relatively to the 
horizontal plane: 

• angle a: located along the transversal-vertical plane, 
• angle 13: located along the longitudinal-vertical plane. 

Both angles represent the projections of the effective angle of the load resultant applied by the chain 
along both indicated planes. 

According to reference 2 plane, angle a can be given both 60° and 70° values which correspond 
respectively to two potential situations during transportation: 

• situation when the container is placed at the second level, with contact of the chain on the outer 
edge of the junction flange between half-shells, 

• situation when the container is placed at the first level, with contact on the tangent line of the upper 
half-shell, traced from the edge of the chain passage hole in the stowing box. 

Angle P depends on the position of the chain attachment point on the trailer floor; it can vary between 
30° and 60°. 

A parametric study is carried out with the six combinations given in the table below. 

Case Angle a Angle 13 
(degrees) (degrees) 

1 60 30 

2 60 45 

3 60 60 

4 70 30 

5 70 45 

6 70 60 

2.4 Regulation 
The container analysis carried out in this study deals with the weld strength for container boxes used 
for lifting and stowing. 

The loading retained (failure of stowing systems) corresponds to an assumption well beyond normal 
operating conditions; it is about an accidental situation which would result furthermore in plastic 
distortion of the stowing box. 
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The analysis rules supplied by CM66 code (reference 3) will be applied, with a weighting coefficient for
loadings equal to 1, that is (y, < a'2 ce. The calculation method for Geq is detailed in Appendix 1 of

reference note 1, where:

aX reduction factor, depends on the weld's "a" groove depth, with the following values:
* (X=I for a <4mm,

+ a=0,8 I+-j for a >4 mm.

3. CALCULATIONS

3.1 Method
Ln Calculations are performed with the SYSTUS finite element calculation software, reference 5, in the

scope of a linear elastic behaviour of materials.

U)

3.2 Modelling
cc

Stowing load strength calculation is performed using the same modelling as the one used in reference
note 1. A three-dimensional model made up of thin shell components with 3 or 4 nodes is used. The

o meshing includes 4,363 nodes and 4,194 components. It is presented in Figure 1.

It integrates modelling of hooking points, effective lengths of all weld beads, including in the upper
LL stiffening zone and the representation of bolted connections. Figure 2 gives the bead length taken into
M account, as specified in reference note 1. In the flange zone, the shell thickness as well as that of the
a)-0 flanges is described with two distinct mesh rows interconnected by continuous weld beads.

zi For symmetry reasons, a quarter of the container was modelled.

z Reference note 1 showed that the layout dissymmetry existing at the flange attachment bolts, relatively
< to the centre diametrical plane, does not affect the calculation results.

0I--

3.3 Conditions at the limits
S On cut-out surfaces of the model representing the quarter of the container, symmetry conditions wereL-

applied relatively to vertical planes which are parallel to the container's longitudinal axis (plane XOZ)
and perpendicular to this axis respectively, at mid-length (plane YOZ).

Orientation of the axes is given in Figure 1.

Application of these symmetry conditions is equivalent to the following relations:

* as regards the plane (XOZ), the following movements and rotations are blocked: uy, &,x and 9,,
" as regards the plane (YOZ), the following movements and rotations are blocked: Ux, &,Y and &,.

The vertical movement is blocked at the level of the lower pad, that is on a 835 mm length
approximately.

Two connection conditions will be studied at the lifting box:

* a movement coupling imposed between the knots located on the box edges, resting on the
container's shell, and the corresponding knots located on the shell. This condition amounts to
considering the box as resting on the upper half-shell with friction.
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The analysis rules supplied by CM66 code (reference 3) will be applied, with a weighting coefficient for 

loadings equal to 1, that is O'Cq::; a2 
O'e' The calculation method for O'eq is detailed in Appendix 1 of 

reference note 1, where: 

a reduction factor, depends on the weld's "a" groove depth, with the following values: 
• a = 1 for a ~ 4 mm, 

• a = 0,8 (1 +';) for a > 4 mm. 

3. CALCULATIONS 

3.1 Method 
Calculations are performed with the SYSTUS finite element calculation software, reference 5, in the 
scope of a linear elastic behaviour of materials. 

3.2 Modelling 
Stowing load strength calculation is performed using the same modelling as the one used in reference 
note 1. A three-dimensional model made up of thin shell components with 3 or 4 nodes is used. The 
meshing includes 4,363 nodes and 4,194 components. It is presented in Figure 1. 

It integrates modelling of hooking points, effective lengths of all weld beads, including in the upper 
stiffening zone and the representation of bolted connections. Figure 2 gives the bead length taken into 
account, as specified in reference note 1. In the flange zone, the shell thickness as well as that of the 
flanges is described with two distinct mesh rows interconnected by continuous weld beads. 

For symmetry reasons, a quarter of the container was modelled. 

Reference note 1 showed that the layout dissymmetry existing at the flange attachment bolts, relatively 
to the centre diametrical plane, does not affect the calculation results. 

3.3 Conditions at the limits 
On cut-9ut surfaces of the model representing the quarter of the container, symmetry conditions were 
applied relatively to vertical planes which are parallel to the container's longitudinal axis (plane XOZ) 
and perpendicular to this axis respectively, at mid-length (plane YOZ). 

Orientation of the axes is given in Figure 1. 

Application of these symmetry conditions is equivalent to the following relations: 

• as regards the plane (XOZ), the following movements and rotations are blocked: 
• as regards the plane (YOZ), the following movements and rotations are blocked: 

The vertical movement is blocked at the level of the lower pad, that is on a 
approximately. 

Two connection conditions will be studied at the lifting box: 

uy, Sx and Sz, 
ux, Sy and Sz. 

835 mm length 

• a movement coupling imposed between the knots located on the box edges, resting on the 
container's shell, and the corresponding knots located on the shell. This condition amounts to 
considering the box as resting on the upper half-shell with friction. 
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* a radial movement coupling imposed between the knots located on the box edges, resting on the
container's shell, and the corresponding knots located on the shell. This condition amounts to
considering the box as resting on the upper half-shell without any friction.

The loading applied will result in compressing the stowing box's sheets on the outer packing sheets.
The resulting contact will tend to favour appearance of a significant friction between these sheets.
Taking both configurations into account (with or without friction) will therefore give the result of a
potentially realistic configuration and the corresponding conservative situation.

3.4 Loadings
The loadings to be taken into account are given in paragraph 2.3.

Let F be the chain tensioning stress, load components are connected to the general load F by the
following correlations:

For the inclined strand:

CF= VFXo 2 + FYo2 + FZo2

U I
FXo= FZo

-o= tanp3
C 1

FYo=- FZo
atananI and consequently:

= FZo =

1+ p 2a
Z
i For the horizontal strand

0-
Z FYh = -F
WuJJ
2• Considering a 50 kN load applied to each strand, which corresponds to the stowing system breaking0
I- stress, the numerical values of the resulting loads and their three components are given in Table 2.

The resulting load R is obtained as RX = FXo, RY = FYo+FYh and RZ = FZo

4. RESULTS
The most loaded welds are identified in Figure 3 (beads indicated with an asterisk, "*").

The numerical values of the various stress values are given in Table 3. In any case, we make sure that
the elastic limit is not reached.
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• a radial movement coupling imposed between the knots located on the box edges, resting on the 
container's shell, and the corresponding knots located on the shell. This condition amounts to 
considering the box as resting on the upper half-shell without any friction. 

The loading applied will result in compressing the stowing box's sheets on the outer packing sheets. 
The resulting contact will tend to favour appearance of a significant friction between these sheets. 
Taking both configurations into account (with or without friction) will therefore give the result of a 
potentially realistic configuration and the corresponding conservative situation. 

3.4 Loadings 
The loadings to be taken into account are given in paragraph 2.3. 

Let F be the chain tensioning stress, load components are connected to the general load F by the 
following correlations: 

For the inclined strand: 

and consequently: 

For the horizontal strand 

F = .JFX02 + FYo2 + FZ02 
1 

FXo=--FZo 
tan~ 

1 
FYo=---FZo 

tana 

F 
FZo = --;====== 

1 1 
1+--+--

~ tan2~ tan2a 

Considering a 50 kN load applied to each strand, which corresponds to the stowing system breaking 
stress, the numerical values of the resulting loads and their three components are given in Table 2. 

The resulting load R is obtained as RX = FXo, RY = FYo+FYh and RZ = FZo 

4. RESULTS 
The most loaded welds are identified in Figure 3 (beads indicated with an asterisk, "*"). 

The numerical values of the various stress values are given in Table 3. In any case, we make sure that 
the elastic limit is not reached. 

FF 017 Rev. 1 



A N I FIF DC 01039 E0FRAMATOME ANP RV. A PAGE 9/15

5. FINDINGS
The finite element calculation results with integration of friction provides maximum stress values which
are inferior to the elastic limit of the stowing box material. If friction is neglected, the maximum values
increase but remain well within the elastic limit.

Taking into account the very conservative nature of the loading retained (failure of the stowing
systems), this result corresponds to an assumption well beyond the normal operating conditions, which
ensures additional margins in real routine conditions.
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5. FINDINGS 
The finite element calculation results with integration of friction provides maximum stress values which 
are inferior to the elastic limit of the stowing box material. If friction is neglected, the maximum values 
increase but remain well within the elastic limit. 

Taking into account the very conservative nature of the loading retained (failure of the stowing 
systems), this result corresponds to an assumption well beyond the normal operating conditions, which 
ensures additional margins in real routine conditions, 
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Table 1

E36 steel mechanical features at 20 0C

C

CU,

Cd,

z

LU
2

0)

'I,

Feature Value

Young's Modulus (MPa) 209,000

Poisson's Ratio 0.3

Density (kg/M 3) 7,850

Minimum elastic limit (MPa) 355

Minimum tensile strength (MPa) 490

(510 fore < 3 mm)
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Table 1 

E36 steel mechanical features at 200 e 

Feature Value 

Young's Modulus (MPa) 209,000 

Poisson's Ratio 0,3 

Density (kg/m3) 7,850 

Minimum elastic limit (MPa) 355 

Minimum tensile strength (MPa) 490 
(510 for e < 3 mm) 

FF 017 Rev. 1 



A N* IFF DC 01039 E0

FRAMATOME ANP REV. A PAGE 11/15

Table 2

Parametric Study - Resultant and components of loads applied for a 50 kN
load per strand

C

In

U,

V)
a)
0

U-

z

z

0

Case Resulting load R (N) RX (N) RY (N) RZ (N)

1 60,110 -41,603 -36,132 -24,019

2 55,769 -32,733 -31,102 -32,733

3 52,573 -22,361 -27,639 -38,730

4 64,069 -42,602 -41,048 -24,596

5 61,268 -34,240 -37,538 -34,240

6 59,134 -23,844 -34,969 -41,298
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Table 2 

Parametric Study - Resultant and components of loads applied for a 50 kN 
load per strand 

Case Resulting load R (N) RX (N) RY (N) RZ(N) 

1 
60,110 -41,603 -36,132 -24,019 

2 
55,769 -32,733 -31,102 -32,733 

3 
52,573 -22,361 -27,639 -38,730 

4 64,069 -42,602 -41,048 -24,596 

5 
61,268 -34,240 -37,538 -34,240 

6 
59,134 -23,844 -34,969 -41,298 
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Table 3

Parametric Study - Maximum stresses in the welds for a load
corresponding to the stowing system failure

CU

CU

a)

CI

0

U-

Case Stresses (MPa)

With friction Without friction

1 173 214

2 169 223

3 163 223

4 189 228

5 191 243

6 191 249
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Table 3 

Parametric Study - Maximum stresses in the welds for a load 
corresponding to the stowing system failure 

, 

Case Stresses (MPa) 

With friction Without friction 

1 173 214 

2 169 223 

3 163 223 

4 189 228 

5 191 243 

6 191 249 

. 
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Figure 1

Meshing
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Figure 1 

Meshing 
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Figure 3

Location of the most loaded weld beads on the model
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Figure 3 

Location of the most loaded weld beads on the model 
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Stacking test
FCC3 packaging

* Stacking test - FCC3 packaging

* FFXD - Packaging for fresh fuel assemblies 12 fL - Verification of stacking
resistance - PEVEDDC030222C
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Stacking test 
FCC3 packaging 

• Stacking test - FCC3 packaging 

• FFXD - Packaging for fresh fuel assemblies 12 ft. - Verification of stacking 
resistance - PEVEDDC030222 

, 
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Stacking test
FCC3 packaging

I - Compression force to be considered

The package must be submitted, for a minimum of 24 hours,to a compression force equal to the
higher of the following two values:

* 5 times the weight of the real package
F1 = 5.4400.g = 21600 daN

* The product of 13 kPa by the vertical projection area of the package:
13 kPa = 13.10-4 daN/mm2

.o S = 4923 x 1141 = 561.7 x 104 mm 2 (outer contour of the closure flange)
F2 = 13.10-4 x 561.7 x 10= 7303 daN

0

-o Therefore, the compression force to be considered is F1 = 21600 daN, applied uniformly on the 4
bearing points of the packages stacked for storage (lifting points).

*-

-.2 2 - Mechanical strength
0
O Each bearing lug is therefore subjected to a vertical load of F = 5400 daN. The mechanical strength of
± the packaging must be verified as to:

:2
" * the strength of the connection between lifting lug and upper enclosure

- * crush resistance of the envelope.
=3
z
i The report PVED DC 030222 shows that in a stacking configuration of 6 packagings, the stress

a.Z_ generated on the bottom packaging does not exceed the yield strength of the steel (calculations made
< with an envelope compression force of 22500 daN). This conclusion is as valid for the plates,
2 packaging walls and lifting boxes as it is for the welds.
0

3 - Analysis of lifting points buckling risk
By design, only the vertical part of the plate of each lifting point may be subjected to this risk. This part

"L has a height of 145 mm, a thickness of 5 mm and a minimum length of 760 mm. Supposing it to bear
the full load to which the lifting point is subjected, the average linear load would represent 216000 / 4 /
760 or 71 N/mm.

The connection system for this part of the plate at its upper end is partly an embedded and partly a free
end. The stiffness of the system, comprising the horizontal and slanting parts of the plate will make a
difference. Using a highly conservative assumption we will consider that the end is free. The value of
the critical buckling load is therefore:

Flcr- 72 * E 1/4 h 2

So, depending on the plate dimensions and considering lineic values:

Flcr= 72 * E * e3 / 12 / 4 h2
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Stacki ng test 
FCC3 packaging 

1 • Compression force to be considered 

The package must be submitted, for a minimum of 24 hours,· to a compression force equal to the 
higher of the following two values: 

* 5 times the weight of the real package 
F1 = 5.4400.g = 21600 daN 

* The product of 13 kPa by the vertical projection area of the package: 
13 kPa = 13.10-4 daN/mm2 

S = 4923 x 1141 = 561.7 x 104 mm2 (outer contour of the closure flange) 
F2 = 13.10-4 x 561.7 x 104 = 7303 daN 

Therefore, the compression force to be considered is F1 = 21600 daN, applied uniformly on the 4 
bearing points of the packages stacked for storage (lifting points). 

2 - Mechanical strength 

Each bearing lug is therefore subjected to a vertical load of F = 5400 daN. The mechanical strength of 
the packaging must be verified as to: 

• the strength of the connection between lifting lug and upper enclosure 

• crush resistance of the envelope. 

The report PVED DC 030222 shows that in a stacking configuration of 6 packagings, the stress 
generated on the bottom packaging does not exceed the yield strength of the steel (calculations made 
with an envelope compression force of 22500 daN). This conclusion is as valid for the plates, 
packaging walls and lifting boxes as it is for the welds. 

3 - Analysis of lifting points buckling risk 
By design, only the vertical part of the plate of each lifting point may be subjected to this risk. This part 
has a height of 145 mm, a thickness of 5 mm and a minimum length of 760 mm. Supposing it to bear 
the full load to which the lifting point is subjected,the average linear load would represent 216000 141 
760 or 71 N/mm. 

The connection system for this part of the plate at its upper end is partly an embedded and partly a free 
end. The stiffness of the system. comprising the horizontal and slanting parts of the plate will make a 
difference. Using a highly conservative assumption we will consider that the end is free. The value of 
the critical buckling load is therefore: 

So, depending on the plate dimensions and considering Iineic values: 
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There is also a welded connection between the vertical part of the lifting point and the circumferential
stiffening bars. The object of this connection is to prevent buckling. This could be modelled to try and
find an equivalent height that, whatever the situation, would remain shorter than the real height of the
plate. Therefore, and always keeping a conservative approach we will ignore this connection.

In these conditions, E = 209000 Mpa, e = 5 mm and h = 145 mm.

Flcr = 255 N/mm

Despite very conservative assumptions (full load endured by the vertical part, consideration of a free
end connection, non-consideration of S9 welds), the safety coefficient value in relation to the critical
load remains higher than 3. This provides a wide enough margin to accommodate small load
positioning variations due to the presence of lifting holes.

Therefore, there is no risk of the lifting points buckling.
c
0

2: 4 - Conclusion
0
U)
M The loadings which would arise in the stacking test may under no circumstances cause stresses higher
U) than the yield strength in the package structures. The resulting conclusion is that this packaging is
1c damage-proof to the stacking-test.
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There is also a welded connection between the vertical part of the lifting point and the circumferential 
stiffening bars. The object of this connection is to prevent buckling. This could be modelled to try and 
find an equivalent height that, whatever the situation, would remain shorter than the real height of the 
plate. Therefore, and always keeping a conservative approach we will ignore this connection. 

In these conditions, E = 209000 Mpa, e = 5 mm and h = 145 mm. 

Flcr = 255 N/mm 

Despite very conservative assumptions (full load endured by the vertical part, consideration of a free 
end connection, non-consideration of S9 welds), the safety coefficient value in relation to the critical 
load remains higher than 3. This provides a wide enough margin to accommodate small load 
positioning variations due to the presence of lifting holes. . 

Therefore, there is no risk of the lifting pOints buckling. 

4 - Conclusion 

The loadings which would arise in the stacking test may under no circumstances cause stresses higher 
than the yield strength in the package structures. The resulting conclusion is that this packaging is 
damage-proof to the stacking-test. 
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Summary

The purpose of this document is to check the behaviour of the container for transporting the 12'

fresh U0 2 fuel assemblies, model FCC3, when stacked.

Two assumptions for the contact between the lifting box and the upper half shell are studied:

* the first one considers a purely radial coupling at opposite nodes,
* the other, which takes into account the effect of friction between the respective metal

surfaces and which is therefore less severe for the longitudinal welds, examines couplings on
the three displacement degrees of freedom for the same nodes.

The container stacking configuration is defined by article 723 of the IAEA 96 regulation: this is an
exceptional situation in which six containers are stacked on top of each other; it has to be shown
that the bottom one is able to support the weight of the five others without exceeding the yield
strength.

The results of the calculation confirm that the criterion is complied with, both regarding the

container walls and box wall metal, and the welds.

The minimum margins obtained in terms of the CM66 design code are respectively:

* 17% in the plate (the results are very similar for both assumptions),
0 22% in the welds, if the assumption of purely radial coupling is retained,
0 48% in the welds, if the assumption of friction between the box and the shell is retained.
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Summary 

The purpose of this document is to check the behaviour of the container for transporting the 12' 
fresh U02 fuel assemblies, model FCC3, when stacked. 

Two assumptions for the contact between the lifting box and the upper half shell are studied: 

• the first one considers a purely radial coupling at opposite nodes, 
• the other, which takes into account the effect of friction between the respective metal 

surfaces and which is therefore less severe for the longitudinal welds, examines couplings on 
the three displacement degrees of freedom for the same nodes. 

The container stacking configuration is defined by article 723 of the IAEA 96 regulation: this is an 
exceptional situation in which six containers are stacked on top of each other; it has to be shown 
that the bottom one is able to support the weight of the five others without exceeding the yield 
strength. 

The results of the calculation confirm that the criterion is complied with, both regarding the 
container walls and box wall metal, and the welds. 

The minimum margins obtained in terms of the CM66 design code are respectively: 

• 17% in the plate (the results are very similar for both assumptions), 
• 22% in the welds, if the assumption of purely radial coupling is retained, 
• 48% in the welds, if the assumption of friction between the box and the shell is retained. 
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1. PURPOSE

The purpose of this document is to check the behaviour of the transport container, model FCC3,
used for the 12' fresh U0 2 fuel assemblies, when stacked.

This document replaces Appendix 2 of the reference 2.1 document, which is therefore
superseded by reference 2.2 document for the lifting aspect and by the present document for the
stacking aspect.

The method of stacking calculation conforms to the method described in reference 1 which
concers the same study for the FCC4 type container, used for the 14' assemblies.

The configuration of the stacking test is defined in article 723 of the IAEA 96 regulation (reference
5): it consists of an exceptional situation in which six containers are stacked on top of the other; it
has to be shown that the container which is positioned at the bottom of the stack is able to
support the weight of the five others without exceeding the yield stress.

Reference 3 document describes the characteristics of the 12' container to be used for the
execution of this study.

2. INPUT DATA

2.1 Geometrical data

The dimensions of the 12' container are given in reference 2.2. These characteristics are recalled
below.

The container consists of two-half shells, a lower one and an upper one, bolted together at the

flanges situated in the horizontal plane.

The dimensions of the 12' container are as follows:

" length : 4923 mm,
" shell diameter : 1054 mm,
* total height : 1213 mm,
" total width : 1141 mm.

2.2 Material

The containers consist of E36 grade steel, whose characteristics are taken from reference 7
standard.

Concerning the welding beads, in reference document 2.2 it is stipulated that the filler metal has
mechanical properties which are at least equivalent to those of the base metal.
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1. PURPOSE 

The purpose of this document is to check the behaviour of the transport container, model FCC3, 
used for the 12' fresh U02 fuel assemblies, when stacked. 

This document replaces Appendix 2 of the reference 2.1 document, which is therefore 
superseded by reference 2.2 document for the lifting aspect and by the present document for the 
stacking aspect. 

The method of stacking calculation conforms to the method described in reference 1 which 
concers the same study for the FCC4 type container, used for the 14' assemblies. 

The configuration of the stacking test is defined in article 723 of the IAEA 96 regulation (reference 
5): it consists of an exceptional situation in which six containers are stacked on top of the other; it 
has to be shown that the container which is positioned at the bottom of the stack is able to 
support the weight of the five others without exceeding the yield stress. 

Reference 3 document describes the characteristics of the 12' container to be used for the 
execution of this study. 

2. INPUT DATA 

2.1 Geometrical data 

The dimensions of the 12' container are given in reference 2.2. These characteristics are recalled 
below. 

The container consists of two-half shells, a lower one and an upper one, bolted together at the 
flanges situated in the horizontal plane. 

The dimensions of the 12' container are as follows: 

• length 
• shell diameter 
• total height 
• total width 

2.2 Material 

4923 mm, 
1054 mm, 
1213 mm, 
1141 mm. 

The containers consist of E36 grade steel, whose characteristics are taken from reference 7 
standard. 

Concerning the welding beads, in reference document 2.2 it is stipulated that the filler metal has 
mechanical properties which are at least equivalent to those of the base metal. 
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The operating temperature is between -20'C and +70'C. In this field, mechanical properties do
not vary significantly relative to those at 20'C and the characteristics at 20'C are therefore
applied.

Numerical values are given in Table 1.

2.3 Loads

The load applied for the stacking study according to the stipulations of the reference 5 standard,
is represented by the weight of the five containers of type FCC3 superposed to the one modeled
and standing on the four lifting boxes of the latter, plus the self-weight of this latter container.

The force generated by the weight of the five containers is higher, according to reference 5, than
the force obtained by the product of the pressure of 13 kPa and the vertical projection area of the
package.

The masses of a 12' container carrying two FCC3 type assemblies are as follows, according to
reference 2.2:

* total mass : 4 500 kg,
" upper shell mass . 500 kg,
* lower shell mass : 750 kg,
" internal equipment mass 3250 kg.

2.4 Regulations

The regulations that are applied are those that cover the transport of radioactive materials, i.e.
reference 5, which gives the general regulations concerning packages.

The container analysis performed in the present study relates in particular to the behaviour of the
metal plate of the two half-shells, the end plates, and the lifting boxes, as well as the welded joints
of the latter.

The connecting bolts of the half shells (Figure 4) are not stressed, as the compression loads are
carried by the bearing flanges joining the shells.

As the studied situation is an exceptional one for the container, we will apply the rules of analysis
given by design code CM66 (reference 6), with an amplification coefficient for the loads equal to
unit, i.e.:

* for the plates : Cm + ab < y': ,

* for the welded joints : adq <ca2 CFe (see Appendix 1),

where:

a .m + Gyb : equivalent membrane plus bending stress,

a ,• : the minimum yield strength of the material (of the base metal for the welds),
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and standing on the four lifting boxes of the latter, plus the self-weight of this latter container. 

The force generated by the weight of the five containers is higher, according to reference 5, than 
the force obtained by the product of the pressure of 13 kPa and the vertical projection area of the 
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reference 2.2: 
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2.4 Regulations 
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500 kg, 
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3250 kg. 

The regulations that are applied are those that cover the transport of radioactive materials, i.e. 
reference 5, which gives the general regulations concerning packages. 

The container analysis performed in the present study relates in particular to the behaviour of the 
metal plate of the two half-shells, the end plates, and the lifting boxes, as well as the welded joints 
of the latter. 

The connecting bolts of the half shells (Figure 4) are not stressed, as the compression loads are 
carried by the bearing flanges joining the shells. 

As the studied situation is an exceptional one for the container, we will apply the rules of analysis 
given by design code CM66 (reference 6), with an amplification coefficient for the loads equal to 
unit, i.e.: 

• for the plates am +ab ~ a c ' 

• for the welded joints acq ~ a
2 a e (see Appendix 1), 

where: 

equivalent membrane plus bending stress, 

the minimum yield strength of the material (of the base metal for the welds), 
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* cx coefficient of reduction which is a function of the welding bead throat depth
"a" which has the following values:
* cc=1 for a <4 mm,

* Q=0,8 I+-! for a >4mm.

3. CALCULATIONS

3.1 Method

The calculations are performed using the finite element programme SYSTUS (reference 8),
assuming a linear elastic behaviour of materials.

3.2 Modeling

The same model which was used in document reference 1 is used also for the stacking

calculation.

A three dimensional model with 3 or 4 node thin shell elements is used.

The meshing consists of 4363 nodes and 4194 elements. It is shown on Figure 1.

It takes into account the modeling of the attachment points, the effective lengths of all the weld
beads, including in the upper stiffening zone and the representation of the bolted connections.

Figure 2 gives the length of the beads considered, such as defined in reference 4.

In the zone of the flanges, the thicknesses of the shell and the flanges are represented by two
distinct element rows, tied together by continuous welding beads.

Due to the symmetry, only a quarter of the container is modeled.

Reference 2.2 showed that the dissymmetry in the flange bolts locations with respect to the
diametrical median plane has no practical influence on the calculation results. This conclusion is
even more valid for the present calculation, where the bolts are not subjected to tensile forces.

3.3 Boundary conditions

On the border surfaces of the model representing one quarter of the container, symmetry
conditions are applied relative to the vertical planes that are respectively parallel to the
longitudinal axis of the container (XOZ plane) and perpendicular to this axis, at mid-length (YOZ
plane).
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Reference 2.2 showed that the dissymmetry in the flange bolts locations with respect to the 
diametrical median plane has no practical influence on the calculation results. This conclusion is 
even more valid for the present calculation, where the bolts are not subjected to tensile forces. 

3.3 Boundary conditions 

On the border surfaces of the model representing one quarter of the container, symmetry 
conditions are applied relative to the vertical planes that are respectively parallel to the 
longitudinal axis of the container (XOZ plane) and perpendicular to this axis, at mid-length (YOZ 
plane). 
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The orientation of these axes is shown on Figure 1.

The application of these symmetry conditions is equivalent to the following relationships:

" for plane (XOZ), blocked displacements and rotations are: uy = 0 and &,x = , = 0,
" for plane (YOZ), blocked displacements and rotations are: ux = 0 and &y = 9, = 0.

The vertical displacement is blocked at lower skid, i. e. for a length of approximately 835 mm.

The same vertical displacement is imposed for all pairs of opposite nodes, belonging to the outer
flanges of the upper and lower half-shells.

With regard to the lifting box on the upper half-shell of the container, two different types of
boundary conditions are applied, the results of the two calculation cases below being studied
separately:

* radial coupling of opposite nodes: even if the studied loading is compressive and tends to
put the plate of the lifting box in contact to the container shell, the coupling between the
opposite nodes located at the edges of the box is assumed to take place in the radial direction
only,

" assumption of friction between bearing plates: in this case, the effects of radial contact
between the surfaces (friction) and the lateral blocking created by the L-beams of the shell on
the box are taken into account; a three-displacement coupling is set up between the nodes
located on the edges of the box; this assumption is less severe for the longitudinal welds ("S8"
in Figures 2 and 12).

Figure 3 shows the number and the position of the coupled nodes on the lifting box and on the
surface of the upper half-shell. Table 2 gives the list of the coupling conditions for these same
nodes.

3.4 Modeling of the loads

The loads to be taken into account are described in paragraph 2.3.

In the calculations, gravity acceleration g = -9.81 m/s 2 is applied to obtain the weight of the
modeled container.

The densities of the various components of the structure are corrected to obtain the exact
masses.

The load which is produced by stacking is due to the placing of five 12' containers on top of the
sixth one, each container containing two FCC3 type assemblies, that is to say a mass equal to 5 x
4500 = 22500 kg, distributed uniformly on the four lifting boxes, on which bear the container skids
which are just above the one being studied.

For modeling purposes, corresponding to 114 of the container, a pressure equivalent to 5625 daN
is applied to the elements of the upper face of the lifting box which is explicitly modeled, for the
two cases of the studied boundary conditions.
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The same vertical displacement is imposed for all pairs of opposite nodes, belonging to the outer 
flanges of the upper and lower half-shells. 

With regard to the lifting box on the upper half-shell of the container, two different types of 
boundary conditions are applied, the results of the two calculation cases below being studied 
separately: 

• radial coupling of opposite nodes: even if the studied loading is compressive and tends to 
put the plate of the lifting box in contact to the container shell, the coupling between the 
opposite nodes located at the edges of the box is assumed to take place in the radial direction 
only, 

• assumption of friction between bearing plates: in this case, the effects of radial contact 
between the surfaces (friction) and the lateral blocking created by the L-beams of the shell on 
the box are taken into account; a three-displacement coupling is set up between the nodes 
located on the edges of the box; this assumption is less severe for the longitudinal welds ("S8" 
in Figures 2 and 12). 

Figure 3 shows the number and the position of the coupled nodes on the lifting box and on the 
surface of the upper half-shell. Table 2 gives the list of the coupling conditions for these same 
nodes. 

3.4 Modeling of the loads 

The loads to be taken into account are described in paragraph 2.3. 

In the calculations, gravity acceleration g = -9.81 m!s2 is applied to obtain the weight of the 
modeled container. 

The densities of the various components of the structure are corrected to obtain the exact 
masses. 

The load which is produced by stacking is due to the placing of five 12' containers on top of the 
sixth one, each container containing two FCC3 type assemblies, that is to say a mass equal to 5 x 
4500 = 22500 kg, distributed uniformly on the four lifting boxes, on which bear the container skids 
which are just above the one being studied. 

For modeling purposes, corresponding to 1f.s of the container, a pressure equivalent to 5625 daN 
is applied to the elements of the upper face of the lifting box which is explicitly modeled, for the 
two cases of the studied boundary conditions. 
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4. RESULTS

4.1 Displacements

Figures 4 and 5 show stacking deformation that occurs on the container in the two boundary
condition cases: an overall deformation of the two half-shells is noted, on which is overlaid the
local deformation of the lifting box, under the weight of the five containers above. The two
deformations are practically identical.

In the case of radial coupling, the maximum displacement is equal to 3.8 mm vertically
downwards, 0.6 mm horizontally on the longitudinal axis, and 2.5 mm on the traverse axis, on the
lifting box.

In the three displacement coupling case, the three previous values show very small variations, of
around one tenth of millimeter compared to the case of radial coupling.

4.2 Stresses

4.2.1 Stresses in the shells

4.2.1.1 Case of radial coupling

Figure 6 shows the membrane iso-stresses in the container shells; Figures 7 and 8 show
membrane plus bending iso-stresses the lower and upper surfaces respectively. It is to be noted
that these are averaged stresses at the nodes and that the maximum stresses may be slightly
higher.

The maximum stresses obtained are:

" membrane : am = 154 MPa,

" membrane plus bending : (r + r = 294 MPa.

Note: at a discontinuity, corresponding to a sharp angle on the lifting box plate, the maximum stress reaches 336 MPa,
but this value is localized and therefore it has to be regarded more as a peak stress than as a local membrane
plus bending stress.

The most stressed zones of the container are:

* in membrane : the L-beams on the upper half shell on both sides of the
junctions with the lifting box,

" in membrane plus bending: the upper plate of the lifting box.
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condition cases: an overall deformation of the two half-shells is noted, on which is overlaid the 
local deformation of the lifting box, under the weight of the five containers above. The two 
deformations are practically identical. 
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downwards, 0.6 mm horizontally on the longitudinal axis, and 2.5 mm on the traverse axis, on the 
lifting box. 

In the three displacement coupling case, the three previous values show very small variations, of 
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4.2.1 Stresses in the shells 

4.2.1.1 Case of radial coupling 

Figure 6 shows the membrane iso-stresses in the container shells; Figures 7 and 8 show 
membrane plus bending iso-stresses the lower and upper surfaces respectively. It is to be noted 
that these are averaged stresses at the nodes and that the maximum stresses may be slightly 
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• membrane Om = 154 MPa, 
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but this value is localized and therefore it has to be regarded more as a peak stress than as a local membrane 
plus bending stress. 
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4.2.1.2 Case of coupling according to three displacements

Figure 9 shows the membrane iso-stresses in the shells of the container. Figures 10 and 11 show
the membrane plus bending iso-stresses in the lower and upper surfaces respectively. It is to be
noted that these stresses are averaged at the nodes of the elements and the maximum stresses
can be slightly higher.

The maximum stresses obtained are:

" membrane : cm = 148 MPa,

" membrane plus bending : CM + = 294 MPa.

Note: at a discontinuity, corresponding to a sharp angle on the lifting box plate, the maximum stress reaches 336 MPa,
but this value is localized and therefore it has to be regarded more as a peak stress than as a local membrane
plus bending stress.

The most stressed zones on the container are the same as those which were indicated in section
4.2.1.1 above.

4.2.2 Stresses in the welding beads

The welding beads in the lifting zone are partial penetration fillet welds. The welds considered are
identified as "S14" (formerly "S7"'), "S8" and "S9" in Figures 2 and 12.

The stresses are calculated in the plane of the bead throat section, using the element unit forces,
according to the method described in Appendix 1.

The description of the weld minimum length between the lifting box, the L-beams and the upper
half-shell of the container is given in Figure 2, which recalls reference 3 indications.

Reference 4 drawing shows a more favorable arrangement with regard to the length of S9 weld

beads (60 mm instead of 40 mm), which we will take into account in the analysis of the welds.

The updated depths of the throat sections according to reference 4 are as follows:

" S14welds :3 mm,
* S8welds :3mm,
" S9welds :3.5mm.

The maximum stresses resulting from SYSTUS calculation and the application of the Appendix 1
method are described in the following table.
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The most stressed zones on the container are the same as those which were indicated in section 
4.2.1.1 above. 
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The welding beads in the lifting zone are partial penetration fillet welds. The welds considered are 
identified as "S14" (formerly "S7"'), "S8" and "S9" in Figures 2 and 12. 

The stresses are calculated in the plane of th€l bead throat section, using the element unit forces, 
according to the method described in Appendix 1. 

The description of the weld minimum length between the lifting box, the L-beams and the upper 
half-shell of the container is given in Figure 2, which recalls reference 3 indications. 

Reference 4 drawing shows a more favorable arrangement with regard to the length of S9 weld 
beads (60 mm instead of40 mm), which we will take into account in the analysis of the welds. 

The updated depths of the throat sections according to reference 4 are as follows: 

• S14 welds: 3 mm, 
• S8 welds : 3 mm, 
• S9 welds : 3.5 mm. 

The maximum stresses resulting from SYSTUS calculation and the application of the Appendix 1 
method are described in the following table. 
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Stresses (MPa)

Membrane Membrane plus bendingWeld _______

Radial coupling 3-displacement Radial coupling 3-displacement
coupling coupling

S14 106 116 106 116

S8 138 58 278 184

S9 30 31 119 118

The beads carrying the highest loads are identified in Figure 12 by a star (.*.): the zones with the
highest membrane plus bending stresses are the S8-type welds at the two ends of the upper row.

5. ANALYSIS

The study of stacking refers to a situation that will only occur once in the life of a container and is
applied for the purposes of the test envisaged by the reference 5 standard, which consists in
stacking six containers vertically for twenty-four hours: this situation can therefore be regarded as
exceptional.

In this case, the requirement to comply with is not to exceed the yield stress in order to preserve
the integrity of the container.

A method of analysis which is compatible with this requirement is provided by the CM66 design
code (reference 6); the applicable rules of analysis were described in section 2.4.

5.1 Analysis for the radial coupling case

The results are summarized in the following table.

Bead Coefficient Stresses Allowable Stress Margin
Description thickness stresses Strg

a (mm) am + ab (MPa) (.2 Ge (MPa)

Shell N.A. N.A. (a = 1) 294 355 0.83 17

Welds S14 3 1 106 355 0.30 70

Welds S8 3 1 278 355 0.78 22

Welds S9 3.5 1 119 355 0.34 66

The minimum margins are respectively 17% in the shells and 22% in the welds.
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Welds S9 3.5 1 119 355 0.34 66 
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5.2 Analysis for three-displacement coupling case

The results of the analysis are summarized in the following table.

Bead Coefficient Stresses Allowable Stress Margin
Description thickness stress

a (mm) G m +a b (MPa) (2 ae (MPa) ratio M

Shells N.A. N.A. (a = 1) 294 355 0.83 17

Welds S14 3 1 116 355 0.33 67

Welds S8 3 1 184 355 0.52 48

Welds S9 3.5 1 118 355 0.33 67

The minimum margins are respectively 17% in the shells and 48% in the welds.

6. CONCLUSIONS

The acceptability of the behaviour of a 12' type container, FCC3 model, when stacked, was
checked in accordance with design code CM66.

This condition is defined by article 723 of IAEA 96 regulation. It consists of an exceptional
situation in which six containers are stacked. It has to be shown that the container which is at the
bottom is able to support the weight of the five others without exceeding the yield strength.

The calculation results confirm that the criterion is complied with both for the walls of the
container and the lifting boxes, and for the welds.

For the two coupling cases between the lifting box and upper half shell plate which were studied,
the minimum margins obtained compared to the criteria of design code CM66 are respectively:

0 17% in the plate (for both assumptions the results are very similar),
* 22% in the welds, if the assumption of a. purely radial coupling is retained,
* 48% in the welds, if the assumption of friction between the box and the shell is retained.
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checked in accordance with design code CM66. 

This condition is defined by article 723 of IAEA 96 regulation. It consists of an exceptional 
situation in which six containers are stacked. It has to be shown that the container which is at the 
bottom is able to support the weight of the five others without exceeding the yield strength. 

The calculation results confirm that the criterion is complied with both for the walls of the 
container and the lifting boxes, and for the welds. 

For the two coupling cases between the lifting box and upper half shell plate which were studied, 
the minimum margins obtained compared to the criteria of design code CM66 are respectively: 
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Table I

Mechanical properties of E36 grade steel at 20 0C

property Value

Young's modulus (MPa) 209000

Poisson's ratio 0.3

Density (kg/m 3) 7850

Minimum yield strength (MPa) 355

Minimum tensile strength (MPa) 400
(510 o thk < 3 mm)
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Table 1 

Mechanical properties of E36 grade steel at 200 e 

property Value 

Young's modulus (MPa) 209000 

Poisson's ratio 0.3 

, 
Density (kg/m3

) 7850 

Minimum yield strength (MPa) 355 

Minimum tensile strength (MPa) 
490 

(510 for thk < 3 mm) 
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Table 2

List of coupled nodes between lifting box and upper half-shell

Lower row (-45,49° azimuth) Upper row (-19.56' azimuth)

Shell node Box node Shell node Box node

417 3576 418 3580
1961 3612 1970 4025
1934 3611 1943 4024
1907 3610 1916 4023
1880 3692 1889 4022
1853 3609 1862 4021
1826 3608 1835 4020
1799 3607 1808 4019
1772 3606 1781 4018
1745 3605 1754 4017
1718 3604 1727 4016
1691 3603 1700 4015
1664 3602 1673 4014
1637 3601 1646 4013
1610 3600 1619 4012
1583 3599 1592 4011
1556 3598 1565 4010
1529 3597 1538 4009
1502 3596 1511 4008
1475 3595 1484 4007
1448 3594 1457 4006
1421 3593 1430 4005
1394 3592 1403 4004
1367 3651 1376 4003
1340 3652 1349 4002
1313 3591 1322 4001
1286 3653 1295 4000
1259 3590 1268 3999
1232 3589 1241 3998
1205 3588 1214 3997
415 3570 416 3571

Note: the node positions are shown in Figure 3.
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1799 3607 1808 4019 
1772 3606 1781 4018 
1745 3605 1754 4017 
1718 3604 1727 4016 
1691 3603 1700 4015 
1664 3602 1673 4014 
1637 3601 1646 4013 
1610 3600 1619 4012 
1583 3599 1592 4011 
1556 3598 1565 4010 
1529 3597 1538 4009 
1502 3596 1511 4008 
1475 3595 1484 4007 
1448 3594 1457 4006 
1421 3593 1430 4005 
1394 3592 1403 4004 
1367 3651 1376 4003 
1340 3652 1349 4002 
1313 3591 1322 4001 
1286 3653 1295 4000 
1259 3590 1268 3999 
1232 3589 1241 3998 
1205 3588 1214 3997 
415 3570 416 3571 

Note: the node positions are shown in Figure 3. 



A FFXE - 12' FUEL ASSEMBLY PVED DC 03 0222 EO/

FRAMATOME ANP CONTAINER - STACKING BEHAVIOUR Rev: A 18W29

Figure 1

Finite element mesh
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Figure 1 

Finite element mesh 
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Figure 2

Identification, length and thickness of the welding bead sections

Se
4XL = 8mm (a= 3mm)

S9
4XL 60mm (a = 3.5mm)

Joe

/A-- SX 70mm (a 3mm)
ýZ o6 each skie

44 S14
ýL =50mm (a =3mm)
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Figure 2 

Identification, length and thickness of the welding bead sections 
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Figure 3

Nodes corresponding to the welds between the lifting box and the
upper half-shell

12T CONTAINER

FCOULED ND S,-LIFTI< kL..7D

.. ,

....T!
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Figure 3 

Nodes corresponding to the welds between the lifting box and the 
upper half-shell 
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Figure 4

Stacking test - Assumption of box-shell radial coupling - Deformed
shape

12' container FCC3 - Stacking calculation

Deformed shape
Stacking plus self-weight
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Figure 4 

Stacking test - Assumption of box-shell radial coupling - Deformed 
shape 

12' container FCC3 - Stacking calculation 

Deformed shape 
Stacking plus self-weight 
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Figure 5

Stacking test - Assumption of box-shell friction - Deformed shape

12' container FCC3 - Stacking calculation

Deformed shape
Stacking plus self-weight
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Fi"gure 5 

Stacking test - Assumption of box-shell friction - Deformed shape 

12' container FCC3 - Stacking calculation 

Deformed shape 
Stacking plus self-weight 
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Figure 6

Stacking test - Assumption of box-shell radial coupling -
Mid-thickness iso-stresses

12' container FCC3 - Stacking calculation

I

MID-THICKNESS ISO-STRESSES

STACKING PLUS SELF-WEIGHT

12' container FCC3 - Stacking calculation

I
I•

S

MID-THICKNESS ISO-STRESSES

STACKING PLUS SELF-WEIGHT
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Figure 6 

Stacking test - Assumption of box-shell radial coupling -
Mid-thickness iso-stresses 

12' container FCC3 - Stacking calculation 

Mlo-THICKNESS ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 

12' container FCC3 - Stacking calculation 

Mlo-THICKNESS ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 
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Figure 7

Stacking test - Assumption of box-shell radial coupling -
Lower surface iso-stresses

12' container FCC3 - Stacking calculation

I ý
U . .

*

LOWER SURFACE ISO-STRESSES

12' container FCC3 - Stacking calculation

I
I

LOWER SURFACE ISO-STRESSES
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Figure 7 

Stacking test - Assumption of box-shell radial coupling -
Lower surface iso-stresses 

12' container FCC3 - Stacking calculation 

! " 

LOWER SURFACE ISO-STRESSES 

12' container FCC3 - Stacking calculation 

LOWER SURFACE ISO-STRESSES 
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Figure 8

Stacking test - Assumption of box-shell radial coupling -
Upper surface iso-stresses

12' container FCC3 - Stacking calculation

4>4

U

I

I

UPPER SURFACE ISO-STRESSES
STACKING PLUS SELF-WEIGHT

12' container FCC3 - Stacking calculation

L
I

UPPER SURFACE ISO-STRESSES

STACKING PLUS SELF-WEIGHT
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Figure 8 

Stacking test - Assumption of box-shell radial coupling -
Upper surface iso-stresses 

12' container FCC3 - Stacking calculation 

UPPER SURFACE ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 

12' container FCC3 - Stacking calculation 

UPPER SURFACE ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 
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Figure 9

Stacking test - Assumption of box-shell friction -
Mid-thickness iso-stresses

12' container FCC3 - Stacking calculation
I-

U-

I,

MID-THICKNESS ISO-STRESSES
STACKING PLUS SELF-WEIGHT

12' container FCC3 - Stacking calculation

1
I

1*

MID-THICKNESS ISO-STRESSES
STACKING PLUS SELF-WEIGHT
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Figure 9 

Stacking test - Assumption of box-shell friction -
Mid-thickness iso-stresses 

12' container FCC3 - Stacking calculation 

MID-THICKNESS ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 

12' container FCC3 - Stacking calculation 

MID-THICKNESS ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 
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Figure 10

Stacking test - Assumption of box-shell friction -
Lower surface iso-stresses

12' container FCC3 - Stacking calculation

I

I

LOWER SURFACE ISO-STRESSES
STACKING PLUS SELF-WEIGHT

12' container FCC3 - Stackinc calculation

I,

I

LOWER SURFACE ISO-STRESSES

STACKING PLUS SELF-WEIGHT
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Figure 10 

Stacking test - Assumption of box-shell friction -
Lower surface iso-stresses 

12' container FCC3 - Stacking calculation 

LOWER SURFACE ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 

12' container FCC3 - Stackinq calculation 

LOWER SURFACE ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 
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Figure 11

Stacking test - Assumption of box-shell friction -
Upper surface iso-stresses

12' container FCC3 - Stackinq calculation

a

I

UPPER SURFACE ISO-STRESSES
STACKING PLUS SELF-WEIGHT

12' container FCC3 - Stacking calculation

I

I

UPPER SURFACE ISO-STRESSES
STACKING PLUS SELF-WEIGHT
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Figure 11 

Stacking test - Assumption of box-sheU friction -
Upper surface iso-stresses 

12' container FCC3 - Stackinq calculation 

UPPER SURFACE ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 

12' container FCC3 - Stacking calculation 

UPPER SURFACE ISO-STRESSES 
STACKING PLUS SELF-WEIGHT 
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Figure 12

Position of the most loaded welding beads
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Figure 12 

Position of the most loaded welding beads 
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Appendix 1

ANALYSIS OF WELDED JOINTS
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1. PURPOSE

The purpose of this appendix is to describe the method for analyzing the welded joints.

It covers the part penetration fillet welds.

The stresses on the "throat section" plane are evaluated:

* normal stress u.L,
* tangential stress -c., which is the component perpendicular to the weld axis,
" tangential stress c//, which is the component parallel to the weld axis.

The stresses aL, c_L, T// are determined from the external loads.

G(tOe

2. CALCULATION OF THE STRESSES IN THE WELD BASED ON
EXTERNAL LOADS

2.1 Forces issued by SYSTUS

The generalized forces (forces per unit of length of the average fiber) in the shell elements,
issued by SYSTUS (reference 8) are as follows:
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1. PURPOSE 

The purpose of this appendix is to describe the method for analyzing the welded joints. 

It covers the part penetration fillet welds. 

The stresses on the "throat section" plane are evaluated: 

• normal stress crol, 
• tangential stress 'ol, which is the component perpendicular to the weld axis, 
• tangential stress 'II, which is the component parallel to the weld axis. 

The stresses crol, 'ol, 'II are determined from the external loads. 

2. CALCULATION OF THE STRESSES IN THE WELD BASED ON 
EXTERNAL LOADS 

2.1 Forces issued by SYSTUS 

The generalized forces (forces per unit of length of the average fiber) in the shell elements, 
issued by SYSTUS (reference 8) are as follows: 
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" NX, NY membrane forces,
" NXY shear forces,
" MX, MY • bending moments,
* MXY torsional moment.

The components of the load set, forces and moments, calculated by SYSTUS are expressed in a

local system of axes, specific to each element in the model.

These local systems of axes are obtained as follows:

" let the nodes of an element be identified 1, 2, 3 and, if necessary, 4,

* the normal axis to the shell plane is defined by: z = 12 A 13,

* axis x is obtained, relative to the global system, as: x = Z A z,

* axis y is obtained, relative to the global system, as: y = z A x.

Since this local system is variable, it does not necessarily correspond to the local axes of each
type of weld.

2.2 L-beam case

For the welds on the L-beams (S14), which are positioned on an arc of circle, the axes of each
element are obtained by permuting the axes (± 7r/2 or ± n rotation), since the three local axes are
parallel to the global axes. Then, to take account of the azimuth, the axes were rotated in order to
be positioned in a radial-tangential system.

We then consider the L-beam as stiffer than the shell (this is true because it has a thickness
which is above that of the shell): this way, we assume that the forces on the welds are transmitted
by the L-beam.

In this case, after changing the reference, we also transpose the calculation point of the load set
from the center of the plate which represented the flange of the modeled L-beam, towards the
mid-point between the two welds which are at the base of the angle.

With reference to the figure below, this is equivalent to changing the SYSTUS calculation point
"E", to point "M", the mid-point of the L-beam.

FFXE - 12' FUEL ASSEMBLY PVED DC 03 0222 EO! A 
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• NX, NY 
• NXY 
• MX, MY 
• MXY 

membrane forces, 
shear forces, 
bending moments, 
torsional moment. 

The components of the load set, forces and moments, calculated by SYSTUS are expressed in a 
local system of axes, specific to each element in the model. . 

These local systems of axes are obtained as follows: 

• let the nodes of an element be identified 1, 2, 3 and, if necessary, 4, 

• the normal axis to the shell plane is defined by: z = 12 A 13, 

- - - -• axis x is obtained, relative to the global system, as: x = Z A z, 

- -• axis y is obtained, relative to the global system, as: y = z A x . 

Since this local system is variable, it does not necessarily correspond to the local axes of each 
type of weld. 

2.2 L-beam case 
For the welds on the L-beams (S14), which are positioned on an arc of circle, the axes of each 
element are obtained by permuting the axes (± 1t/2 or ± 1t rotation), since the three local axes are 
parallel to the global axes. Then, to take account of the azimuth, the axes were rotated in order to 
be positioned in a radial-tangential system. 

We then consider the L-beam as stiffer than the shell (this is true because it has a thickness 
which is above that of the shell): this way, we assume that the forces on the welds are transmitted 
by the L-beam. 

In this case, after changing the reference, we also transpose the calculation point of the load set 
from the center of the plate which represented the flange of the modeled L-beam, towards the 
mid-point between the two welds which are at the base of the angle. 

With reference to the figure below, this is equivalent to changing the SYSTUS calculation point 
"E", to point "M", the mid-point of the L-beam. 
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The correlations for this transformation are as follows:

* MXM--MXE+NY,(e-b)/2,

* MXYM = MXYE,

* MYMrMYE-NX'(e-b)/2.

In this way, we assume that after transfer of the forces and moments, the forces are equilibrated
in equal parts by the two welds at the base of the L-beam.

The calculation of the stresses is carried out relative to the load set calculated at point "M".

KA
.- '--. N. 4

E

NX
* Force NX • each weld carries -,then:

2

NX -
4a

NX NXV-

4a
T,/ = 0

* Force NY: this force only creates a normal stress cyy, then:

Y.1. = 0

NY =0
= 0
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The correlations for this transformation are as follows: 

• MXM == MXE + NY . (e - b) / 2, 

• MXYM = MXYE, 

• MYM ==MYE -NX·(e-b)/2. 

In this way, we assume that after transfer of the forces and moments, the forces are equilibrated 
in equal parts by the two welds at the base of the L-beam. 

The calculation of the stresses is carried out relative to the load set calculated at point "M". 

. NX 
• Force NX : each weld carries -, then: 

2 

NX.[i 
O'ol = 

4a 
NX NX.[i 

'ol = 
4a 

'/I = 0 

• Force NY: this force only creates a normal stress O'y, then: 

O'ol = 0 

NY 'ol = 0 

'/I = 0 
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* Force NXY:
a1

NXY TL

TI

=0
=0

NXY

2a

Moment MX: this only generates normal stresses ay:

0_ = 0

MX T, = 0
= 0

9 Moment MY:

MY
F - , then:

e

MY,1-2
01j = 2ae

MY12-

2ae
T 0

9 Moment MXY:

MXY T

=0
=0

MXY

ae

Finally, the stresses in the throat section plane are:

NXqi MYr-
4a 2ae

NX,/2 MY,1
4a 2ae

NXY MXY
TI - +

2a ae

2.3 Case of a fillet weld
For fillet welds (S8 or S9), we made a change of the local axes, in order to express the results
issued from the SYSTUS F.E. calculation according to the specific system of each weld for which
the stresses have to be calculated.
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• Force NXY: 
Gol = 0 

NXY tol = 0 

NXY 
tl/ = --

2a 

• Moment MX: this only generates normal stresses G y : 

• Moment MY: 

• Moment MXY: 

Gol = 0 

MX tol = 0 

tl/ = 0 

MY 
F = --, then: 

e 

Gol = 0 

tol = 0 
MXY 

MXY 
tl/ = --

ae 

• Finally, the stresses in the throat section plane are: 

NX.[i MY.[i 
+ 

4a 2ae 
Gol = 

NX.[i MY.[i 
+ tl.. = 

4a 2ae 

NXY MXY 
tl/ = --+--

2a ae 

2.3 Case of a fillet weld 

MY.[i 
Gol = 

2ae 

MY.[i 
tol = 

2ae 

tl/ = 0 

For fillet welds (S8 or S9), we made a change 'of the local axes, in order to express the results 
issued from the SYSTUS F.E. calculation according to the specific system of each weld for which 
th~stresses have to be calculated. 
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This change of axes is obtained by a permutation of the axes (± 7E/2 or ± 7E rotation), or, at the
limit, by a system identity due to the fact that the weld is always parallel to one of the sides of the
finite element.

A fillet weld is shown in the following figure (in
SYSTUS convention, as indicated above).

U,

which the axes identification is independent of the

i-• I.-¢

. Force NX:
Oj-

NX Ti

T/I

0

0

0

* Force NY:

NY

NY
a __

NY

T/ 0

. Force NXY:
a,

NY "1

TI

=0

=0

NXY

a

A 
FRAMATOME ANP 

FFXE - 12' FUEL ASSEMBLY 
CONTAINER - STACKING BEHAVIOUR Rev: A 

PVED DC 03 0222 EOI 

A1 6/7 

This change of axes is obtained by a permutation of the axes (± n/2 or ± n rotation), or, at the 
limit, by a system identity due to the fact that the weld is always parallel to one of the sides of the 
finite element. 

A fillet weld is shown in the following figure (in which the axes identification is independent of the 
SYSTUS convention, as indicated above). 

• Force NX: 

• Force NY: 

• Force NXY: 

0".1 = 0 

NX "t.l = 0 

"til = 0 

NY 

NY 

O'..i = 

t.l = 

NY 

a.J2 
NY 

a.J2 
"til = 0 

0".1 = 0 

"t.l = 0 

NXY 
til = 

a 
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" Moment MX: it is assumed that the distribution is linear along the plane of the throat section.
The maximum values are:

6MX

• MX =0

= 0

" Moment MY:

O'_-- 0

MY t 1 = 0
= 0

* Moment MXY: a linear distribution of the stresses is assumed. The maximum values are:

'_L = 0

MXY ti = 0
6MXY

a2

* Finally, the stresses in the throat section plane are:

NY 6 MX
cr± - F +a2

NY

NXY 6MXY
- 2

a a

3. CALCULATION OF THE EQUIVALENT STRESS

The equivalent stress is given by the formula stipulated for the welds in reference 6:

eq= /L + 1,8 T//+T
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• Moment MX: it is assumed that the distribution is linear along the plane of the throat section. 
The maximum values are: 

• Moment MY: 

cr.1 = 0 

MY '.1 = 0 

'/I = 0 

cr.1 

MX 
'.1 

'/I 

6MX = --
a 2 

= 0 

= 0 

• Moment MXY: a linear distribution of the stresses is assumed. The maximum values are: 

cr.1 = 0 

'.1 = 0 
MXY 

6MXY 
'/I = 

a 2 

• Finally, the stresses in the throat section plane are: 

NY 6MX 
cr.1 = --+--

a.fi a2 

NY 
'.1 = a.fi 

NXY 6MXY 
'/I = --+ 

a a 2 

3. CALCULATION OF THE EQUIVALENT STRESS 

The equivalent stress is given by the formula stipulated for the welds in reference 6: 
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1. INTRODUCTION

This document presents the results of impact strength tests performed on the materials:

- constituting the FCC packaging shells,

- used for skeleton and claddings of fuel assemblies and fuel rods transported in FCC
packagings.

2. FCC SHELL MATERIAL IMPACT STRENGTH

Shell materials comply with standards which ensure their behaviour up to - 20 'C.

The purpose of these tests is to check their behaviour as regards impact strength at - 40 0C.

The tests were carried out on three E36.3 samples, a material which is used to manufacture most
shells. Additional tests were carried out on A34 and E24 materials used for some isolated shell cases.

The results obtained are presented below.

A ductile fracture was reported on the three test samples.

2.1 On E36-3 test sample

Mini. at 0 'C 35 J/cm 2 (Standard 35501)

Mini. at -20 °C 40 J/cm 2 (Standard EN 10025)

Result at -40 °C l't test sample 2 nd test sample 3 rd test sample

Impact strength (J/cm2) 68 74 68

2.2 On A34 test sample

Mini, not communicated for standard 35501

Result at -40 °C lt test sample 2 nd test sample 3re test sample

Impact strength (J/cm2 110 120 120
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1. INTRODUCTION 

This document presents the results of impact strength tests performed on the materials: 

- constituting the FCC packaging shells, 

- used for skeleton and claddings of fuel assemblies and fuel rods transported in FCC 
packagings. 

2. FCC SHELL MATERIAL IMPACT STRENGTH 

Shell materials comply with standards which ensure their behaviour up to - 20°C. 

The purpose of these tests is to check their behaviour as regards impact strength at - 40 °C. 

The tests were carried out on three E36.3 samples, a material which is used to manufacture most 
shells. Additional tests were carried out on A34 and E24 materials used for some isolated shell cases. 

The results obtained are presented below. 

A ductile fracture was reported on the three test samples. 

2.1 On E36-3 test sample 

Mini. at 0 °C 35 J/cm2 (Standard 35501) 

Mini. at -20°C 40 J/cm2 (Standard EN 10025) 

Result at -40°C 1 st test sample 2nd test sample 3'd test sample 

Impact strenqth (J/cm2) 68 74 68 

2.2 On A34 test sample 

Mini. not communicated for standard 35501 

Result at -40°C 1 sl test sample 2nd test sam2le 3'd test sample 

Impact strength (J/cm2) 110 120 120 
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2.3 On E24 test sample

Mini. at -20 °C 35 J/cm 2 (Standard 35501)

Mini. at -20 'C 27 J/cm 2 (Standard EN 10025)
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3. ASSEMBLY SKELETON AND CLADDING MATERIAL IMPACT
STRENGTH

Impact strength tests were carried out on two zirconium alloys used for skeleton and fuel rod cladding

for assemblies transported on FCC packaging: Zircaloy 4 (ZY4) and M5TM.

The tests were carried out as per standard NF EN 10045-1.

Test sample No. Temperature (°C) M5TM ZY4

J/cm2 J/cm 2

1 +40 67 50

2 +40 63 50

3 +40 67 50

4 room temperature 58 45

5 room temperature 57 43

6 room temperature 57 43

7 -20 47 37

8 -20 48 33

9 -20 50 37

10 -40 40 33

11 -40 42 32

12 -40 43 32
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2.3 On E24 test sample 

Mini. at -20°C 35 J/cm2 (Standard 35501) 

Mini. at -20°C 27 J/cm2 (Standard EN 10025) 

Result at -40°C 1st test sample 2nd test sample 3rd test sample 

Impact strength (J/cm2) 129 133 133 

3. ASSEMBLY SKELETON AND CLADDING MATERIAL IMPACT 
STRENGTH 

Impact strength tests were carried out on two zirconium alloys used for skeleton and fuel rod cladding 
for assemblies transported on FCC packaging: Zircaloy 4 (ZY4) and M5™. 

The tests were carried out as per standard NF EN 10045-1. 

Test sample No. Temperature ee) M5™ ZY4 

J/cm2 J/cm2 

1 + 40 67 50 

2 + 40 63 50 

3 + 40 67 50 

4 room temperature 58 45 

5 room temperature 57 43 

6 room temperature 57 43 

7 - 20 47 37 

8 - 20 48 33 

9 - 20 50 37 

10 - 40 40 33 

11 - 40 42 32 

12 - 40 43 32 
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1. PURPOSE

This report summarizes the actions and evaluations for justifying the mechanical strength of the
packages in case of a change in the cladding or structural materials with respect to the Zircaloy 4
standard.

The proposed approach leads to define an acceptable range of material mechanical properties with
respect to the considered accident conditions.

.0 2. JUSTIFICATION OF THE PACKAGE IN ACCIDENT CONDITION:
oMECHANICAL ASPECTS
U)

U Regarding mechanical aspects, the current justification file for the transportation of fuel assemblies in
-_ FCC containers rests upon two series of drop tests on packages containing mock-ups of AFA type
C

¢.assemblies made of Zircaloy 4. These tests and mock-ups are described in references /l/and /2/.

0,•D For the record, the regulatory mechanical trials feature the following tests:
0

,, Drop onto a bar 1 m high,
U-

o Drop from a height of 9 m for which the search for the worst-case condition leads to the following cases
being evaluated:

z
_ Drop in flat position from 9 m with maximum whipping effect

Z * Drop from 9 m, with the container in vertical position.w

Note that as built today, the whole approach towards justification of the package in accident condition
is based on the fact, observed during the drop tests, that the tightness of the rods is preserved at the

2; end of the above mechanical tests.

3. DAMAGE SUSTAINED BY THE CONTAINER

The nature of the cladding and structural materials has no significant influence on the distribution of the
package masses or on its equivalent impact stiffness, mainly defined by the structure of the container.
The overall behaviour of the package during the impact is thus independent of the exact nature of the
claddings and skeleton.

The available drop tests are consequently a useable reference with respect to the energy absorbed by
the container, the damage resulting from the latter and the inertia loading sustained by the assemblies.

The result is that the justification of good container behavior established on the basis of the results
from drop tests /l/ and /2/is not compromised by a change in the cladding or structural materials of the
fuel assembly.
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packages in case of a change in the cladding or structural materials with respect to the Zircaloy 4 
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Drop from a height of 9 m for which the search for the worst-case condition leads to the following cases 
being evaluated: 

• Drop in flat position from 9 m with maximum whipping effect 
• Drop from 9 m, with the container in vertical position. 

Note that as built today, the whole approach towards justification of the package in accident condition 
is based on the fact, observed during the drop tests, that the tightness of the rods is preserved at the 
end of the above mechanical tests. 

3. DAMAGE SUSTAINED BY THE CONTAINER 

The nature of the cladding and structural materials has no significant influence on the distribution of the 
package masses or on its equivalent impact" stiffness, mainly defined by the structure of the container. 
The overall behaviour of the package during the impact is thus independent of the exact nature of the 
claddings and skeleton. 

The available drop tests are consequently a useable reference with respect to the energy absorbed by 
the container, the damage resulting from the latter and the inertia loading sustained by the assemblies. 

The result is that the justification of good container behavior established on the basis of the results 
from drop tests /1/ and /2/ is not compromised by a change in the cladding or structural materials of the 
fuel assembly. 
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4. DAMAGE SUSTAINED BY THE FUEL ASSEMBLIES

The drop tests led to plastic deformation of the skeleton (grids, guide thimbles, nozzles) and of the rods
in the F./A mock-ups. We shall examine in each case the potential consequences of the damage
observed and any impact of the F/A material properties on the latter.

4.1 Skeleton deformation

The drop onto a bar 1 m high mainly aims to test the resistance of the container to perforation. It is not
the design basis for inertia loads on the assemblies.

The vertical drop from 9 m mainly leads to plastic deformation of the nozzle and of the GT span located
V on the side of the impact under the inertia load of the rods and has little effect on the overall bundle

geometry. These skeleton deformations have little impact on the safety of the package.
(/)

"O• The main phenomenon observed during the 9 m drop from a flat position is the compacting of the rod
C- bundle due to the deformation of the grids under the effect of the inertia of the fuel rods. More

precisely, the rod array tends to approach a triangular-shaped compact stack through plastic
O• deformation of the grid straps.

n The mechanical properties of the grid material will therefore have a possible effect on the deformation
u amplitude of the grids, but the bundle geometry after the test will be overall and in each case more
CD compact than that of the initial array. Both from the point of view of thermal test modelling and on the
z basis of the criticality safety study hypotheses, the compacting of the bundle is a favorable
I phenomenon. As neither the thermal test modelling nor the criticality safety studies take into account

a-
z this compacting, the deformation amplitude of the grids will not be an input parameter for this study.
LM

0
4.2 Rod deformation

L_

The focus will be on the loadings experienced by the rods, the relevant criterion being the maintaining
of leak-tightness, which is a condition guaranteeing the safety requirements. For each of the regulatory
drop cases, a review will be made of the damage observed during the tests, the potential risk arising
from a change in the material mechanical properties and the available justification data.

4.2.1 Drop on bar

The deformation of the F/A and, in particular, of the rod bundle in the area of the impacted zone are
imposed by the deformation of the container and are less than those due to the drop in a flat position
from a height of 9 m.

FF 017 Rev. 1

c: 
o 
'iii .;;; 
is 
(/) 
Q) 

ro 
(/) 

-0 
c: 
ro 
c: 
C) 

'iii 
Q) 

o 
I 

(j) 
::J 

U. ... 
ro 
Q) 

C3 
::J 
Z 
I 

a. 
Z « 
w 
:::2 
o 
~ 
:::2 

~ 
u. 

A N° FF DC 0924E 

.FRAMATOME ANP REV. A PAGE 3/9 

4. DAMAGE SUSTAINED BY THE FUEL ASSEMBLIES 

The drop tests led to plastic deformation of the skeleton (grids, guide thimbles, nozzles) and of the rods 
in the F.lA mock-ups. We shall examine in each case the potential consequences of the damage 
observed and any impact of the F/A material properties on the latter. 

4.1 Skeleton deformation 

The drop onto a bar 1 m high mainly aims to test the resistance of the container to perforation. It is not 
the design basis for inertia loads on the assemblies. 

The vertical drop from 9 m mainly leads to plastic deformation of the nozzle and of the GT span located 
on the side of the impact under the inertia load of the rods and has little effect on the overall bundle 
geometry. These skeleton deformations have little impact on the safety of the package. 

The main phenomenon observed during the 9 m drop from a flat position is the compacting of the rod 
bundle due to the deformation of the grids under the effect of the inertia of the fuel rods. More 
precisely, the rod array tends to approach a triangular-shaped compact stack through plastic 
deformation of the grid straps. 

The mechanical properties of the grid material will therefore have a possible effect on the deformation 
amplitude of the grids, but the bundle geometry after the test will be overall and in each case more 
compact than that of the initial array. Both from the point of view of thermal test modelling and on the 
basis of the criticality safety study hypotheses, the compacting of the bundle is a favorable 
phenomenon. As neither the thermal test modelling nor the criticality safety studies take into account 
this compacting, the deformation amplitude of the grids will not be an input parameter for this study. 

4.2 Rod deformation 

The focus will be on the loadings experienced by the rods, the relevant criterion being the maintaining 
of leak-tightness, which is a condition guaranteeing the safety requirements. For each of the regulatory 
drop cases, a review will be made of the damage observed during the tests, the potential risk arising 
from a change in the material mechanical properties and the available justification data. 

4.2.1 Drop on bar 

The deformation of the F/A and, in particular, of the rod bundle in the area of the impacted zone are 
imposed by the deformation of the container and are less than those due to the drop in a flat position 
from a height of 9 m. 
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4.2.2 Vertical drop

In case of vertical drop, the rods slip relatively to the grids and come to rest against the nozzle, which
deforms plastically under the load.

Some rods pass through the nozzle plate, others go round the nozzle. The result is bending
deformation of the rods, spread over one or two spans and limited in amplitude by the cavity
dimensions.

The deformation of the rods is not therefore limited by their own strength but by that of the structures
surrounding them. From this point of view, the vertical drop is less damaging than the drop in flat
position, for which gap compensation is directed uniformly and may lead to wider deformation
amplitudes.

4.2.3 Drop in flat position from a height of 9 m with whipping effect

; Due to the stiffness ratios, the container deformation during the impact causes the assemblies to
W deform. It is therefore an overall deformation independent of the material properties of the assemblies.
CO

Moreover, the rods undergo bending deformation and stress the grids under the transverse inertia
loading arising from deceleration in the course of impact. The maximum bending deflection, limited by

._2 the outline dimension of the compact rod stack, gets smaller with increasing closeness to the impacting
wall (see figure 1).

0

U-
I J

_) Grid crushing ,-" - - Max 4. '_ _
D . ....... deflectionz

0_
z

I--

S Figure 1: Compacting of the rod bundle: The mid-span deflection is limited.

The identified risk is the concentration of the bending deformation of the claddings at their clamping
point in the grids. The proposed demonstration is based on the following steps:

1. Definition of a static equivalent loading
2. Evaluation of the response, under this loading, of a rod with different cladding mechanical

properties
3. Definition of an acceptance criterion
4. Risk of stress concentration arising from the discontinuities (pellets, grid cell)

1. Definition of an equivalent static loading

This analysis is based on the definition by elastic-plastic calculation of an equivalent static linear
loading leading to a residual bow shape of a Zy-4 cladding comparable to that observed on the rods of
the reference drop test mock-ups.
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4.2.2 Vertical drop 

In case of vertical drop, the rods slip relatively to the grids and come to rest against the nozzle, which 
deforms plastically under the load. 

Some rods pass through the nozzle plate, others go round the nozzle. The result is bending 
deformation of the rods, spread over one or two spans and limited in amplitude by the cavity 
dimensions. 

The deformation of the rods is not therefore limited by their own strength but by that of the structures 
surrounding them. From this point of view, the vertical drop is less damaging than the drop in flat 
position, for which gap compensation is directed uniformly and may lead to wider deformation 
amplitudes. 

4.2.3 Drop in flat position from a height of 9 m with whipping effect 

Due to the stiffness ratios, the container deformation during the impact causes the assemblies to 
deform. It is therefore an overall deformation independent of the material properties of the assemblies. 

Moreover, the rods undergo bending defprmation and stress the grids under the transverse inertia 
loading arising from deceleration in the course of impact. The maximum bending deflection, limited by 
the outline dimension of the compact rod stack, gets smaller with increasing closeness to the impacting 
wall (see figure 1). 

Grid crushing t y(t) 

Figure' 1: Compacting of the rod bundle: The mid-span deflection is limited. 

The identified risk is the concentration of the bending deformation of the claddings at their clamping 
point in the grids. The proposed demonstration is based on the following steps: 

1. Definition of a static equivalent loading 
2. Evaluation of the response, under this loading, of a rod with different cladding mechanical 

properties 
3. Definition of an acceptance criterion 
4. Risk of stress concentration arising from the discontinuities (pellets, grid cell) 

1. Definition of an equivalent static loading 

This analysis is based on the definition by elastic-plastic calculation of an equivalent static linear 
loading leading to a residual bow shape of a Zy-4 cladding comparable to that observed on the rods of 
the reference drop test mock-Ups. 
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The mock-ups and reference drop tests are described in the documents /l/ and /2/. The further
characterization carried out to determine the residual deformation is presented in ref /3/.

The most heavily deformed rods are those of the row facing the impacting wall, at the bottom span of
the 12 ft mock-up. This is in agreement with the fact that, firstly, this row is the one with the most
freedom of transverse displacement and, secondly, the 12 ft assemblies have a bottom span height of
620 mm which is far higher than for the 14 ft assemblies (about 440 mm) and therefore much more
limiting with respect to rod bending.

Table 1 below summarizes the average values characterized for the 17 rods in the heaviest-loaded row
together with the case of the bounding rod selected for the evaluation. The grids exhibit a residual
crush of about 20 to 25 mm.

Residual lateral bending shape with respect to supports (mm)

1/4 span height Mid-span ¾ span height

Average for most-loaded 4 mm 5mm 4 mm
layer (17 rods)

Rod #13 representing the 9mm 11 mm 9mm
adopted bounding case

Cn

CO(n
W

:3

U,
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C
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z
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Table 1: Characterized residual bend shape: adopted boundinq case

The model represents a cladding 310 mm in length which is free axially and clamped at its left end
(grid) and exhibiting a symmetrical condition at its right end. The pellets are not modelled.

A stop limits the displacement of the rod relative to its supports due to the compacting of the bundle in
the cavity. An order of magnitude can be given to this parameter by making the bounding hypothesis of
a change in the initial square array towards the triangular array fitted to the dimensions of the cavity (L
=220 mm) in fgure 2. .. .. ..I. ......... ........

12,6 m m A .............

(220 - 9,5) / 16 = 13,16 mm

Figure 2: change in the initial square array towards the limit compact triangular array

In the case of the 17 x 17 assemblies (17 rods of outer diameter 9.5 mm initially placed on a square
array of pitch 12.6 mm), the maximum relative displacement between two layers is bounded by:

A=12,6 - h = 12,6 - [9,52_(13,16/2)2]0,5-t 5,75 mm

So for the rods furthest from the impacting wall and assuming, in line with the mock-up observations,
that the grid deforms by about 20 mm:

Maximum bounding deflectionzý 16 x A - 20 = 72 mm. A value of 70 mm is retained.
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The mock-ups and reference drop tests are described in the documents /1/ and /2/. The further 
characterization carried out to determine the residual deformation is presented in ref /3/. 

The most heavily deformed rods are those of the row facing the impacting wall, at the bottom span of 
the 12 ft mock-up. This is in agreement with the fact that, firstly, this row is the one with the most 
freedom of transverse displacement and, secondly, the 12 ft assemblies have a bottom span height of 
620 mm which is far higher than for the 14 ft assemblies (about 440 mm) and therefore much more 
limiting with respect to rod bending. 

Table 1 below summarizes the average values characterized for the 17 rods in the heaviest-loaded row 
together with the case of the bounding rod selected for the evaluation. The grids exhibit a residual 
crush of about 20 to 25 mm. 

Residual lateral bending shape with respect to supports (mm) 

~ span height Mid-span % span height 

Average for most-loaded 
,:::::4mm :::::5mm :::::4mm 

layer (17 rods) 

Rod #13 representing the 
9mm 11 mm 9mm 

adopted bounding case 

Table 1: Characterized residual bend shape: adopted bounding case 

The model represents a cladding 310 mm in length which is free axially and clamped at its left end 
(grid) and exhibiting a symmetrical condition at its right end. The pellets are not modelled. 

A stop limits the displacement of the rod relative to its supports due to the compacting of the bundle in 
the cavity. An order of magnitude can be given to this parameter by making the bounding hypothesis of 
a change in the initial square array towards the triangular array fitted to the dimensions of the cavity (L 
= 220 mm) in figure 2. 

~ 

(220 - 9,5) 116 = 13,16 mm 

Figure 2: change in the initial square array towards the limit compact triangular array 

In the case of the 17 x 17 assemblies (17 rods of outer diameter 9.5 mm initially placed on a square 
array of pitch 12.6 mm), the maximum relative displacement between two layers is bounded by: 

~=12,6 - h = 12,6 - [9,52_(13,16/2)2]°,5::::: 5,75 mm 

So for the rods furthest from the impacting wall and assuming, in line with the mock-up observations, 
that the grid deforms by about 20 mm: 

Maximum bounding deflection::::: 16 x ~ - 20::::: 72 mm. A value of 70 mm is retained. 
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After iterations, the adopted equivalent loading is 1.38 N/mm. It leads to a residual bend shape of 8.5
and 12 mm at the quarter-height and mid-height of the span, which is compared to the target bounding
values of 9 and 11 mm, respectively. Note that the lateral stop is not reached (maximum deflection
under loading of 44 mm with respect to the supports). The maximum calculated plastic deformation is
equal to 3.5 % and is observed at the cladding clamping point in the grid.

2. Evaluation of the behavior of a rod with different mechanical properties under this loading

For different cladding mechanical properties, a calculation which is only distinguished from the
previous one in these properties enables the evaluation of the behavior of a cladding section subjected
to the bounding equivalent loading determined by the previous evaluation.

As above, the boundary conditions of the calculation reproduce the case of the bottom span of a
900 MW assembly (maximum span length). The pellets are not modelled.

Depending on circumstances, the lateral stop may or may not be reached during the calculation.
Table 2 below compares the four calculations in terms of maximum plastic deformation and maximum
deflection under loading.

0
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Max deflection underMaterial Max plastic loading

deformation
RpO,2 % Rm 1/4 span mid-span

670 MPa 840 MPa 3,5 % 26,2 mm 44 mm

520 MPa 710 MPa 8,3 % 38,8 mm At stop

350 MPa 490 MPa 9,5 % 38,9 mm At stop

250 MPa 400 MPa 9,5 % 38,6 mm At stop

Table 2: Dlastic deformation and bend shaDe evaluated for a variety of materials

The comparison of these results shows that within the explored range of mechanical properties, the
fact of reaching the stop defines not only the maximum mid-span deflection, but also the bend shape,
which results in saturation of the maximum plastic deformation value at 9,5 %. This phenomenon is
favorable to the risk of cladding failure by concentration of the deformation at the grids.
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After iterations, the adopted equivalent loading is 1.38 N/mm. It leaqs to a residual bend shape of 8.5 
and 12 mm at the quarter-height and mid-height of the span, which is compared to the target bounding 
values of 9 and 11 mm, respectively. Note that the lateral stop is not reached (maximum deflection 
under loading of 44 mm with respect to the supports). The maximum calculated plastic deformation is 
equal to 3.5 % and is observed at the cladding clamping point in the grid. 

2. Evaluation of the behavior of a rod with different mechanical properties under this loading 

For different cladding mechanical properties, a calculation which is only distinguished from the 
previous one in these properties enables the evaluation of the behavior of a cladding section subjected 
to the bounding equivalent loading determined by the previous evaluation. 

As above, the boundary conditions of the calculation reproduce the case of the bottom span of a 
900 MW assembly (maximum span length). The pellets are not modelled. 

Depending on circumstances, the lateral stop mayor may not be reached during the calculation. 
Table 2 below compares the four calculations in terms of maximum plastiC deformation and maximum 
deflection under loading. 

Material 
Max deflection under 

Max plastic loading 
deformation 

RpO.2'h Rm % span mid-span 

670 MPa 840 MPa 3,5% 26,2 mm 44mm 

520 MPa 710 MPa 8,3% 38,8 mm At stop 

350 MPa 490 MPa 9,5% 38,9 mm At stop 

250 MPa 400 MPa 9,5% 38,6 mm At stop 

Table 2: plastic deformation and bend shape evaluated for a variety of materials 

The comparison of these results shows that within the explored range of mechanical properties, the 
fact of reaching the stop defines not only the maximum mid-span deflection, but also the bend shape, 
which results in saturation of the maximum plastic deformation value at 9,5 %. This phenomenon is 
favorable to the risk of cladding failure by concentration of the deformation at the grids. 
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3. Definition of an acceptance criterion

A material with mechanical properties (Rpo, , R,) greater than a reference material will deform less
than the latter under a given loading.

Consequently, the calculation results presented here-above will be translated into the form of the
following double criterion based on the definition, according to the mechanical properties of the
material, with a lower limit of total elongation.

Thus, broadly speaking:

1. Any material meeting the following three criteria is acceptable:

o Rp0,2% -> 250 MPa
o cymr-400 MPa

-o o Total elongation Ž 9,5 %

o Or, by comparison with the second calculation case:

U) 2. Any material meeting the following three criteria is also acceptable:
o Rp0,2% -> 520 MPa

t- o rm>-710MPa
•V) o Total elongation > 8,3 %
w
I

4. Risk of stress concentration arising from discontinuities (pellets, grid cell)
UL

(o In order to supplement the previous approach and experimentally make sure that there is no risk of
Z concentration of plastic deformation arising from the presence of the pellets or the geometry of the rodz

/ grid connection, a bending test was run.
z

This test, of the "three point bend" type, led to the deformation of a rod with M5 cladding featuringIJJ

tungsten carbide pellets (length 12.6 mm) and pressurized to 30 bars. The distance between supports0
H is 600 mm and the force is applied by means of an AFA 2G grid element containing a group of 3 X 3
2 cells.

LL The objective here is to reproduce in the grid cell the loading sustained by a rod in flat drop
configuration. Fiqure 3 below compares the residual deformation evaluated by calculation (M5 case)
with the one reached experimentally.

This test demonstrated that leak-tightness was maintained and that there was no concentration of
plastic deformation (minimum radius of curvature of about 100 mm, no localized mark at the interface
between pellets or at the contact with the grid cell) for an overall deformation level far higher than what
the geometry of the container cavity would allow.

In conclusion, the proposed additional approach confirms for an M5-clad rod that there is no risk of
concentration of deformation for a loading level bounding the one inflicted on the assembly for a
regulatory drop of 9 m "in flat position".
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3. Definition of an acceptance criterion 

A material with mechanical properties (RpO.2 %, Rm) greater than a reference material will deform less 
than the latter under a given loading. 

Consequently, the calculation results presented here-above will be translated into the form of the 
following double criterion based on the definition, according to the mechanical properties of the 
material, with a lower limit of total elongation. 

Thus, broadly speaking: 

1. Any material meeting the following three criteria is acceptable: 

o RpO,2% ~ 250 MPa 
o O'm ~ 400 MPa 
o Total elongation ~ 9,5 % 

Or, by comparison with the second calculation case: 

2. Any material meeting the following three criteria is also acceptable: 
o RpO,2% ~ 520 MPa 
o O'm ~ 710 MPa 
o Total elongation ~ 8,3 % 

4. Risk of stress concentration arising from discontinuities (pellets, grid cell) 

In order to supplement the previous approach and experimentally make sure that there is no risk of 
concentration of plastic deformation arising from the presence of the pellets or the geometry of the rod 
/ grid connection, a bending test was run. 

This test, of the "three point bend" type, led to the deformation of a rod with M5 cladding featuring 
tungsten carbide pellets (length 12.6 mm) and pressurized to 30 bars. The distance between supports 
is 600 mm and the force is applied by means of an AFA 2G grid element containing a group of 3 X 3 
cells. 

The objective here is to reproduce in the grid cell the loading sustained by a rod in flat drop 
configuration. Figure 3 below compares the residual deformation evaluated by calculation (M5 case) 
with the one reached experimentally. 

This test demonstrated that leak-tightness was maintained and that there was no concentration of 
plastic deformation (minimum radius of curvature of about 100 mm, no localized mark at the interface 
between pellets or at the contact with the grid cell) for an overall deformation level far higher than what 
the geometry of the container cavity would allow. 

In concluSion, the proposed additional approach confirms for an M5-clad rod that there is no risk of 
concentration of deformation for a loading level bounding the one inflicted on the assembly for a 
regulatory drop of 9 m "in flat position". 
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distance to the grid (mm)
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Fiaure 3: Comoarison of residual bend shaoes estimated by calculation and reproduced in test
conditions. (The test demonstrates that there is no risk of concentration of deformation arising from the
presence of pellets or from the interaction with the grids).
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Figure 3: Comparison of residual bend shapes estimated by calculation and reproduced in test 
conditions, (The test demonstrates that there is no risk of concentration of deformation arising from the 
presence of pellets or from the interaction with the grids). 
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5. ACCEPTABLE MATERIAL PROPERTIES

5.1 Structural material

No specific criterion is adopted with regard to the structural materials.

In particular it is assumed that a change in the design or the material of the grids would not significantly
challenge the conclusions presented below regarding the risk of cladding failure. Indeed, the
conservatism of the approach, including the hypothesis that the whole bundle will evolve towards a
compact triangular array, covers any potential small deformation differences between the grids.

5.2 Cladding material
C

_• 1. Any material meeting the following three criteria is acceptable:
a

)_ o Rp0,2% >- 250 MPa
U) o am > 400 MPa

o Total elongation Ž 9,5 %

2.Aymtra etn h olwngtreciei sas cetbe
1 o Rp0 ,2% Žo 520 MPa

0o rTm-710MPa
Lo Total elongation 8,3%

z

z

w

0
IU

FF 017 Rev. 1

c 
a 
'w .s: 
i5 
VI 
Q) 

iii 
(/) 

"0 
C 
C1l 
C 
OJ 
'w 
Q) 

o 
I 

Q) 
::J 

lJ.. 

ro 
Q) 
(3 
::J 
Z 
I 

a.. 
Z « 
w 
:2 
o 
~ 
:2 

~ 
lJ.. 

A N° FF DC 0924E 

FRAMATOME ANP REV. A PAGE 9/9 

5. ACCEPTABLE MATERIAL PROPERTIES 
(' 

5.1 Structural material 

No specific criterion is adopted with regard to the structural materials. 

In particular it is assumed that a change in the design or the material of the grids would not significantly 
challenge the conclusions presented below regarding the risk of cladding failure. Indeed, the 
conservatism of the approach, including the hypothesis that the whole bundle wit! evolve towards a 
compact triangular array, covers any potential small deformation differences between the grids. 

5.2 Cladding material 

1. Any material meeting the following three criteria is acceptable: 

o RpO,2% ~ 250 MPa 
o Om ~ 400 MPa 
o Total elongation ~ 9,5 % 

2. Any material meeting the following three criteria is also acceptable: 

o RpO,2% ~ 520 MPa 
o Om ~ 710 MPa 
o Total elongation ~ 8,3 % 
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1. PURPOSE

The purpose of this document is to check the block design validity for rod boxes transported in FCC
containers.

These blocks are:
- The radial blocks filling the radial space between the rod bundle and the 214 mini x 214 mini section

of the cavity.
- The seating plates located between the radial block and the rod bundle.
- The axial blocks filling the longitudinal space between the rod bundle and the box length when the

rods are shorter than the box.
- The rod end seating plates, axial block side.

_- The purpose is to prove the integrity of their geometry when accidental loads are applied to the
T container.

U)

D 2. REFERENCES
C-
C• [1] - Design and manufacturing rules for mechanical equipment of EPR nuclear islands (RCC-M)

o [2] - ROARK'S Formulas for Stress & Strain

U-

a 3. BASIC DATA
z

c. 3.1 Geometrical dataZ

LU The dimensions are given in the drawings in Appendix 1.
0

3.2 Materials
U- The components are made up of 304L-type stainless steel.

The features at 315'C are as follows:

[ Symbol Value. Unit

Young's modulus E 175,000 MPa

Elastic limit Rpo.2 125 MPa

Tensile strength (Rm)mln 409 MPa

Permissible stress Sm 83 MPa

Criterion 200 MPa
Min (2.4.Sm; 0.7.Rm)
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1. PURPOSE 

The purpose of this document is to check the block design validity for rod boxes transported in FCC 
containers. 

These blocks are: 
- The radial blocks filling the radial space between the rod bundle and the 214 mini x 214 mini section 

of the cavity. 
- The seating plates located between the radial block and the rod bundle. 
- The axial blocks filling the longitudinal space between the rod bundle and the box length when the 

rods are shorter than the box. 
- The rod end seating plates, axial block side. 

The purpose is to prove the integrity of their geometry when accidental loads are applied to the 
container. 

2. REFERENCES 

~ [1] - Design and manufacturing rules for mechanical equipment of EPR nuclear islands (RCC-M) 
'00 
Q) 

o [2] - ROARK'S Formulas for Stress & Strain 
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3. BASIC DATA 

3.1 Geometrical data 

The dimensions are given in the drawings in Appendix 1. 

3.2 Materials 

The components are made up of 304L-type stainless steel. 

The features at 315°C are as follows: 

Symbol Value 

Young's modulus E 175,000 

Elastic limit R pO.2 125 

Tensile strength (Rm)min 409 

Permissible stress 8m 83 

Criterion 200 
Min (2.4.Sm; O.7.Rm) 

Unit 

MPa 

MPa 

MPa 

MPa 

MPa 

FF 017 Rev. 1 



A Nv FF DC 01074 E0FRAMATOME ANP RE.A PAGE 4/8

The blocks can be made up of AU4G-type aluminium.
The features at 200C are as follows:

Symbol Value Unit

Young's modulus E 74,000 MPa

Elastic limit Rpo.2 280 MPa

Tensile strength (Rm)min 420 MPa

Permissible stress Sm 140 MPa

Criterion 2Min (2 4 Sm:07Rm/ 294 MPa
C .... \L . ...' ' ..... I _ _ _ _ _ _ _ _ J _ _ _ _

2! The aluminium alloy will be selected so that its features at 315 'C are superior or equal to those of the
0
U stainless steel at the same temperature.

C: 3.3 Loadings

3.3.1 Radial loading

Radial block case:

The retained loading is a vertical distributed loading applied to the surface of the radial block lower
_sheet. In accidental condition, the loading is defined considering that a 1,000 g acceleration is applied

to the mass of the rod assembly and to the mass of the seating plates. The 1,000 g value corresponds
to the maximum value observed for 3 ms during a flat 9-m drop test with slap-down (ref TFX DC 2132:
Drop test report for the prototype No. 2 container). Considering a permanent static loading of 1,000 g is

z
z< therefore prejudicial.

2J In the most unfavourable configuration (8 foot 14 x 14 rods), this pressure applied to the block's seating
o surface is 12.45 N/mm 2.
I.-

S Seating plate case:
,, The retained loading is a vertical distributed loading applied to the seating plate surface. In accidental

condition, the loading is defined considering that a 1,000 g acceleration is applied to the mass of the
rod assembly.

In the most unfavourable configuration (8 foot 14 x 14 rods), this pressure applied to the plate's seating
surface is 10.2 N/mm2 .

3.3.2 Axial loading

Axial loading case:

The retained loading is a horizontal distributed loading applied to the axial block end sheet. In
accidental condition, the rod assembly applies to the axial block a pressure which is proportional to the
rod bundle mass (considered acceleration 300 g). The maximum deceleration value retained for the
design of axial dampers is 175 g. The margin between 300 and 175 g gives a guaranteed result.
In the most unfavourable condition (12-foot 15 x 15 rods), this pressure applied to the block seating
face level with the bundle is 188 N/mm 2.
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The blocks can be made up of AU4G-type aluminium. 

The features at 20°C are as follows: 

Symbol 

Young's modulus E 

Elastic limit 

Tensile strength (Rm)min 

Permissible stress 8m 
Criterion 

Min (2.4.Sm; 0.7.Rm) 
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Value Unit 

74,000 MPa 

280 MPa 

420 MPa 

140 MPa 

294 MPa 

The aluminium alloy will be selected so that its features at 315°C are superior or equal to those of the 
stainless steel at the same temperature. 

3.3 Loadings 

3.3.1 Radial loading 

Radial block case: 
The retained loading is a vertical distributed loading applied to the surface of the radial block lower 
sheet. In accidental condition, the loading is defined considering that a 1,000 g acceleration is applied 
to the mass of the rod assembly and to the mass of the seating plates. The 1,000 g value corresponds 
to the maximum value observed for 3 ms during a flat 9-m drop test with slap-down (ref TFX DC 2132: 
Drop test report for the prototype No.2 container). Considering a permanent static loading of 1,000 g is 
therefore prejudicial. 
In the most unfavourable configuration (8 foot 14 x 14 rods), this pressure applied to the block's seating 
surface is 12.45 N/mm 2

. 

Seating plate case: 
The retained loading is a vertical distributed loading applied to the seating plate surface. In accidental 
condition, the loading is defined considering that a 1,000 g acceleration is applied to the mass of the 
rod assembly. 
In the most unfavourable configuration (8 foot 14 x 14 rods), this pressure applied to the plate's seating 
surface is 10.2 N/mm2

• 

3.3.2 Axial loading 

Axial loading case: 
The retained loading is a horizontal distributed loading applied to the axial block end sheet. In 
accidental condition, the rod assembly applies to the axial block a pressure which is proportional to the 
rod bundle mass (considered acceleration 300 g). The maximum deceleration value retained for the 
design of axial dampers is 175 g. The margin between 300 and 175 g gives a guaranteed result. 

In the most unfavourable condition (12-foot 15 x 15 rods), this pressure applied to the block seating 
face level with the bundle is 188 N/mm2

• 
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Case of the rod end seating plate, axial block side:
The retained loading is a horizontal distributed loading applied to the seating 'plate. In -accidental
condition, the rod assembly applies to the axial block a pressure which is proportional to the rod bundle
mass (considered acceleration 300 g).

In the most unfavourable configuration (14-foot 16 x 16 rods), this pressure applied to the block seating
face level with bundle is 101.5 N/mm2.

4. CRITERIA TO BE COMPLIED WITH

The components are mechanically welded.

4.1 Stress limitation

Ln As checking is performed in the scope of an exceptional accidental situation, the considered criteria
O are those defined in document [1] in Appendix ZF: Rules associated to level-D criteria:
U,
co,
U) • shear: T 5 0.75.min (2.4.S; 0.7.Rm)

U - Pm < min(2.4.S; 0.7.Rm)
U-

• Pm +Pb < 1.5 x min(2.4.S; 0.7.Rm)
I

"_ 4.2 Buckling
CU

Elastic or plastic-elastic instability is defined if:
z

Euler's critical force: Fc < F (loading)
Z
<LU

0 5. CALCULATIONS

,L 5.1 Calculation method

Component dimensioning is checked by performing strength of material calculation in the most
stressed sections as per formulas of reference [2].

5.2 Seating plate
(refer to Appendix 1 folio 3)

Under the distributed 10.2 N/rmM2 loading, the plate is subject to plate bending and to shear resulting
from shear stress.

Radial block stiffeners constitute supports which define bending zones for the plate. In a conservative
way, we will neglect participation of the radial block lower plate and consider that all stresses are
supported by the seating plate alone.
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Case of the rod end seating plate. axial block side: 
The retained loading is a horizontal distributed loading applied to the seating 'plate. In accidental 
condition, the rod assembly applies to the axial block a pressure which is proportional to the rod bundle 
mass (considered acceleration 300 g). 

In the most unfavourable configuration (14-foot 16 x 16 rods), this pressure applied to the block seating 
face level with bundle is 101.5 N/mm2

• 

4. CRITERIA TO BE COMPLIED WITH 

The components are mechanically welded. 

4.1 Stress limitation 

As checking is performed in the scope of an exceptional accidental situation, the considered criteria 
are those defined in document [1] in Appendix ZF: Rules associated to level-D criteria: 

• shear: 't S 0.75.min (2.4.S; 0.7.Rm) 

• Pm S min(2.4.S; 0.7.Rm) 

• Pm +Pb S 1.5 x min(2.4.S; 0.7.Rm) 

4.2 Buckling 

Elastic or plastic-elastic instability is defined if: 

Euler's critical force: Fc S F (loading) 

5. CALCULATIONS 

5.1 Calculation method 

Component dimensioning is checked' by performing strength of material calculation in the most 
stressed sections as per formulas of reference [2). 

5.2 Seating plate 
(refer to Appendix 1 folio 3) 

Under the distributed 10.2 N/mm2 loading, the plate is subject to plate bending and to shear resulting 
from shear stress. 

Radial block stiffeners constitute supports which define bending zones for the plate. In a conservative 
way, we will neglect partiCipation of the radial block lower plate and consider that all stresses are 
supported by the seating plate alone. . 
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The sheet is analysed considering three plate types:

- plate flush-mounted on 1 side corresponding to the sheet which is not level with the radial block
(length according to block, width 20 mm, thickness 8 mm)

- plate flush-mounted on its 4 sides corresponding to the sheet between the axial block stiffeners
(length according to block, width 53 mm, thickness 8 mm),

- plate flush-mounted on 3 sides and free on the 4 th one corresponding to the sheet outside the
stiffeners (length 53 mm, width 20 mm, thickness 8 mm),

The maximum bending stress obtained on the plate flush-mounted on 1 side is 191 MPa.
The maximum bending stress obtained on the plate flush-mounted on 4 sides is 273 MPa.
The maximum bending stress obtained on the plate flush-mounted on 3 sides is 164 MPa.

._0 Since these 3 values do not exceed the 300 MPa criterion (=1.5 x min(2.4.S; 0.7.Rm)), the seating
plate withstands bending

5

The maximum shear stress obtained on the plate flush-mounted on 1 side is 25 MPa.
U The maximum shear stress obtained on the plate flush-mounted on 4 sides is 38 MPa.

The maximum shear stress obtained on the plate flush-mounted on 3 sides is 18 MPa.

Since these 3 values do not exceed the 150 MPa criterion (= 0.75 x min (2.4.S; 0.7.Rm)), the seating
plate withstands shear.

a)
0
1 The maximum equivalent stress obtained on the plate flush-mounted on 1 side is 198 MPa.

7 The maximum equivalent stress obtained on the plate flush-mounted on 4 sides is 284 MPa.
"_ The maximum equivalent stress obtained on the plate flush-mounted on 3 sides is 168 MPa.

- Since these 3 values do not exceed the 300 MPa criterion (= 1.5 x min(2.4.S; 0.7.Rm)), the seating
Z plate dimensioning is sufficient.

Z

5.3 Radial block
0 (refer to Appendix 1 folio 2)

2 Distributed loading is applied to the block lower horizontal sheet.

5.3.1 Sides and stiffeners

Vertical sides and stiffeners are subject to compressive stresses.

The maximum compressive stress obtained is 164 MPa. It isinferior to the 200 MPa criterion.

As the sides and stiffeners are relatively slender [low thickness (3 mm) relatively to their height
(73 mm)], they are likely to be subject to buckling.

As they are welded to the upper and lower sheets, their ends are considered as flush-mounted.
Therefore, the free buckling length is half of the components' height.

As the ratio between the calculated Euler's critical load and the applied force related to the number of
stiffeners is to the order of 5.5 as regards stainless steel and 2.3 as regards aluminium, the risk of
buckling does not exist and the block's height is maintained.
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The sheet is analysed considering three plate types: 

- plate flush-mounted on 1 side corresponding to the sheet which is not level with the radial block 
(length according to block, width 20 mm, thickness 8 mm) 

- plate flush-mounted on its 4 sides corresponding to the sheet between the axial block stiffeners 
(length according to block, width 53 mm, thickness 8 mm), 

- plate flush-mounted on 3 sides and free on the 4th one corresponding to the sheet outside the 
stiffeners (length 53 mm, width 20 mm, thickness 8 mm), 

The maximum bending stress obtained on the plate flush-mounted on 1 side is 191 MPa. 
The maximum bending stress obtained on the plate flush-mounted on 4 sides is 273 MPa. 
The maximum bending stress obtained on the plate flush-mounted on 3 sides is 164 MPa. 

Since these 3 values do not exceed the 300 MPa criterion (=1.5 x min(2.4.S; 0.7.Rm)), the seating 
plate withstands bending 

The maximum shear stress obtained on the plate flush-mounted on 1 side is 25 MPa. 
The maximum shear stress obtained on the plate flush-mounted on 4 sides is 38 MPa. 
The maximum shear stress obtained on the plate flush-mounted on 3 sides is 18 MPa. 
Since these 3 values do not exceed the 150 MPa criterion (= 0.75 x min (2.4.S; 0.7.Rm)), the seating 
plate withstands shear. 

The maximum equivalent stress obtained on the plate flush-mounted on 1 side is 198 MPa. 
The maximum equivalent stress obtained on the plate flush-mounted on 4 sides is 284 MPa. 
The maximum equivalent stress obtained on the plate flush-mounted on 3 sides is 168 MPa. 

Since these 3 values do not exceed the 300 MPa criterion (= 1.5 x min(2.4.S; 0.7.Rm)), the seating 
plate dimensioning is sufficient. 

5.3 Radial block 
(refer to Appendix 1 folio 2) 

Distributed loading is applied to the block lower horizontal sheet. 

5.3.1 Sides and stiffeners 

Vertical sides and stiffeners are subject to compressive stresses. 

The maximum compressive stress obtained is 164 MPa. It is inferior to the 200 MPa criterion. 

, As the sides and stiffeners are relatively slender [low thickness (3 mm) relatively to their height 
(73 mm)], they are likely to be subject to buckling. 

As they are welded to the upper and lower sheets, their ends are considered as flush-mounted. 
Therefore, the free buckling length is half of the components' height. 

As the ratio between the calculated Euler's critical load and the applied force related to the number of 
stiffeners is to the order of 5.5 as regards stainless steel and 2.3 as regards aluminium, the risk of 
buckling does not exist and the block's height is maintained. 
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5.3.2 Lower sheet

The lower sheet which was not integrated in the calculation of the seating plate is less loaded than said
seating plate. As it is made of a material whose features are at least equal to those of the seating plate,
justification is not required. It can only provide margin relative to the actual stresses applied to the
seating plate.

5.4 Rod end seating plate, axial block side
(refer to Appendix 1 folio 5)

The distributed loading application height corresponds to the minimum height of the complete rod
bundle (106 mm for 9.5 mm 0 rods and 117 mm for 10.75 mm 0 rods).

Under this distributed loading, the sheet is subject to plate bending and shears due to shear stress.

.0 Axial block longitudinal stiffeners constitute the supports which define the plate bending zones. In a

.2! conservative way, we will neglect participation of the end plate on the axial block rod side, and
,o consider that all stresses are supported by the rod end seating plate alone.

U) The sheet is analysed considering three plate types:

-plate flush-mounted on 1 side corresponding to the sheet not level with the axial block (length 168
mm, width 20 mm, thickness 25 mm)

I -plate flush-mounted on 4 sides corresponding to the sheet between axial block stiffeners (length
112 mm, width 55 mm, thickness 25 mm)'

U_

plate flush-mounted on 3 sides and free on 4th one corresponding to the sheet outside the stiffeners

M (length 55 mm, width 30 mm, thickness 25 mm),
Z

a_ I The maximum bending stress obtained on the plate flush-mounted on 1 side is 136 MPa.
z< The maximum bending stress obtained on the plate flush-mounted on 4 sides is 245 MPa.
wu The maximum bending stress obtained on the plate flush-mounted on 3 sides is 179 MPa.
0 Since these 3 values do not exceed the 300 MPa criterion (=1.5 x min(2.4.S; 0.7.Rm)), the seating

plate withstands bending.

The maximum shear stress obtained on the plate flush-mounted on 4 sides is 75 MPa.
The maximum shear stress obtained on the plate flush-mounted on 3 sides is 58 MPa.
Since these 3 values do not exceed the 150 MPa criterion (= 0.75 x min (2.4.S; 0.7.Rm)), the seating
plate withstands shear.

The maximum equivalent stress obtained on the plate flush-mounted on 1 side is 177 MPa.
The maximum equivalent stress obtained on the plate flush-mounted on 4 sides is 287 MPa.
The maximum equivalent stress obtained on the plate flush-mounted on 3 sides is 214 MPa.
As these 3 values do not exceed the 300 MPa criterion (= 1.5 x min(2.4.S; 0.7.Rm)), the seating plate
dimensioning is enough.
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The lower sheet which was not integrated in the calculation of the seating plate is less loaded than said 
seating plate. As it is made of a material whose features are at least equal to those of the seating plate, 
justification is not required. It can only provide margin relative to the actual stresses applied to the 
seating plate. 

5.4 Rod end seating plate, axial block side 
(refer to Appendix 1 folio 5) 

The distributed loading application height corresponds to the minimum height of the complete rod 
bundle (106 mm for 9.5 mm 0 rods and 117 mm for 10.75 mm 0 rods). 

Under this distributed loading, the sheet is subject to plate bending and shears due to shear stress. 

Axial block longitudinal stiffeners constitute the supports which define the plate bending zones. In a 
conservative way, we will neglect participation of the end plate on the axial block rod side, and 
consider that all stresses are supported by the rod end seating plate alone. 

The sheet is analysed considering three plate types: 

- plate flush-mounted on 1 side corresponding to the sheet not level with the axial block (length 168 
mm, width 20 mm, thickness 25 mm) 

- plate flush-mounted on 4 sides corresponding to the sheet between axial block stiffeners (length 
112 mm, width 55 mm, thickness 25 mm); 

- plate flush-mounted on 3 sides and free on 4th one corresponding to the sheet outside the stiffeners 
(length 55 mm, width 30 mm, thickness 25 mm), 

The maximum bending stress obtained on the plate flush-mounted on 1 side is 136 MPa. 
The maximum bending stress obtained on the plate flush-mounted on 4 sides is 245 MPa. 
The maximum bending stress obtained on the plate flush-mounted on 3 sides is 179 MPa. 
Since these 3 values do not exceed the 300 MPa criterion (=1.5 x min(2.4.S; 0.7.Rm)), the seating 
plate withstands bending. 

The maximum shear stress obtained on the plate flush-mounted on 1 side is 57 MPa. 
The maximum shear stress obtained on the plate flush-mounted on 4 sides is 75 MPa. 
The maximum shear stress obtained on the plate flush-mounted on 3 sides is 58 MPa. 
Since these 3 values do not exceed the 150 MPa criterion (= 0.75 x min (2.4.S; 0.7.Rm)), the seating 
plate withstands shear. 

The maximum equivalent stress obtained on the plate flush-mounted on 1 side is 177 MPa. 
The maximum equivalent stress obtained on the plate flush-mounted on 4 sides is 287 MPa. 
The maximum equivalent stress obtained on the plate flush-mounted on 3 sides is 214 MPa. 
As these 3 values do not exceed the 300 MPa criterion (= 1.5 x min(2.4.S; 0.7.Rm)), the seating plate 
dimensioning is enough. 
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5.5 Axial block
(refer to Appendix 1 folio 4)

5.5.1 Sides and stiffeners

The sides and stiffeners are subject to compression.

The max. compressive stress obtained is 141 MPa. It is inferior to the 200 MPa criterion.

Taking into account the dimensioning of sides and stiffeners which generates significant inertia for the
component and the low related slenderness ratio, no buckling can occur as regards the axial blocks.

5.5.2 Rod side sheet

The rod side sheet, which was not integrated in the rod-end seating plate calculation, is less loaded
than the seating plate. As it is made up of a material whose features are at least equal to those of the
seating plate, justification is not required. It can only provide margin relatively to the actual stresses

-o applied to the rod-end seating plate.
U)

C

6. CONCLUSIONS
0

The 4 components supporting the rod bundle keep their geometry even in the case of accidental
conditions. Consequently, the rod bundle volume cannot-expand.

U-

CU

0)z

Wz
0u

0
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5.5 Axial block 
(refer to Appendix 1 folio 4) 

5.5.1 Sides and stiffeners 

The sides and stiffeners are subject to compression. 

The max. compressive stress obtained is 141 MPa. It is inferior to the 200 MPa criterion. 

Taking into account the dimensioning of sides and stiffeners which generates significant inertia for the 
component and the low related slenderness ratio, no buckling can occur as regards the axial blocks. 

5.5.2 Rod side sheet 

The rod side sheet, which was not integrated in the rod-end seating plate calculation, is less loaded 
than the seating plate. As it is made up of a material whose features are at least equal to those of the 
seating plate, justification is not required. It can only provide margin relatively to the actual stresses 
applied to the rod-end seating plate. 
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Appendix 1

Drawings of justified components

- Radial block Folio 2

- Seating plate Folio 3

- Axial block Folio 4

- Rod end plate, axial block side Folio 5
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Appendix 1 

Drawings of justified components 

- Radial block Folio 2 

- Seating plate Folio 3 

- Axial block Folio 4 

- Rod end plate, axial block side Folio 5 
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1. INTRODUCTION

Modifications to current RCC containers have been undertaken with the aim of obtaining a new
approval agreement regarding the transportation of U02 assemblies

The latest solution differs from the current design in terms of the following points:

- The fitting of double-walled doors, filled with a neutron-absorbing resin, the full height of the
assembly.

- Attachments of these doors to the lateral cross members of the frame.
Reinforcement of the lower part of the frame and filling with neutron-absorbing resin.
Axial shock absorbers.

o_ In order to prepare for the regulatory drop tests, a first series of evaluation tests was carried out in
February 98 [1] on a specimen identified as PROTO 1. These tests, allowed us to make improvements
to the design, increasing the containers' resistance to the regulatory tests. They also allowed us to

_U assess the destructive potential of the drops in the most penalising conditions.
CU

-0 This document contains the specifications for tests to be carried out on a prototype, representing the
M• new package model, produced with the aim of requesting an approval agreement. This prototype is
C
.2) described in a set of drawings [2].
U)
0

U_ 2. TEST OBJECTIVES

The necessity of carrying out the tests described in this document comes as a result of the regulatory
z requirements for the application of the 1996 edition of IAEA Instructions, with the final aim of
0 requesting an approval agreement for a new package model.
z
< The tests described are those considered necessary in document [3]. There are 3 mechanical tests,w
2 listed in chronological order:
~- 1: 1 x Drop onto a Bar- Height 1 m-Angle 290

No 2: 1 x Drop onto a Bar - Height 1 m - Angle 490
N' 3:-1 x 9 m drop- flat

U-

3. CHOICE OF TEST CONFIGURATIONS

Document [3] analyses the most penalising conditions in terms of package content and accident
hypotheses for which resistance must be determined.

The configurations selected for the specimen, as well as the test type and parameters given later, have
been determined by the analyses set forth in this document.
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1. INTRODUCTION 

Modifications to current RCC containers have been undertaken with the aim of obtaining a new 
approval agreement regarding the transportation of U02 assemblies 

The latest solution differs from the current design in terms of the following points: 

The fitting of double-walled doors, filled with a neutron-absorbing resin, the full height of the 
assembly. 
Attachments of these doors to the lateral cross members of the frame. 
Reinforcement of the lower part of the frame and filling with neutron-absorbing resin. 
Axial shock absorbers. 

In order to prepare for the regulatory drop tests, a first series of evaluation tests was carried out in 
February 98 [1] on a specimen identified as PROTO 1. These tests, allowed us to make improvements 
to the deSign, increasing the containers' resistance to the regulatory tests. They also allowed us to 
assess the destructive potential of the drops in the most penalising conditions. 

This document contains the specifications for tests to be carried out on a prototype, representing the 
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The necessity of carrying out the tests described in this document comes as a result of the regulatory 
requirements for the application of the 1996 edition of IAEA Instructions, with the final aim of 
requesting an approval agreement for a new package model. 

The tests described are those considered necessary in document [3]. There are 3 mechanical tests, 
listed in chronological order: 
W 1: 1 x Drop onto a Bar - Height 1 m - Angle 29° 
W 2: 1 x Drop onto a Bar - Height 1 m - Angle 49° 
N° 3: -1 x 9 m drop - flat 

3. CHOICE OF TEST CONFIGURATIONS 

Document [3] analyses the most penalising conditions in terms of package content and accident 
hypotheses for which resistance must be determined. 

The configurations selected for the specimen, as well as the test type and parameters given later, have 
been determined by the analyses set forth in this document. 
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4. TEST SPECIMEN

The specimen subjected to the tests was a 14 ft container capable of transporting 2 fuel assemblies. It
was loaded with:

- 1 depleted uranium dummy assembly - type XL 17x17 lattice, containing 25 depleted uranium rods
in guide thimbles.

- 1 mock-up representing the equivalent mass and mass distribution of the aforementioned assembly

Masses involved:

Empty container 3,561 kg
Dummy assembly + 25 rods 842 kg

0 Mock-up 842 kg
Ln Total mass 5,245 kg

The specimen was identified as PROTO 2. Labelling is as defined in the diagram in Appendix 1.

CU

_ 5. TEST STATION
Q/)U,

0 The tests were carried out on the CESTA target range in the Bordeaux region.
1

=3 Characteristics of the drop facility

a) The CESTA Outside Testing Ground (O.T.G.) is located in the town of LUGOS 33830 - BELIN-BELIET
Z Route de la Gare du LUGOS - on the D110 (Regional Road).

-z A 30 Tonne, uni-directional gantry crane was positioned directly above a 2m x 1m, 200mm thick,
< E36-2 steel central target, which, in turn, was placed alongside other steel plates of 100 mm
w thickness - forming a target of approximately 100 m2. This rigid slab was fixed to a 600 tonne
o concrete base foundation.

The target used for the regulatory test involving a 1 m drop onto a bar was a 150 mm diameter, low
carbon steel bar. This bar was welded vertically onto a horizontal steel plate, which, in turn, was

u_ attached to the target defined above. The slenderness (height-to-length ratio) of the bar was 1'.2 m:
this slenderness proved capable of penetrating the package without deflection (Tests: Proto. 1).
The drop was carried out using a explosive shackle so that the position of the specimen (set in
place and checked before to the test) did not change prior to impact.
Optical observations of the impacts were made using 500 ips high-speed cinematography.

6. INSTRUMENTATION

Accelerometer probes were fitted the internal structure as shown in the diagram in Appendix 2. The
frame-mounted probes were identified by the rib number supporting them (Rib 1 is the first
intermediate rib starting from the foot of the assembly). For probes 5 and 6, their identification was
completed by their angle of inclination.

For the drops onto a bar, only probes in positions 5 and 6 were used. These probes were screwed onto
machined blocks, thus aligning them with the defined drop angles (29' and 49'). These blocks were
welded in the workshop onto the frame close to the ribs.
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4. TEST SPECIMEN 

The specimen subjected to the tests was a 14 ft container capable of transporting 2 fuel assemblies. It 
was loaded with: 

- 1 depleted uranium dummy assembly - type XL 17x17 lattice, containing 25 depleted uranium rods 
in guide thimbles. 

- 1 mock-up representing the equivalent mass and mass distribution of the aforementioned assembly 

Masses involved: 

Empty container 
Dummy assembly + 25 rods 
Mock-up 
Total mass 

3,561 kg 
842 kg 
842 kg 

5,245 kg 

The specimen was identified as PROTO 2. Labelling is as defined in the diagram in Appendix 1. 

5. TEST STATION 

The tests were carried out on the CESTA target range in the Bordeaux region. 

Characteristics of the drop facility 

The CESTA Outside Testing Ground (O.T.G.) is located in the town of LUGOS 33830 - BELIN-BELIET 
- Route de la Gare du LUGOS - on the D11 0 (Regional Road). 

- A 30 Tonne, uni-directional gantry crane was positioned directly above a 2m x 1 m, 200mm thick, 
E36-2 steel central target, which, in turn, was placed alongside other steel plates of 100 mm 
thickness - forming a target of approximately 100 m2. This rigid slab was fixed to a 600 tonne 
concrete base foundation. 

- The target used for the regulatory test involving a 1 m drop onto a bar was a 150 mm diameter, low 
carbon steel bar. This bar was welded vertically onto a horizontal steel plate, which, in turn, was 
attached to the target defined above. The slenderness (height-to-Iength ratio) of the bar was 1'.2 m: 
this slenderness proved capable of penetrating the package without deflection (Tests: Proto. 1). 

- The drop was carried out using a explosive shackle so that the position of the specimen (set in 
place and checked before to the test) did not change prior to impact. 

- Optical observations of the impacts were made using 500 ips high-speed cinematography. 

6. INSTRUMENTATION 

Accelerometer probes were fitted the internal structure as shown in the diagram in Appendix 2. The 
frame-mounted probes were identified by the rib number supporting them (Rib 1 is the first 
intermediate rib starting from the foot of the assembly). For probes 5 and 6, their identification was 
completed by their angle of inclination. 

For the drops onto a bar, only probes in positions 5 and 6 were used. These probes were screwed onto 
machined blocks, thus aligning them with the defined drop angles (29° and 49°). These blocks were 
welded in the workshop onto the frame close to the ribs. 
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For the 9 m flat drop, only those probes positioned on ribs 1 - 2 - 9 and 10 were used. These probes
were screwed onto mounting blocks, welded in the workshop close to the ribs.

For the 9 m flat drop, 2 accelerometer probes were also positioned on the fuel assembly. They were
identified by the number of the assembly, i.e. F9A and F9A'. They were screwed directly onto the
threading on the upper nozzle in the workshop. They were aligned along the 0 - 180' azimuth angle of
the container, corresponding to the predetermined drop angle for the 9 m flat drop.

The accelerometers used were of the 0 - 20,000 G range with a minimum frequency of acquisition of
at least 10 KHz.

The accelerometer instrumentation channels were qualified and calibrated to within a known
uncertainty.

7. PROCEDURE
.T_

0 The test sequence as defined in Para. 2 must be observed.
(n
a The container was neither opened between the drops nor upon completion of the drops. The expert

Vl)
-D appraisal was carried out at a later date in a different place. The only comments recorded on-site were
M- those relating to any visual observations made during the procedure.
C
.2)

a) A photographic report, showing the external condition of the sample and the visible effects of the tests,
0 was created, together with a video recording of the impact phases for each drop.

,, Following each drop, uranium contamination checks Were carried out using test station equipment.

Z

1 8. TESTS
Z
< In chronological order, 2 drops onto a bar and a 9 m drop were carried out on the targets described in
2 paragraph 5.
0
I-

S 8.1 Drop onto Bar N1: Diagram Appendix 3
IL

The specimen was placed above the bar with a longitudinal angle of incidence of 00. The mating
surface of the shells formed an angle of 290 with the vertical. These angles were determined with an
accuracy of +/- 10 using the mating surface of the shells as a reference. The transverse position is
such that the impact of the bar would be at the corner of the door to the cavity gap containing the
assembly. The longitudinal positioning is such that the drop axis coincided with the cross-ways axis of
the centre of gravity.

When in the factory, a visual identification mark was applied to the outside of the container, showing
the point of impact on the shell.

The initial height between the bar and its point of impact with the shell was 1 m.
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For the 9 m flat drop, only those probes positioned on ribs 1 - 2 - 9 and 10 were used. These probes 
were screwed onto mounting blocks, welded in the workshop close to the ribs. 

For the 9 m flat drop, 2 accelerometer probes were also positioned on the fuel assembly. They were 
identified by the number of the assembly, i.e. F9A and F9A'. They were screwed directly onto the 
threading on the upper nozzle in the workshop. They were aligned along the 0 - 180° azimuth angle of 
the container, corresponding to the predetermined drop angle for the 9 m flat drop. 

The accelerometers used were of the 0 - 20,000 G range with a minimum frequency of acquisition of 
at least 10KHz. 

The accelerometer instrumentation channels were qualified and calibrated to within a known 
uncertainty. 

7. PROCEDURE 

The test sequence as defined in Para. 2 must be observed. 

The container was neither opened between the drops nor upon completion of the drops. The expert 
appraisal was carried out at a later date in a different place. The only comments recorded on-site were 
those relating to any visual observations made during the procedure. 

A photographic report, showing the external condition of the sample and the visible effects of the tests, 
was created, together with a video recording of the impact phases for each drop. 

Following each drop, uranium contamination checks were carried out using test station equipment. 

8. TESTS 

In chronological order, 2 drops onto a bar and a 9 m drop were carried out on the targets described in 
paragraph 5. 

8.1 Drop onto Bar N°1: Diagram Appendix 3 

The specimen was placed above the bar with a longitudinal angle of incidence of 0°. The mating 
surface of the shells formed an angle of 29° with the vertical. These angles were determined with an 
accuracy of +/- 1 ° using the mating surface of the shells as a reference. The transverse position is 
such that the impact of the bar would be at the corner of the door to the cavity gap containing the 
assembly. The longitudinal positioning is such that the drop axis coincided with the cross-ways axis of 
the centre of gravity. 

When in the factory, a visual identification mark was applied to the outside of the container, showing 
the point of impact on the shell. 

The initial height between the bar and its point of impact with the shell was 1 m. 
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8.2 Drop onto Bar N°2: Diagram Appendix 4

The specimen was placed above the bar with a longitudinal angle of incidence of 0'. The mating
surface of the shells formed an angle of 49' with the vertical. These angles were determined with an
accuracy of +/- 10 using the mating surface of the shells as a reference.

The dummy assembly was located in the cavity gap exposed to the bar.

The longitudinal and transverse position is such that the door-bar contact took place on the upper
surface of the door and the vertical line at the point of impact passed through the centre of gravity of
the inner structure.

The initial height between the bar and its point of impact on the shell was 1 m.

C- When in the factory, a visual identification mark was applied to the outside of the container, showing
• g the point of impact on the shell.
T

C.•a)
-o 8.3 9m drop: Diagram Appendix 5

Cl)

"C The specimen was placed at the centre of the target with a longitudinal angle of incidence with theCU

frame of 15.2', lower point bottom side, and an azimuth angle of incidence of 0'. The lowest point of
V) the container was situated 9.14 m above the target (this additional height is due to the American scales
0 used in the original IAEA instructions - 30 feet).

These angles were defined for the inner structure with an accuracy of +/- 0.1° longitudinally and +/- 1'
U transversally.

z

q'_ 9. TEST REPORT
z
W The official test report must include:
0
- - A brief description of the procedure.

- Identity and role of participants and observers.
LL

- Review of the exact and real configurations of each test.

- 500 ips video recording of the test station.

- Photographs of the significant stages.

- In-situ observations after each test - accompanied by photo plates.

- The results of contamination checks made after each drop.
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8.2 Drop onto Bar N°2: Diagram Appendix 4 

The specimen was placed above the bar with a longitudinal angle of incidence of 0°. The mating 
surface of the shells formed an angle of 49° with the vertical. These angles were determined with an 
accuracy of +/- 1 ° using the mating surface of the shells as a reference. 

The dummy assembly was located in the cavity gap exposed to the bar. 

The longitudinal and transverse position is such that the door-bar contact took place on the upper 
surface of the door and the vertical line at the point of impact passed through the centre of gravity of 
the inner structure. 

The initial height between the bar and its point of impact on the shell was 1 m. 

When in the factory, a visual identification mark was applied to the outside of the container, showing 
the point of impact on the shell. 

8.3 9m drop: Diagram Appendix 5 

The specimen was placed at the centre of the target with a longitudinal angle of incidence with the 
frame of 15.2°, lower point bottom side, and an azimuth angle of incidence of 0°. The lowest point of 
the container was situated 9.14 m above the target (this additional height is due to the American scales 
used in the original IAEA instructions - 30 feet). 

These angles were defined for the inner structure with an accuracy of +/- 0.1 ° longitudinally and +/- 1 ° 
transversally . 

9. TEST REPORT 

The official test report must include: 

- A brief description of the procedure. 

- Identity and role of participants and observers. 

- Review of the exact and real configurations of each test. 

- 500 ips video recording of the test station. 

- Photographs of the significant stages. 

- In-situ observations after each test - accompanied by photo plates. 

- The results of contamination checks made after each drop. 
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- Accelerometer readings report, including:

" Calibration
" Unprocessed curves- 0 - 10,000 Hz
* Processed curves - 0 - 1,000 Hz
" Processed curves - 0 - 500 Hz
" Processed curves - 0 - 200 Hz

- Qualitative and quantitative expert appraisal of the effects of each test - accompanied by photo
plates.

- Variations from the referenced test documents.

10. QUALITY ASSURANCE

This test programme is, in its entirety, subject to the Quality Assurance requirements of FRAMATOME.

V) Sub-contracted work must be carried out by companies approved by FRAMATOME.
co

Sub-contracting companies are responsible for passing on FRAMATOME's requirements to any of
• their own sub-contractors. FRAMATOME must be kept informed of any secondary sub-contracting of
0 all or part of the work.

:3 FRAMATOME's representatives have free access to sub-contractors' facilities within the framework of
L- the tests in question.
CU

FRAMATOME shall be informed without delay of any variation, shortcoming or irregularity in relation to
z the test programme. On the basis of the information and/or recommendations received, FRAMATOME

will authorise, in writing, any decisions concerning the follow-up action to be taken (suspension,
zz< modification or continuation of tests). All variations must be listed in the final report.w

a

u-
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- Accelerometer readings report, including: 

• Calibration 
• Unprocessed curves-
• Processed curves-
• Processed curves -
• Processed curves -

0-10,000 Hz 
0- 1,000 Hz 
0- 500 Hz 
0- 200 Hz 

N" TFX DC 2108 EO 

REV. B PAGE 8/8 

- Qualitative and quantitative expert appraisal of the effects of each test - accompanied by photo 
plates. 

- Variations from the referenced test documents. 

10. QUALITY ASSURANCE 

This test programme is, in its entirety, subject to the Quality Assurance requirements of FRAMATOME. 

Sub-contracted work must be carried out by companies approved by FRAMATOME. 

Sub-contracting companies are responsible for passing on FRAMATOME's requirements to any of 
their own sub-contractors. FRAMATOME must be kept informed of any secondary sub-contracting of 
all or part of the work. 

FRAMATOME's representatives have free access to sub-contractors' facilities within the framework of 
the tests in question. 

FRAMATOME shall be informed without delay of any variation, shortcoming or irregularity in relation to 
the test programme. On the basis of the information and/or recommendations received, FRAMATOME 
will authorise, in writing, any decisions concerning the follow-up action to be taken (suspension, 
modification or continuation of tests). All variations must be listed in the final report. 
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Appendix 1

Markings and labelling on prototype n°2
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Appendix 1 

Markings and labelling on prototype n02 
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Appendix 2

Position of accelerometer probes

Foot
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Appendix 2 

Position of accelerometer probes 
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Appendix 3

Drop onto Bar n*1
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Assembly 

Appendix 3 
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Appendix 4

Drop onto Bar n02
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Appendix 5

9m drop
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1. INTRODUCTION

The objective of this report is to describe and justify the choice of the configurations which will be
tested during the regulatory tests (§ 627 drops I and II of [3]) on an FCC4 container.

The concept is based upon the confinement of each of the transported assemblies in a cavity
surrounded by a neutron-absorbing material (ref. [1]). [1]).

With the aim of a preliminary check on the soundness of this concept, a drop test campaign was run in
early February 1998 (ref. [2]). The tested configuration was an FCC3 loaded with an AFA2G assembly
(depleted U02 - 17x17 12 ft array) and a test load representative of a fuel assembly.

On completion of this test campaign and after taking into account the feedback from the testing and
fabrication of prototype N'1, modifications were made to an RCC4; this container was named prototype
O N2. A campaign of regulatory tests was run in order to demonstrate, for the configurations requiring it,
the suitability of the modified containers during the tests as defined in § 627 drops I and II of [3].

U)
a- The configuration tested during the Regulatory Tests had to be conservative from the point of view of
U) mechanical loadings on the safety components and lead to the worst-case situation from the package
C- criticality safety standpoint.

.2.) From the point of view of the inertias and mechanical stresses involved, a high mass had to be chosen.
This led to the choice of the type FCC4 container loaded with a 14 ft fuel assembly. Several arrays

01 correspond to this assembly length: 17x17XL/XLR, 16x16 and 18x18. The last 2 arrays (German
z products) have a mass slightly larger than the 17x17XL/XLR product (EDF and Belgium).
=3

U-
It should be noted that to date, nearly all the RCC4s are used for transporting 17x1 7XL arrays.

Remark: The mechanical calculations in this report are not design calculations but are intended to draw
z comparisons between several assembly designs under equivalent conditions.

z
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1. INTRODUCTION 

The objective of this report is to describe and justify the choice of the configurations which will be 
tested during the regulatory tests (§ 627 drops I and II of [3]) on an FCC4 container. 

The concept is based upon the confinement of each of the transported assemblies in a cavity 
surrounded by a neutron-absorbing material (ref. [1]). [1]). 

With the aim of a preliminary check on the soundness of this concept, a drop test campaign was run in 
early February 1998 (ref. [2]). The tested configuration was an FCC3 loaded with an AFA2G assembly 
(depleted U02 - 17x17 12 ft array) and a test load representative of a fuel assembly. 

On completion of this test campaign and after taking into account the feedback from the testing and 
fabrication of prototype W1, modifications were made to an RCC4; this container was named prototype 
W2. A campaign of regulatory tests was run in order to demonstrate, for the configurations requiring it, 
the suitability of the modified containers during the tests as defined in § 627 drops I and II of [3]. 

The configuration tested during the Regulatory Tests had to be conservative from the point of view of 
mechanical loadings on the safety components and lead to the worst-case situation from the package 
criticality safety standpoint. 

From the point of view of the inertias and mechanical stresses involved, a high mass had to be chosen. 
This led to the choice of the type FCC4 container loaded with a 14 ft fuel assembly. Several arrays 
correspond to this assembly length: 17x17XLlXLR, 16x16 and 18x18. The last 2 arrays (German 
products) have a mass slightly larger than the 17x17XLlXLR product (EDF and Belgium). 

It should be noted that to date, nearly all the RCC4s are used for transporting 17x17XL arrays . 

Remark: The mechanical calculations in this report are not design calculations but are intended to draw 
comparisons between several assembly designs under equivalent conditions. 
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2. ANALYSIS OF THE VARIOUS DROP CONFIGURATIONS

The drop tests aim to demonstrate the suitability of the package safety components and to produce the
worst-case geometrical configuration from a package criticality safety standpoint. The analysis o be
conducted will enable us to define safety components, choose the type of assembly to be tested and
determine the drop angles.

During this analysis, the three drop types will be reviewed:

* 9-meter flat drop,

* 9-meter axial drop,
* 1-meter flat drop onto a bar.

Orientation conventions are shown in Figure 1:
T,

* Origin of the axes - passing through the centre of gravity of the internal equipment,
U) a Longitudinal incidence angle: a (cx=O: container horizontal),
U) • Azimuthal orientation angle: P3 (0=0: container resting on its pads).

C-

2.1. Definition of the safety components
0

2.1.1. 9m flat drop

For the 9m flat drop, the safety components are those whose failure would lead to:

z 9 An increase in the cavity section,
a, • The failure of the door fasteners (items 2 and 3 of [9]) on the frame (item 1 of [9]) and on the
z top (items 4 and 7 of [9]) and bottom (item 5 of [9]) plates,
u
uJ e The heterogeneity of the fuel rod array,
0 - Degradation of the assembly thermal shield due to the doors opening,

9 The failure of the connection between the half-shells.

The safety components are therefore:

* The top and bottom plate connections with the frame and doors,
* The door/frame connections,

* The doors and frame themselves.

* The half-shell connection bolts.

The grid clamping pads do not need to be considered as safety-related components, at the most their
failure would lead to an increase in the section of the assemblies equivalent to that of the neutron
cavity. Their behaviour is accounted for in the hypotheses of the criticality analyses.

2.1.2. 9m vertical drop

For the 9m vertical drop, the safety components are those whose failure would lead to:

*An increase in the cavity section,
* The failure of the top or bottom plate fixings,
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2. ANALYSIS OF THE VARIOUS DROP CONFIGURATIONS 

The drop tests aim to demonstrate the suitability of the package safety components and to produce the 
worst-case geometrical configuration from a package criticality safety standpoint. The analysis 0 be 
conducted will enable us to define safety components, choose the type of assembly to be tested and 
determine the drop angles. 

During this analysis, the three drop types will be reviewed: 

• 9-meter flat drop, 

• 9-meter axial drop, 

• 1-meter flat drop onto a bar. 

Orientation conventions are shown in Figure 1 : 

• Origin of the axes - passing through the centre of gravity of the internal equipment, 

• Longitudinal incidence angle: a (a=O: container horizontal), 

• Azimuthal orientation angle: ~ (~=O: container resting on its pads). 

2.1. Definition of the safety components 

2.1.1. 9m flat drop 

For the 9m flat drop, the safety components are those whose failure would lead to: 

• An increase in the cavity section, 

• The failure of the door fasteners (items 2 and 3 of [9]) on the frame (item 1 of [9]) and on the 
top (items 4 and 7 of [9]) and bottom (item 5 of [9]) plates, 

• The heterogeneity of the fuel rod array, 

• Degradation of the assembly thermal shield due to the doors opening, 

• The failure of the connection between the half-shells. 

The safety components are therefore: 

• The top and bottom plate connections with the frame and doors, 

• The door/frame connections, 

• The doors and frame themselves. 

• The half-shell connection bolts. 

The grid clamping pads do not need to be considered as safety-related components, at the most their 
failure would lead to an increase in the section of the assemblies equivalent to that of the neutron 
cavity. Their behaviour is accounted for in the hypotheses of the criticality analyses. 

2.1.2. 9m vertical drop 

For the 9m vertical drop, the safety components are those whose failure would lead to: 

• An increase in the cavity section, 

• The failure of the top or bottom plate fixings, 
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* The failure of the door/frame fixings,

*Assembly buckling,
* The failure in the half-shell connections.

The safety components are therefore:

" The shock absorber which reduces the loads applied to the assembly and connections,

" The top or bottom plate connections with the frame and doors,

" The door/frame connections,

* The half-shell bolted connections.

The top pads (item 9 of [9] do not need to be considered as safety components as their failure could
only lead to slipping of the assemblies which is taken into account in the criticality study hypotheses.

C-

0
2.1.3. 1m drop on bar

For the drop on bar, the safety components are those whose failure would lead to:
'An increase in the cavity section,

C-* The failure of the door/frame fixings and on the top and bottom plates,
- The tearing of a door or of the frame underside,

W ' The heterogeneity of the fuel rod array,

i . Degradation to the assembly thermal shield due to the doors opening or being perforated.

L_ The safety components are therefore:

a) a The top or-bottom plate connections to the frame and doors,

z * The door/frame connections,

aI a The doors and frame themselves.z
* The grid clamping pads do not need to be considered as safety-related components, at the most their

2 failure would lead to an increase of the section of the assemblies equivalent to that of the neutron
0 cavity. Their behaviour is accounted for in the hypotheses of the criticality analyses.

2.2. Choice of the array to be tested

The comparison of the various arrays will centre on an evaluation of the behaviour of the safety
components under load.

The 3 types of array transported in an FCC4 are:
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• The failure of the door/frame fixings, 

• Assembly buckling, 

• The failure in the half-shell connections, 

The safety components are therefore: 

• The shock absorber which reduces the loads applied to the assembly and connections, 

• The top or bottom plate connections with the frame and doors, 

• The door/frame connections, 

• The half-shell bolted connections, 

The top pads (item 9 of [9] do not need to be considered as safety components as their failure could 
only lead to slipping of the assemblies which is taken into account in the criticality study hypotheses, 

2.1.3. 1 m drop on bar 

For the drop on bar, the safety components are those whose failure would lead to: 

• An increase in the cavity section, 

• The failure of the door/frame fixings and on the top and bottom plates, 

• The tearing of a door or of the frame underside, 

• The heterogeneity of the fuel rod array, 

• Degradation to the assembly thermal shield due to the doors opening or being perforated, 

The safety components are therefore: 

• The top or-bottom plate connections to the frame and doors, 

• The door/frame connections, 

• The doors and frame themselves, 

The grid clamping pads do not need to be considered as safety-related components, at the most their 
failure would lead to an increase of the section of the assemblies equivalent to that of the neutron 
cavity. Their behaviour is accounted for in the hypotheses of the criticality analyses. 

2.2. Choice of the array to be tested 

The comparison of the various arrays will centre on an evaluation of the behaviour of the safety 
components under load. 

The 3 types of array transported in an FCC4 are: 
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* the 17x17XL/XLR 1 ,

• the 16x16,

* the 18x18.

To take into account the possibility of transporting core components for the 17x17XL/XLR arrays, and
to cover changes in the transported products which would result in a mass increase, we chose to make
an 17X17XL assembly heavier by inserting 24 rods into the guide thimbles, which leads to a mass
increase of 67 kg, i.e. a total mass of 842 kg for this configuration.

Their main characteristics are:

C:
0

U)
a)

0)

Assembl

Assembly mass (kg)

Assembly section (mm x mm) 214x214 230x230

Nozzle length (mm) 4796 4896 4896

Total spring length (mm) 4853 4942 4946

Active length (mm) 4267 3900

Linear mass in active section (kg/mm) 0.1748 0.1907 0.2027 0,2005

The section of the 16x1 6 and 18x1 8 arrays is greater than that of the 17x1 7, so the doors and housing
for the 16x16 (and 18x18) will have a width 16 mm greater than for the 17x17. Likewise, the frame
width for the 16x16 (and 18x18) is increased by 32 mm and its height by 16 mm.

The overall length of the 16x16 and 18x18 assemblies is greater than for the 17xl7XL, so the length of
the doors and frame is increased by about 95 mm.

The characteristics of the containers will therefore be as follows:

Assembly 17x1 7XL 16x16 and 18x18

+ 24 rods

Housing section (mm x mm) 219x219 235x235

Shell mass (kg) 1771 1771

Suspended mass without assemblies (kg) 1790 1982

Suspended mass with assemblies (kg) 3474 3700

1 The 17x17XLR assembly has the same geometrical characteristics as the 17x17XL assembly, with the
exception of guiding pins on the top nozzle and the longitudinal positioning of the grids.
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• the 17x17XLlXLR1
, 

• the 16x16, 

• the 18x18. 

To take into account the possibility of transporting core components for the 17x17XLlXLR arrays, and 
to cover changes in the transported products which would result in a mass increase, we chose to make 
an 17X17XL assembly heavier by inserting 24 rods into the guide thimbles, which leads to a mass 
increase of 67 kg, i.e. a total mass of 842 kg for this configuration. 

Their main characteristics are: 

Assembly 17x17XLlXLR 17x17XL 16x16 18x18 
+ 24 rods 

Assembly mass (kg) 775 842 859 850 

Assembly section (mm x mm) 214x214 230x230 

Nozzle length (mm) 4796 4896 4896 

Total spring length (mm) 4853 4942 4946 

Active length (mm) 4267 3900 

Linear mass in active section (kg/mm) 0.1748 0.1907 0.2027 0.2005 

The section of the 16x16 and 18x18 arrays is greater than that of the 17x17, so the doors and housing 
for the 16x16 (and 18x18) will have a width 16 mm greater than for the 17x17. Likewise, the frame 
width for the 16x16 (and 18x18) is increased by 32 mm and its height by 16 mm. 

The overall length of the 16x16 and 18x18 assemblies is greater than for the 17x17XL, so the length of 
the doors and frame is increased by about 95 mm. 

The characteristics of the containers will therefore be as follows: 

Assembly 17x17XL 16x16 and 18x18 
+ 24 rods 

Housing section (mm x mm) 219x219 235x235 

Shell mass (kg) 1771 1771 

Suspended mass without assemblies (kg) 1790 1982 

Suspended mass with assemblies (kg) 3474 3700 

1 The 17x17XLR assembly has the same geometrical characteristics as the 17x17XL assembly, with the 
exception of guiding pins on the top nozzle and the longitudinal positioning of the grids. 
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2.2.1. 9m flat drop

2.2.1.1. Strength of the door plates

The test campaign, conducted in February 98 on an RCC3 container modified and loaded with a 17x17
12 ft assembly, showed that the assembly grids deformed laterally (ref. [2]). [2]).

The linear masses of the 17x17 and 17x17XL/XLR assemblies are equivalent; so the observations
made for the grids of prototype N01 remain valid for prototype N°2.

Regarding prototype N°2, it should be noted that the latter has been weighted by the addition of 24
supplementary rods and that the slap-down is designed to apply maximum loading, which makes the
test bounding.

In this situation, the forces of inertia are reduced to a pressure exerted on the door partition. The
following table shows the ratio of the linear mass of the assembly active section to the cavity width for
prototype N°2.

Assembly 17xI7XL 16x16 and 18x18

+ 24 rods

Linear mass in active section (kg/mm) 0.1907 0.2027

Active length (mm) 4267 3900

Bearing surface width (mm) 219 235

Mass / bearing surface ratio 8.71 E-4 8.62 E-4

Conclusion: the lower bearing surface width of 17x17XL leads to a larger stress in the door partition
over a greater length.

2.2.1.2. Strength of the door/frame connections

The door connections are spaced across the grid area; the loads on the hinge pins are therefore
generated by the mass of an assembly span and a door span (The distribution of forces is achieved by
taking the door section to be a half-gantry with 2 joints, the assembly exerting a uniform pressure on
one of the beams).

The force is taken up by the hinge pins (item 12 of [9]) by shearing on 2 sheared sections 018 or at the
locking pins (item 14 of [9]) by 2 sheared sections 018. Details of the calculations are given in
Appendix 1 and the results indicated in the table below.

Assembly 17x17XL 16x16 and 18x18
+ 24 rods

Security coefficient on the hinge pins at 150g 2.1 1.9

Security coefficient on the locking pins at 150 g 2.2 2.0

Conclusion: the increased linear mass of 16x16 (or of 18x18) leads to stresses in the same order of
magnitude, and in the range of uncertainty of the analysis, as for the 17x1 7XL loaded with 24 rods. The
behaviours are equivalent for the locking pins and hinge pins.
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2.2.1. 9m flat drop 

2.2.1.1. Strength of the door plates 

The test campaign, conducted in February 98 on an RCC3 container modified and loaded with a 17x17 
12 ft assembly, showed that the assembly grids deformed laterally (ref. [2]). [2]). 

The linear masses of the 17x17 and 17x17XL/XLR assemblies are equivalent; so the observations 
made for the grids of prototype W1 remain valid for prototype W2. 

Regarding prototype W2, it should be noted that the latter has been weighted by the addition of 24 
supplementary rods and that the slap-down is designed to apply maximum loading, which makes the 
test bounding. 

In this situation, the forces of inertia are reduced to a pressure exerted on the door partition. The 
following table shows the ratio of the linear mass of the assembly active section to the cavity width for 
prototype N°2. 

Assembly 17x17XL 16x16 and 18x18 
+ 24 rods 

Linear mass in active section (kg/mm) 0.1907 0.2027 

Active length (mm) 4267 3900 

Bearing surface width (mm) 219 235 

Mass I bearing surface ratio 8.71 E-4 8.62 E-4 

Conclusion: the lower bearing surface width of 17x17XL leads to a larger stress in the door partition 
over a greater length. 

2.2.1.2. Strength of the door/frame connections 

The door connections are spaced across the grid area; the loads on the hinge pins are therefore 
generated by the mass of an assembly span and a door span (The distribution of forces is achieved by 
taking the door section to be a half-gantry with 2 joints, the assembly exerting a uniform pressure on 
one of the beams). 

The force is taken up by the hinge pins (item 12 of [9]) by shearing on 2 sheared sections 018 or at the 
locking pins (item 14 of [9]) by 2 sheared sections 018. Details of the calculations are given in 
Appendix 1 and the results indicated in the table below. 

Assembly 17x17XL 16x16 and 18x18 
+ 24 rods 

Security coefficient on the hinge pins at 150g 2.1 1.9 

Security coefficient on the locking pins at 150 g 2.2 2.0 

Conclusion: the increased linear mass of 16x16 (or of 18x18) leads to stresses in the same order of 
magnitude, and in the range of uncertainty of the analysis, as for the 17x17XL loaded with 24 rods. The 
behaviours are equivalent for the locking pins and hinge pins. 
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2.2.1.3 Opening of gaps between doors and frame

Slap-down during the flat drop is designed to apply maximum loading and to widen the gaps between
doors and frame by bowing and warping of the internal equipment components.

Computation of overall bowing: Whether for a 16x16-18x18 or 17x17 array configuration, the frame
and doors can be considered as slender beams 2 in that the ratio between the height of the beams and
their length is greater than 16 3. The behaviour of the internal equipment components is consequently
linear and no warping or other phenomenon is expected.

Regarding the 16x16-18x18 array configuration, the increase in the cross-sectional geometrical
dimensions of the doors and frame leads to an increase in their inertia. The bending calculation in
Appendix 6 demonstrates that this increase in inertia takes precedence over the increase in mass and
length of the internal equipment. The 16x16-18x18 array configuration therefore bends less than the
17x1 7 array, which lessens the risks of the gaps opening between the doors and frame.

M

On the other hand, the calculation in Appendix 6 shows that the velocity of the second impact will be
less for the 16x1 6-18x1 8 arrays due to the increased inertia of their internal equipment. This factor also

Cl)09 helps to minimise the bow in this configuration.

Computation of local bowing: calculation of the maximum longitudinal bowing applicable to a 18x18
U ) door shows that the corresponding compression stress is smaller than Euler's critical load. This
CD0 remains true both for a door section, between two ribs, or for the upper core of the door of this section,
I as demonstrated in Appendix 6.

U_ The flat drop of an FCC4 prototype 2 container cannot induce a widening of the gap between doors
U and frame as demonstrated by the drop tests carried out on prototype 1.

z Conclusion: the configuration of the internal equipment in the 17x17 arrays is more conservative than
a- for the 16x16-18x18 arrays.

z

0 2.1.2.4 Special case - loading a single assembly

Filling just a single cavity of the internal equipment leads to a significant decrease in the mass of this
,,L system. The mechanical loadings on the plates and door/frame connections are identical on the loaded

side. The bow of the internal equipment will be smaller than for double loading.

Conclusion: The double-load configuration of the internal is more conservative than the single-load
configuration.

2 A slender beam is a beam whose behaviour is assumed linear throughout its structure.

3 To be slender, a beam must have a ratio greater than 8 for a solid structure and 15 for a structure consisting of
thin plates.
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2.2.1.3 Opening of gaps between doors and frame 

Slap-down during the flat drop is designed to apply maximum loading and to widen the gaps between 
doors and frame by bowing and warping of the internal equipment components. 

Computation of overall bowing: Whether for a 16x16-18x18 or 17x17 array configuration, the frame 
and doors can be considered as slender beams 2 in that the ratio between the height of the beams and 
their length is greater than 16 3

. The behaviour of the internal equipment components is consequently 
linear and no warping or other phenomenon is expected. 

Regarding the 16x16-18x18 array configuration, the increase in the cross-sectional geometrical 
dimensions of the doors and frame leads to an increase in their inertia. The bending calculation in 
Appendix 6 demonstrates that this increase in inertia takes precedence over the increase in mass and 
length of the internal equipment. The 16x16-18x18 array configuration therefore bends less than the 
1.7x17 array, which lessens the risks of the gaps opening between the doors and frame. 

On the other hand, the calculation in Appendix 6 shows that the velocity of the second impact will be 
less for the 16x16-18x18 arrays due to the increased inertia of their internal equipment. This factor also 
helps to minimise the bow in this configuration. 

Computation of local bowing: calculation of the maximum longitudinal bowing applicable to a 18x18 
door shows that the corresponding compression stress is smaller than Euler's critical load. This 
remains true both for a door section, between two ribs, or for the upper core of the door of this section, 
as demonstrated in Appendix 6. 

The flat drop of an FCC4 prototype 2 container cannot induce a widening of the gap between doors 
and frame as demonstrated by the drop tests carried out on prototype 1. 

Conclusion: the configuration of the internal equipment in the 17x17 arrays is more conservative than 
for the 16x16-18x18 arrays. 

2.1.2.4 Special case -loading a single assembly 

Filling just a single cavity of the internal equipment leads to a significant decrease in the mass of this 
system. The mechanical loadings on the plates and door/frame connections are identical on the loaded 
side. The bow of the internal equipment will be smaller than for double loading. 

Conclusion: The double-load configuration of the internal is more conservative than the single-load 
configuration. 

2 A slender beam is a beam whose behaviour is assumed linear throughout its structure. 

3 To be slender, a beam must have a ratio greater than 8 for a solid structure and 15 for a structure consisting of 
thin plates. 

TFn, • ." 



A N, TFXE DC 2104 EQ

FRAMATOME ANP REV. E PAGE 10/32

2.2.2. 9 m vertical drop

2.2.2.1 Strength of the top and bottom plate connections

The failure of the bottom plate connections (item 4 of [9]) requires the shearing of 16 locking pin
sections (item 15 of [9]) 016 (8 double shears) or of 16 hinge pin sections (item 8 and 11 of [9]) 016
and the tensile failure of 10 bolts M20 (item 16 of [9]).

The permissible double shear limit for a locking pin 016 is 22000 daN, that of a hinge pin 016 is 20900
daN and the limit tensile load for a M20 bolt (S.S A4-80) is 18000 daN. The total limit load is therefore
about 347200 daN.

The failure of the doors/head plate connections calls for the shearing of 24 locking pin sections 016
(12 double shears) or 24 hinge pin sections 016; the connection between the 2 plates is assumed to
be unloaded. The total limit load is therefore about 250800 daN.

The failure of these connections is based on the following hypotheses:

• The 2 assemblies being supported by the plate,

) aThe frame remaining in a fixed position,'0
-C *The plate being able to move longitudinally.

_ For an axial drop, the cradle / frame / door / plate combination moves in the same motion and bears
CD down on the axial shock absorber. It is therefore noted that the last two hypotheses mentioned above
o do not apply and that consequently the shear stresses in the locking pins are very small.

This was verified during the tests on the 12 ft container where the mobile assembly bore down on the
shock absorber which was uniformly pushed down [2].

Conclusion: The type of array has no effect on the behaviour of the plate I door top side connections
z and plate / door / frame bottom side connections.

z
2.2.2.2 Performance of the plates

o Owing to the presence of an axial shock absorber, the bearing-down of the assembly on the plate inner
face is fully compensated by the bearing-down of the plate outer face on the axial shock absorber.

S This was verified during the tests on the 12 ft container, where no bending of the top plate wasLL_ recorded [2].

Conclusion: the type of array has no effect on the behaviour of the top and bottom plates.

2.2.2.3 Performance of the bolted connection of the half-shells

To analyse the risk of the two half-shells separating, the maximum drop impact energy must be
considered. The incidence angle (c) producing the maximum impact energy is obtained when the
centre of gravity of the connected half shells configuration is vertical to the impact, thus cx'= 9,36
(Figure 1).

Report [12] shows that there is no risk of separation of the 2 half shells in case of a vertical drop.
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2.2.2. 9 m vertical drop 

2.2.2.1 Strength of the top and bottom plate connections 

The failure of the bottom plate connections (item 4 of [9]) requires the shearing of 16 locking pin 
sections (item 15 of [9]) 016 (8 double shears) or of 16 hinge pin sections (item 8 and 11 of [9]) 016 
and the tensile failure of 10 bolts M20 (item 16 of [9]). 

The permissible double shear limit for a locking pin 016 is 22000 daN, that of a hinge pin 016 is 20900 
daN and the limit tensile load for a M20 bolt (S.S A4-80) is 18000 daN. The total limit load is therefore 
about 347200 daN. 

The failure of the doors/head plate connections calls for the shearing of 24 locking pin sections 016 
(12 double shears) or 24 hinge pin sections 016; the connection between the 2 plates is assumed to 
be unloaded. The total limit load is therefore about 250800 daN. 

The failure of these connections is based on the following hypotheses: 

• The 2 assemblies being supported by the plate, 

• The frame remaining in a fixed position, 

• The plate being able to move longitudinally. 

For an axial drop, the cradle / frame / door / plate combination moves in the same motion and bears 
down on the axial shock absorber. It is therefore noted that the last two hypotheses mentioned above 
do not apply and that consequently the shear stresses in the locking pins are very small. 

This was verified during the tests on the 12 ft container where the mobile assembly bore down on the 
shock absorber which was uniformly pushed down [2]. 

Conclusion: The type of array has no effect on the behaviour of the plate / door top side connections 
and plate / door / frame bottom side connections. 

2.2.2.2 Performance of the plates 

Owing to the presence of an axial shock absorber, the bearing-down of the assembly on the plate inner 
face is fully compensated by the bearing-down of the plate outer face on the axial shock absorber. 

This was verified during the tests on the 12 ft container, where no bending of the top plate was 
recorded [2]. 

Conclusion: the type of array has no effect on the behaviour of the top and bottom plates. 

2.2.2.3 Performance of the bolted connection of the half-shells 

To analyse the risk of the two half-shells separating, the maximum drop impact energy must be 
considered. The incidence angle (a) producing the maximum impact energy is obtained when the 
centre of gravity of the connected half shells configuration is vertical to the impact, thus a'= 9,36 0 

(Figure 1). 

Report [12] shows that there is no risk of separation of the 2 half shells in case of a vertical drop. 
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2.2.2.4 Special case of the 17x17 XLR assembly

It is noted in Appendix 7 that the guiding pins of the 17x17XLR assemblies buckle at a load well below
that generated in the shock absorber crushing phase. Indeed, during a vertical drop of a 17x17XL
assembly, the deceleration induced by the crushing of the internal equipment on the shock absorber is
on the order of 150g. In these conditions, the assembly sustains, at the top nozzle legs, a loading in
the order of 120,000 daN which is comparable with the 12,000 daN needed to buckle the pins of the
17x17XLR assemblies.

Conclusion: the presence of guiding pins on the 17x17XLR assemblies has little influence on the
vertical drop behaviour of the assembly.

2.2.3. 1m drop on bar
C
0M In this drop configuration, the maximum damage objective means aiming for shell perforation and bar

penetration towards the fuel confinement doors.
C')

The mass of an FCC4 shell is estimated to be 1771 kg.
C0
-D The energy needed to perforate a 3 mm thick steel plate with a bar 150 mm in diameter with a zero
M drop angle is estimated to be approximately 14 KJ - ref. [5]. [5].
C

Furthermore:

I • There is some coupling between the internal structure and the shell through the shock mounts,
-3 so the mass to be taken into account is greater than that of the shell,

LL

•* The drop occurs with a slight incidence, causing the shell to tear.

":3 The result is complete perforation of the shell by the bar. This was observed during the February 1998
Z test campaign (ref. [2]). [2]).

z Remark: There are a few special containers (501 to 512) for which the shell has a plate thickness of
2.4 mm. Appendix 4 shows that the bar impact energy on the door for a shell thickness of 2.4 mm is

2 less than that produced for a thickness of 3 mm. The 3 mm case therefore bounds the 2.4 mm case.
0

The drop continues over some distance until the impact between the bar and the first plate of the door.
This further drop distance is slightly reduced for 16x16 (or 18x18), by a minimum height of about 16
mm corresponding to the increase in section of the array and thus of the cavity (this height is minimum
when the bar attacks the door face without incidence). In energy terms, this corresponds to an
equivalent mass reduction on the order of 50 kg (see detail of calculations in Appendix 2).

The presence of the resin between the two wallsdistributes the load transmitted by the bar across the
full width of the internal plate and results in pressure loading across this plate.

This was confirmed by tests on a 12 ft container where the bar impact zone on the outer face of the
door (middle of face, surface indented about 150 mm in diameter) resulted at the internal face in an
indentation spread over the whole door width.
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2.2.2.4 Special case of the 17x17 XLR assembly 

It is noted in Appendix 7 that the guiding pins of the 17x17XLR assemblies buckle at a load well below 
that generated in the shock absorber crushing phase. Indeed, during a vertical drop of a 17x17XL 
assembly, the deceleration induced by the crushing of the internal equipment on the shock absorber is 
on the order of 150g. In these conditions, the assembly sustains, at the top nozzle legs, a loading in 
the order of 120,000 daN which is comparable with the 12,000 daN needed to buckle the pins of the 
17x17XLR assemblies. ' 

Conclusion: the presence of guiding pins on the 17x17XLR assemblies has little influence on the 
vertical drop behaviour of the assembly. 

2.2.3. 1 m drop on bar 

In this drop configuration, the maximum damage objective means aiming for shell perforation and bar 
penetration towards the fuel confinement doors. 

The mass of an FCC4 shell is estimated to be 1771 kg. 

The energy needed to perforate a 3 mm thick steel plate with a bar 150 mm in diameter with a zero 
drop angle is estimated to be approximately 14 KJ - ref. [5]. [5]. 

Furthermore: 

• There is some coupling between the internal structure and the shell through the shock mounts, 
so the mass to be taken into account is greater than that of the shell, 

• The drop occurs with a slight incidence, causing the shell to tear. 

The result is complete perforation of the shell by the bar. This was observed during the February 1998 
test campaign (ref. [2]). [2]). 

Remark: There are a few special containers (501 to 512) for which the shell has a plate thickness of 
2.4 mm. Appendix 4 shows that the bar impact energy on the door for a shell thickness of 2.4 mm is 
less than that produced for a thickness of 3 mm. The 3 mm case therefore bounds the 2.4 mm case. 

The drop continues over some distance until the impact between the bar and the first plate of the door. 
This further drop distance is slightly reduced for 16x16 (or 18x18), by a minimum height of about 16 
mm corresponding to the increase in section of the array and thus of the cavity (this height is minimum 
when the bar attacks the door face without incidence). In energy terms, this corresponds to an 
equivalent mass reduction on the order of 50 kg (see detail of calculations in Appendix 2). 

The presence of the resin between the two walls distributes the load transmitted by the bar across the 
full width of the internal plate and results in pressure loading across this plate. 

This was confirmed by tests on a 12 ft container where the bar impact zone on the outer face of the 
door (middle of face, surface indented about 150 mm in diameter) resulted at the internal face in an 
indentation spread over the whole door width. I 
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Assembly 17x17XL 16x16 and 18x18
+ 24 rods

Total mass exc. shell (kg) 3474 3700

Equivalent mass (kg) 3474 3650

Internal bearing width (mm) 219 235

Mass / bearing width ratio 15.9 15.6

It must also be noted that the literature (ref. [5]) indicates that the ultimate perforation load variation of
C- a plate is linear with the deformation (indentation). By integration, it is therefore shown that the
T deformation energy varies with the square of the deformation. As a result, the deformation varies with

the square root of this energy. Without taking into account the increased door width of 16x16 or 18x18
(conservative hypothesis), a penetration depth 1.8 % higher for 16x16-18x18 would be obtained, i.e.

-o less than one half-millimetre (23 mm of indentation in the internal portion for the tests [2] on the 12 ft

'0 container with bar impact on a door face). This difference cannot be assessed in terms of geometrical
cU examination of the neutronic cavity.
C:

• Conclusion: the smaller door internal surface for 17x17XL loaded with 24 crayons than for 16x16 (or
0 18x18) leads to a slightly higher stress; the differences in impact energy between the 17x17XL loaded
I with 24 rods and the 16x16 (or 18x18) are less than 2 %.

U 2.2.4. Other arrays

z The possibility of running the Regulatory Tests on the basis of a modified RCC3 could be considered.
a The possible configurations would then be as follows:a-
z< e 17x1 7, length 12 ft, mass 660 kg (preliminary tests),
w

* 15xl 5, mass 656 kg,
0

- 14x14, length 8 ft, mass 390 kg,

* 14x14, length 10 ft, mass 484 kg.
". The masses of the assemblies considered here-above are much smaller than for the 17x17XL loaded

with 24 rods and do not lead to a conservative configuration.

The foregoing analysis is not therefore called into question by the choice of another array.

2.2.5. Rod channels

Non assembled rods will be shipped in a rod channel positioned within the neutron cavity (1 channel
per cavity).

The maximum mass of an assembly is 842 kg (17x17XL assembly loaded with 24 rods), while the
maximum mass of a channel is 856 kg. In terms of mass, these two configurations are therefore
equivalent.

The behaviour of the rods will be no different from that observed for an assembly (uniform bearing on
the door, possible differential slipping).

These observations lead us to rule out the choice of a rod channel for the Regulatory Tests.
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Assembly 17x17XL 16x16 and 18x18 
+ 24 rods 

Total mass exc. shell (kg) 3474 3700 

Equivalent mass (kg) 3474 3650 

Internal bearing width (mm) 219 235 

Mass / bearing width ratio 15.9 15.6 

It must also be noted that the literature (ref. [5]) indicates that the ultimate perforation load variation of 
a plate is linear with the deformation (indentation). By integration, it is therefore shown that the 
deformation energy varies with the square of the deformation. As a result, the deformation varies with 
the square root of this energy. Without taking into account the increased door width of 16x16 or 18x18 
(conservative hypothesis), a penetration depth 1.8 % higher for 16x16-18x18 would be obtained, i.e. 
less than one half-millimetre (23 mm of indentation in the internal portion for the tests [2] on the 12 ft 
container with bar impact on a door face). This difference cannot be assessed in terms of geometrical 
examination of the neutronic cavity. 

.Conclusion: the smaller door internal surface for 17x17XL loaded with 24 crayons than for 16x16 (or 
18x18) leads to a slightly higher stress; the differences in impact energy between the 17x17XL loaded 
with 24 rods and the 16x16 (or 18x18) are less than 2 %. 

2.2.4. Other arrays 

The possibility of running the Regulatory Tests on the basis of a modified RCC3 could be considered. 
The possible configurations would then be as follows: 

• 17x17, length 12 ft, mass 660 kg (preliminary tests), 

• 15x15, mass 656 kg, 

• 14x14, length 8 ft, mass 390 kg, 

.14x14, length 10 ft, mass 484 kg. 

The masses of the assemblies considered here-above are much smaller than for the 17x17XL loaded 
with 24 rods and do not lead to a conservative configuration. 

The foregoing analysis is not therefore called into question by the choice of another array. 

2.2.5. Rod channels 

Non assembled rods will be shipped in a rod channel positioned within the neutron cavity (1 channel 
per cavity). 

The maximum mass of an assembly is 842 kg (17x17XL assembly loaded with 24 rods), while the 
maximum mass of a channel is 856 kg. In terms of mass, these two configurations are therefore 
equivalent. 

The behaviour of the rods will be no different frolT] that observed for an assembly (uniform bearing on 
the door, possible differential slipping). 

These observations lead us to rule out the choice of a rod channel for the Regulatory Tests. 
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2.2.6. Array adopted for the tests

The cases analysed above lead us to adopt the 17x17XL assembly loaded with 24 rods in its guide
thimbles for the regulatory tests on an FCC4 container. This is the worst case in that the maximum
mass content is inserted into the least rigid internal equipment structure.

The container will therefore be loaded with a 17x17XL assembly loaded with 24 rods in its guide
thimbles and with a test load representative in mass and dimensions.

2.3. Choice of drop angles

2.3.1. 9 m drop

For the 9 m drop, 2 configurations are possible:

0 a flat drop with slap-down,
T_
9• .vertical drop.0

(n We shall now analyse these 2 configurations to find the one which gives maximum loadings for the
U package.

2.3.1.1. Flat drop with slap-down
CD

0 During flat drop with a longitudinal incidence, it is generally at the second impact that the velocity is
highest. We determined this incidence by calculation.

,. The drop angles are calculated by PLEXUS, a fast dynamic module of CASTEM (CEA), as described
in report [7] which we summarise below.

Z The frame is modelled by finite beam elements. The wire frame mesh size was defined using a
zQ_ parametric study.

Z< The initial calculation conditions are as follows:
uJ
:E o Frame positioned 0.1m from the ground (assumed infinitely rigid),
0
<- ° Initial velocity of 13.23 m/s ( giving an initial impact at 13.3 m/s corresponding to a 9m drop),

e longitudinal incidence a which is varied at each calculation,
"_ 9.zero azimuthal orientation P which can be varied once the longitudinal incidence is determined.

A series of calculations with zero azimuthal orientation 3 shows that the maximum impact velocity is
obtained at the second impact with a longitudinal incidence (x=15.20, the impact velocity is thus
36.6 m/s.

A second series of calculations is performed for an azimuthal orientation 3 o 450 and 900, with in each
case a longitudinal incidence a of 10', 15.20 and 25'. These calculations all give second-impact
velocities less than 36.6 m/s (a=15.2' and 3=00). This result is confirmed by a physical approach which
shows that the maximum effect is obtained with an azimuthal orientation corresponding to the minimum
bending inertia (P=O0 or 1800).

Conclusion: for the flat drop with slap-down, the worst-case configuration is obtained for (x=15.2' and
j3= 0 °or 180'. The configuration corresponding to P=1800 leads to an impact on the upper portions of
the doors and therefore to their maximum loading (no protective features between the doors and the
outer shell).
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2.2.6. Array adopted for the tests 

The cases analysed above lead us to adopt the 17x17XL assembly loaded with 24 rods in its guide 
thimbles for the regulatory tests on an FCC4 container. This is the worst case in that the maximum 
mass content is inserted into the least rigid internal equipment structure. 

The container will therefore be loaded with a 17x17XL assembly loaded with 24 rods in its guide 
thimbles and with a test load representative in mass and dimensions. 

2.3. Choice of drop angles 

2.3.1.9 m drop 

For the 9 m drop, 2 configurations are possible: 

• flat drop with slap-down, 

• vertical drop . 

We shall now analyse these 2 configurations to find the one which gives maximum loadings for the 
package. 

2.3.1.1. Flat drop with slap-down 

During flat drop with a longitudinal incidence, it is generally at the second impact that the velocity is 
highest. We determined this incidence by calculation. 

The drop angles are calculated by PLEXUS, a fast dynamic module of CASTEM (CEA), as described 
in report [7] which we summarise below. 

The frame Is modelled by finite beam elements. The wire frame mesh size was defined using a 
parametric study. 

The initial calculation conditions are as follows: 

• Frame positioned 0.1 m from the ground (assumed infinitely rigid), 

• Initial velocity of 13.23 m/s ( giving an initial impact at 13.3 m/s corresponding to a 9m drop), 

• longitudinal incidence a which is varied at each calculation, 

• zero azimuthal orientation ~ which can be varied once the longitudinal incidence is determined. 

A series of calculations with zero azimuthal orientation ~ shows that the maximum impact velocity is 
obtained at the second impact with a longitudinal incidence a=15.2°, the impact velocity is thus 
36.6 m/s. 

A second series of calculations is performed for an azimuthal orientation ~ 0 45° and 90°, with in each 
case a longitudinal incidence a of 10°, 15.2° and 25°. These calculations all give second-impact 
velocities less than 36.6 m/s (a=15.2° and ~=OO). This result is confirmed by a physical approach which 
shows that the maximum effect is obtained with an azimuthal orientation corresponding to the minimum 
bending inertia (~=Ooor 180°). 

Conclusion: for the flat drop with slap-down, the worst-case configuration is obtained for a=15.2° and 
~=Ooor 180°. The configuration corresponding to ~=180° leads to an impact on the upper portions of 
the doors and therefore to their maximum loading (no protective features between the doors and the 
outer shell). 
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2.3.1.2. Vertical drop

During the preliminary tests (ref. [2]) on the FCC3 container prototype N'1, the
showed very good shock absorber behaviour (ref. [10]) and control of its design.

vertical drop test

Due to manufacturing and operational demands, we were obliged to alter the shock absorber design in
response to the feedback from the tests (ref. [2]) on the FCC3.

In the table below, we compare the characteristics of the
those planned for prototype N02.

shock absorbers on prototype Nn'l with

0

0

CU
ci)

CU

"-I
a)

0

U-

FCC3 FCC4 Change between

Prototype N0I Prototype N02 FCC3 and FCC4

Balsa thickness (mm) 160 165 + 5 mm

Suspended (sprung) mass (kg) 2900 3400 + 17 % energy to be
absorbed

Contact area (cm 2) 1800 1550 - 14 %

Crushing on housing side (mm) 30 41 + 37 %

Crushing on flange side (mm) 35 35 =

Protrusion of lifting eye (mm) 60 35 - 25 mm

Minimum remaining thickness (mm) 35 54 + 19 mm

Crushing rate outside flange (%) 19 25 + 6 %

Crushing rate at flange (%) 41 46 + 5 %

The following values listed in columns 2 and 3 are those indicated on the container drawings:

* Balsa thickness;
* Suspended (sprung) mass: maximum theoretical mass of the configuration including the internal

equipment of the container and its load contents.
" Contact area: minimum theoretical area of contact between the internal equipment and the shock

absorber.

The following values, listed in column 2, are those given in the expert assessment report of the shock
absorber based on the measurements and observations made after the drop test:

* Crushing on housing side: crushing of the balsa shock absorber observed after the test, on the
absorber side facing the head plate. This value is obtained by measuring the residual balsa
thickness between the indentation of the-suspended mass and the indentation on the flange side
(here 95 mm as measured). The result is 160-95 = 65 mm. To this value is substracted the depth of
the flange indentation (here 35 mm measured on the balsa). The resulting indentation is 65-35 = 30
mm which includes clearly the suspended mass indentation but also a possible overall crushing of
the shock absorber.

* Crushing on flange side: crushing observed on the shell side face of the balsa shock absorber. On
this face is observed the indentation of the two half shells connection flange.
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2.3.1.2. Vertical drop 

During the preliminary tests (ref. [2]) on the FCC3 container prototype N°1, the vertical drop test 
showed very good shock absorber behaviour (ref. [10]) and control of its design. 

Due to manufacturing and operational demands, we were obliged to alter the shock absorber design in 
response to the feedback from the tests (ref. [2]) on the FCC3. 

In the table below, we compare the characteristics of the shock absorbers on prototype Nno1 with 
those planned for prototype W2. 

FCC3 FCC4 Change between 
Prototype N°1 Prototype N°2 FCC3 and FCC4 

Balsa thickness (mm) 160 165 +5mm 

Suspended (sprung) mass (kg) 2900 3400 + 17 % energy to be 
absorbed 

Contact area (cm2) 1800 1550 - 14 % 

Crushing on housing side (mm) 30 41 + 37 % 

Crushing on flange side (mm) 35 35 = 
Protrusion of lifting eye (mm) 60 35 -25 mm 

Minimum remaining thickness (mm) 35 54 + 19 mm 

Crushing rate outside flange (%) 19 25 +6% 

Crushing rate at flange (%) 41 46 +5% 

The following values listed in columns 2 and 3 are those indicated on the container drawings: 

• Balsa thickness; 
• Suspended (sprung) mass: maximum theoretical mass of the configuration including the internal 

equipment of the container and its load contents. 

• Contact area: minimum theoretical area of contact between the internal equipment and the shock 
absorber. 

The following values, listed in column 2, are those given in the expert assessment report of the shock 
absorber based on the measurements and observations made after the drop test: 

• Crushing on housing side: crushing of the balsa shock absorber observed after the test, on the 
absorber side facing the head plate. This value is obtained by measuring the residual balsa 
thickness between the indentation of the- suspended mass and the indentation on the flange side 
(here 95 mm as measured). The result is 160-95 = 65 mm. To this value is substracted the depth of 
the flange indentation (here 35 mm measured on the balsa). The resulting indentation is 65-35 = 30 
mm which includes clearly the suspended mass indentation but also a possible overall crushing of 
the shock absorber. 

• Crushing on flange side: crushing observed on the shell side face of the balsa shock absorber. On 
this face is observed the indentation of the two half shells connection flange. 
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* Protrusion of lifting eye: additional indentation due to the presence, on the head side, of the lifting
eye protruding from the head plate. The strength of this lifting eye being particularly high with
regard to the shock absorber, the value of the protrusion is considered in a very conservative
manner.

" Minimum remaining thickness: corresponds to the remaining balsa thickness between the deepest
part of the indentation of the lifting eye and that of the flange. The value is obtained by subtracting
the lifting eye depth (here 60 mm) from the residual balsa thickness (here 95 mm).

N.B.: these values were obtained by destructive examination (dissection) of the shock absorber and
are distinctive of the balsa itself.

The same values given in column 3 for the FCC4 were extrapolated from the observations made on
the FCC3.
0 Crushing on housing side: this value is increased according to the FCC4 characteristics. The

addition of an increased mass dampened on a smaller area corresponds to a 37% increase in
crushing. Assigning the whole increase solely to the crushing on the housing side corresponds tothe fact that most of the impact energy is absorbed on that side.

* Crushing on flange side: This value remains unchanged due to the flanges being of a similar size.
V_ When the flange impacts the shock absorber, the latter will have made full-area contact with the

target. Considering the measurement mode, the value of the corresponding indentation will be
shifted to the other side of the shock absorber.C

U 0Protrusion of lifting eye: Using the corresponding FCC4 value.
C

0 Minimum remaining thickness: result obtained by subtracting all the indentations considered from
the initial thickness, so 165-41-35-35 = 54 mm.

This reasoning establishes a ratio of proportionality between the indentation, the energy to be
:3 absorbed and the absorbing area. The ratio calculation method disregards the fraction of energy thatU_

,- has been absorbed within the flange and the lifting eye indentations. As such, 17% of the energy
(D fraction absorbed at flange and lifting eye level is disregarded. In view of the small areas concerned,
0

this fraction remains low (in the ratio of areas). This part will reduce the remaining thickness, whichz
however still shows largely positive (35 mm to 54 mm) and is, in any case, capable of absorbing this

a_ approximation.

wU During an oblique vertical drop, the shock absorber would be pushed down in a trapezoidal section, as
o shown in Figure 2 of Appendix 3. The table here-above sh6ws that in the case of vertical drop without
1-- inclination, there remains a minimum thickness of 54 mm before interference between the lifting eye
E and the external flange, and the maximum acceptable indentation is therefore 95 mm (54 + 41). We

9 analyse here-under the angles which could lead to maximum indentation.
U.

The deformed balsa volume is constant for the same energy irrespective of the inclination angle, the
indentation width is as for the internal equipment (620 mm) and remains constant, so the deformed
section will remain constant irrespective of its shape and will be 10250 mm 2 (see Appendix 3 Figure 1)
as for the drop without inclination.

The calculations and the table in Appendix 3 show that with an angle of up to 250 the indentation will
be less than 95 mm. So there is no risk of the internal equipment interference during a vertical drop at
an inclination of up to 250. The inclination leading to maximum impact energy is 9.360 and is therefore
covered by this approach.

While having a higher crushing rate, the shock absorber of the FCC4 will have a remaining minimum
remaining thickness 19 mm greater than for prototype N'1, which rules out any risk of internal
equipment interference.

To sum up, the low loading of the connections in vertical drop conditions, as shown in § 2.2.2., the
satisfactory behaviour and the control of the shock absorber design, all show that the vertical drop is
not a conservative configuration.
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• Protrusion of lifting eye: additional indentation due to the presence, on the head side, of the lifting 
eye protruding from the head plate. The strength of this lifting eye being particularly high with 
regard to the shock absorber, the value of the protrusion is considered in a very conservative 
manner. 

• Minimum remaining thickness: corresponds to the remaining balsa thickness between the deepest 
part of the indentation of the lifting eye and that of the flange. The value is obtained by subtracting 
the lifting eye depth (here 60 mm) from the residual balsa thickness (here 95 mm). 

N.B.: these values were obtained by destructive examination (dissection) of the shock absorber and 
are distinctive of the balsa itself. 

The same values given in column 3 for the FCC4 were extrapolated from the observations made on 
the FCC3. 

• Crushing on housing side: this value is increased according to the FCC4 characteristics. The 
addition of an increased mass dampened on a smaller area corresponds to a 37% increase in 
crushing. Assigning the whole increase solely to the crushing on the housing side corresponds to 
the fact that most of the impact energy is absorbed on that side . 

• Crushing on flange side: This value remains unchanged due to the flanges being of a similar size. 
When the flange impacts the shock absorber, the latter will have made full-area contact with the 
target. Considering the measurement mode, the value of the corresponding indentation will be 
shifted to the other side of the shock absorber. 

• Protrusion of lifting eye: Using the corresponding FCC4 value. 
• Minimum remaining thickness: result obtained by subtracting all the indentations considered from 

the initial thickness, so 165-41-35-35 = 54 mm. 

This reasoning establishes a ratio of' proportionality between the indentation, the energy to be 
absorbed and the absorbing area. The ratio calculation method disregards the fraction of energy that 
has been absorbed within the flange and the lifting eye indentations. As such, 17% of the energy 
fraction absorbed at flange and lifting eye level is disregarded. In view of the small areas concerned, 
this fraction remains low (in the ratio of areas). This part will reduce the remaining thickness, which 
however still shows largely positive (35 mm to 54 mm) and is, in any case, capable of absorbing this 
approximation. 

During an oblique vertical drop, the shock absorber would be pushed down in a trapezoidal section, as 
shown in Figure 2 of Appendix 3. The table here-above shows that in the case of vertical drop without 
inclination, there remains a minimum thickness of 54 mm before interference between the lifting eye 
and the external flange, and the maximum acceptable indentation is therefore 95 mm (54 + 41). We 
analyse here-under the angles which could lead to maximum indentation. 

The deformed balsa volume is constant for the same energy irrespective of the inclination angle, the 
indentation width is as for the internal equipment (620 mm) and remains constant, so the deformed 
section will remain constant irrespective of its shape and will be 10250 mm2 (see Appendix 3 Figure 1) 
as for the drop without inclination. 

The calculations and the table in Appendix 3 show that with an angle of up to 25° the indentation will 
be less than 95 mm. So there is no risk of the internal equipment interference during a vertical drop at 
an inclination of up to 25°. The inclination leading to maximum impact energy is 9.36° and is therefore 
covered by this approach. 

While having a higher crushing rate, the shock absorber of the FCC4 will have a remaining minimum 
remaining thickness 19 mm greater than for prototype N°1, which rules out any risk of internal 
equipment interference. 

To sum up, the low loading of the connections in vertical drop conditions, as shown in § 2.2.2., the 
satisfactory behaviour and the control of the shock absorber design, all show that the vertical drop is 
not a conservative configuration. 
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Remark: the extra mass of about 200 kg between that of the internal equipment used in the 16x16-
18x18 arrays and that of the 17x17 arrays will induce additional indentation of the shock absorber in
the order of 2.8 % or about 1.15 mm. Taking into account the wide margins, this extra indentation is
negligible and the oblique vertical drop case remains covered (see table in Appendix 3).

2.3.1.3. Conclusion

The configuration adopted for a 9 meter drop is a flat drop with a longitudinal incidence of
a=15.2° and an azimuthal angle P3=180°.

2.3.2. 1rm drop on bar

During the drop on bar, the aim is for maximum damage of the safety components, as defined in §
C- 2.1.3.

To obtain maximum damage, the impact energy on the internal equipment must be maximum; this
means that:

U,

• The bar axis of impact must pass through the centre of gravity of the internals,

-• The outer shell must offer minimum resistance.
(-
C The centre of gravity of the internal equipment (with 2 assemblies) is 150 mm above the lower plate of
U) the frame (see drawing ref. [9]) which, given its position in the shell, places it 110 mm above the
a)
O geometrical centre of the shell as shown in Figure 6. Longitudinally, the centre of gravity is located
1 2465 mm from the bottom end of the internal equipment, i.e between grids 5 and 6 of the assembly -
M thus 200 mm from the strengthening beam located in the vicinity of grid 6.

=3 2.3.2.1. Analysis of the effect of the bar inclinationZ
aIn When the bar angle makes an angle with the normal to the impacted surface, the impact shape and the

< perforation mode are no longer circular as with a null angle.
LU
2 We shall now simulate this phenomenon, replacing the inclined bar with a vertical bar of smaller
0 equivalent diameter and whose section corresponds to the projected surface of the impact, which

corresponds to the start of plate perforation as shown in Figure 2.

9 Figure 3 shows the 3 types of impact shape that obtained at the moment of perforation, as a function ofU-

plate thickness and of the bar angle with the normal to the plate surface. These 3 types of shape are:

* Impact area less than a half-ellipse,

& Impact area greater than a half-ellipse,

* Impact area equal to a total ellipse.

Starting with these impact areas, we determine an equivalent circular bar with an impact axis merging
with the normal to the plate surface and having the same impact area (the curves in Figure 4 give
equivalent bars for varying plate thicknesses and show that the equivalent bar diameter decreases
rapidly with the small angles before reaching a plateau).
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Remark: the extra mass of about 200 kg between that of the internal equipment used in the 16x16-
18x18 arrays and that of the 17x17 arrays will induce additional indentation of the shock absorber in 
the order of 2.8 % or about 1.15 mm. Taking into account the wide margins, this extra indentation is 
negligible and the oblique vertical drop case remains covered (see table in Appendix 3). 

2.3.1.3. Conclusion 

The configuration adopted for a 9 meter drop is a flat drop with a longitudinal incidence of 
0.=15.2° and an azimuthal angle 13=180°. 

2.3.2. 1 m drop on bar 

During the drop on bar, the aim is for maximum damage of the safety components, as defined in § 
2.1.3. 

To obtain maximum damage, the impact energy on the internal equipment must be maximum; this 
means that: 

• The bar axis of impact must pass through the centre of gravity of the internals, 

• The outer shell must offer minimum resistance. 

The centre of gravity of the internal equipment (with 2 assemblies) is 150 mm above the lower plate of 
the frame (see drawing ref. [9]) which, given its position in the shell, places it 110 mm above the 
geometrical centre of the shell as shown in Figure 6. Longitudinally, the centre of gravity is located 
2465 mm from the bottom end of the internal equipment, i.e between grids 5 and 6 of the assembly -
thus 200 mm from the strengthening beam located in the vicinity of grid 6. 

2.3.2.1. Analysis of the effect of the bar inclination 

When the bar angle makes an angle with the normal to the impacted surface, the impact shape and the 
perforation mode are no longer circular as with a null angle. 

We shall now simulate this phenomenon, replacing the inclined bar with a vertical bar of smaller 
equivalent diameter and whose section corresponds to the projected surface of the impact, which 
corresponds to the start of plate perforation as shown in Figure 2. 

Figure 3 shows the 3 types of impact shape that obtained at the moment of perforation, as a function of 
plate thickness and of the bar angle with the normal to the plate surface. These 3 types of shape are: 

• Impact area less than a half-ellipse, 

• Impact area greater than a half-ellipse, 

• Impact area equal to a total ellipse. 

Starting with these impact areas, we determine an equivalent circular bar with an impact axis merging 
with the normal to the plate surface and having the same impact area (the curves in Figure 4 give 
equivalent bars for varying plate thicknesses and show that the equivalent bar diameter decreases 
rapidly with the small angles before reaching a plateau). 
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2.3.2.2. Choice of azimuthal orientation

When a vertical cross-section is made of the container is made at its centre, it can be seen that there
are several long parts which may obstruct the bar and prevent it from reaching the safety components,
defined in § 2.1.3., of the internal equipment. These parts, shown in Figure 5, are:

" The 2 shell stringers in the lower section,

* The flanges between the 2 shells,

* The shock mount supports,

" The reinforcing plate in the upper section of the shell,

* The longitudinal angle bars of the cradle,

" The reinforcement in the lower section of the frame.

If the aim is to avoid these parts and have the axis of the first bar impact point passing through the
-o centre of gravity of the internal equipment to maximise the energy at impact on this system, there is a

need to avoid certain azimuthal orientations of the container as indicated in Figure 6 and which are:

(n e 00 to 220: no interference with the reinforcements of the lower shell, but the bar will impact the
"U reinforced lower section of the frame,
CU
-0 e 220 to 420: interference with the stringers in the bottom portion of the lower shell,

* 420 to 510: no interference with the reinforcements of the lower shell, but the bar will impact the
reinforced lower section of the frame,

a) 510 to 900: interference with the shock mount support integral with the lower shell and with the

longitudinal angle bar of the cradle,
"_ 9 1390 to 1800: interference of the bar with the reinforcing plate (th. 5 mm) of the upper shell.

-• The foregoing analysis shows that the only possible azimuthal orientations for the drop on bar are
z between 900 and 139.0. which gives 4 cases to be analysed as shown in Figure 7; the analysis is initially
a made for a longitudinal incidence x=00 .

Z
< case N°1 a=-O. lD=139°: the bar will impact the upper part of the door 150 mm from the axis ofUJ2wsymmetry of the container; the bar makes an angle of 41' with the normal to the door, with the
0 objective of perforating the door and achieving maximum loading of the closing hinge pins.

The impact is felt about 120 mm from the central edge of the door and closing hinge pins and
about 200 mm from the door reinforcement situated at grid 6. For a bar axis making an angle

u_ of 41' with the normal to the door, the curves in Figure 4 show that the equivalent bar
diameter is minimum, irrespective of the thickness.

If the aim is to directly impact the closing hinge pins, this means that the bar axis must make
an angle of about 600 with the normal to the door and that the axis of the first impact must
pass 120 mm from the centre of gravity of the internal equipment. With an angle of 60'. the risk
of the bar skidding across the door wall is high and, further, the offset of the impact axis with
the centre of gravity will start the package rotating. The impact energy on the hinge pins will
not therefore be maximum, but this configuration is the only one which enables the bar to
directly attack the hinges.
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2.3.2.2. Choice of azimuthal orientation 

When a vertical cross-section is made of the container is made at its centre, it can be seen that there 
are several long parts which may obstruct the bar and prevent it from reaching the safety components, 
defined in § 2.1.3., of the internal equipment. These parts, shown in Figure 5, are: ' 

• The 2 shell stringers in the lower section, 

• The flanges between the 2 shells, 

• The shock mount supports, 

• The reinforcing plate in the upper section of the shell, 

• The longitudinal angle bars of the cradle, 

• The reinforcement in the lower section of the frame. 

If the aim is to avoid these parts and have the axis of the first bar impact point passing through the 
centre of gravity of the internal equipment to maximise the energy at impact on this system, there is a 
need to avoid certain azimuthal orientations of the container as indicated in Figure 6 and which are: 

• 0° to 22°: no interference with the reinforcements of the lower shell, but the bar will impact the 
reinforced lower section of the frame, 

• 22° to 42°: interference with the stringers in the bottom portion of the lower shell, 

• 42° to 51 0
: no interference with the reinforcements of the lower shell, but the bar will impact the 

reinforced lower section of the frame, 

• 51 0 to 90 0
: interference with the shock mount support integral with the lower shell and with the 

longitudinal angle bar of the cradle, 

.1390 to 1800
: interference of the bar with the reinforcing plate (th. 5 mm) of the upper shell. 

The foregoing analysis shows that the only possible azimuthal orientations for the drop on bar are 
between 90° and 13Q~ which gives 4 cases to be analysed as shown in Figure 7; the analysis is initially 
made for a longitudinal incidence a=O°. 

.case N°1 a=O°, 6=139 0
: the bar will impact the upper part of the door 150 mm from the axis of 

symmetry of the container; the bar makes an angle of 41 ° with the normal to the door, with the 
objective of perforating the door and achieving maximum loading of the closing hinge pins. 

The impact is felt about 120 mm from the central edge of the door and closing hinge pins and 
about 200 mm from the door reinforcement situated at grid 6. For a bar axis making an angle 
of 41 ° with the normal to the door, the curves in Figure 4 show that the equivalent bar 
diameter is minimum, irrespective of the thickness. 

If the aim is to directly impact the cloSing hinge pins, this means that the bar axis must make 
an angle of about 60° with the normal to the door and that the axis of the first impact must 
pass 120 mm from the centre of gravity of the internal equipment. With an angle of 60°. the risk 
of the bar skidding across the door wall is high and, further, the offset of the impact axis with 
the centre of gravity will start the package rotating. The impact energy on the hinge pins will 
not therefore be maximum, but this configuration is the only one which enables the bar to 
directly attack the hinges. 
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" case N°2 a•0, 13=1220: the bar will impact the door corner, with the objective of deforming the
fuel assembly housing section.

The tests ([2]) run on prototype N01 showed that the doors were suitable for this loading (low
deformation inside the housing). Further, in this configuration the hinges and hinge pins share
the loads, while in case 1 only the hinge pins takes upthe loads as they are close to the
impact point.

" case N°3 cL=O0 , 1=1070: the bar will impact the lateral part of the door, 160 mm from the axes of
rotation of the doors; the bar axis makes an angle of 170 with the normal to the door, with the
objective of applying the maximum loading on the door hinges. This configuration is the only
one which applies maximum loading on the door hinges while avoiding the door
reinforcements (see Figure 5), but as the impact point is not located close to the hinges, the
latter will be less loaded than the hinge pins in case N'1; as the hinges and hinge pins have
equivalent mechanical properties, case N*1 covers case N°3.

The risk of door perforation in this configuration is much lower than in case N*1 owing to the
smaller angle (170 instead of 410) of the bar axis with the normal to the door; indeed, Figure 4

o shows that, irrespective of wall thickness, the equivalent bar diameter will be larger in case
N03.

* case N°4 a=0. 13=90°: this case is reviewed since it corresponds to the maximum azimuthal
C:CU orientation that can be given to the package, as stated in the foregoing. The bar will impact
C- the lateral part of the door, with the bar axis making a zero angle with the normal to the door
U) and the axis passing through the centre of the circular impact offset 75 mm from the centre of

gravity of the internal equipment. In this situation, the package will start rotating, which
minimises the impact energy, and also the bar equivalent diameter will be equal to its actual

LL diameter, reducing the probability of tearing the door plate. Case N"l therefore covers case
cu N°4 as regards the loading of the hinge pins and door.
a,

Z

Conclusion:Z
Uj The azimuthal orientation which will apply maximum loading to the safety components is obtained for
0 case nol: cc=0° and p=139'.
F--

< However, owing to geometrical constraints, the configurations analysed in the foregoing do not make it
possible to directly attack with maximum energy (axis of impact passing through the centre of gravity) a

,, safety component whose failure could lead to an increase in the assembly housing section, due either
to the rupture of a door / frame connection or to a door plate being ripped off the reinforcements
holding the connection points.

The analysis of the possibilities of attacking a connection with the possibility of increasing the housing
section shows that only attack on the upper connection is possible without the axis of impact moving
too far from the centre of gravity: a lateral attack on the bottom section would lead to reduction in the
housing section and an attack by the lower shell is not possible as stated in § 2.3.2.2.

The geometrical constraints therefore lead us to select, as a second step, the configuration shown in
Figure 10 with an angle of 290 from the mating surface.
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• case N°2 a=O°, 6=122°: the bar will impact the door corner, with the objective of deforming the 
fuel assembly housing section. 

The tests ([2]) run on prototype N°1 showed that the doors were suitable for this loading (low 
deformation inside the housing). Further, in this configuration the hinges and hinge pins share 
the loads, while in case 1 only the hinge pins takes up the loads as they are close to the 
impact point. 

• case N°3 a=O°, 6=107°: the bar will impact the lateral part of the door, 160 mm from the axes of 
rotation of the doors; the bar axis makes an angle of 1 r with the normal to the door, with the 
objective of applying the maximum loading on the door hinges. This configuration is the only 
one which applies maximum loading on the door hinges while avoiding the door 
reinforcements (see Figure 5), but as the impact point is not located close to the hinges, the 
latter will be less loaded than the hinge pins in caseW1; as the hinges and hinge pins have 
equivalent mechanical properties, case N°1 covers case W3. 

The risk of door perforation in this configuration is much lower than in case W1 owing to the 
smaller angle (1 r instead of 41°) of the bar axis with the normal to the door; indeed, Figure 4 
shows that, irrespective of wall thickness, the equivalent bar diameter will be larger in case 
W3. 

• case N°4 a=O°, 6=90°: this case is reviewed since it corresponds to the maximum azimuthal 
orientation that can be given to the package, as stated in the foregoing. The bar will impact 
the lateral part of the door, with the bar axis making a zero angle with the normal to the door 
and the axis passing through the centre of the circular impact offset 75 mm from the centre of 
gravity of the internal equipment. In this situation, the package will start rotating, which 
minimises the impact energy, and also the bar equivalent diameter will be equal to its actual 
diameter, reducing the probability of tearing the door plate. Case N°1 therefore covers case 
W4 as regards the loading of the hinge pins and door. 

Conclusion: 

The azimuthal orientation which will apply maximum loading to the safety components is obtained for 
case n01: a=O° and ~=139°. 

However, owing to geometrical constraints, the configurations analysed in the foregoing do not make it 
possible to directly attack with maximum energy (axis of impact passing through the centre of gravity) a 
safety component whose failure could lead to an increase in the assembly housing section, due either 
to the rupture of a door / frame connection or to a door plate being ripped off the reinforcements 
holding the co"nnection points. 

The analysis of the possibilities of attacking a connection with the possibility of increasing the housing 
section shows that only attack on the upper connection is possible without the axis of impact moving 
too far from the centre of gravity: a lateral attack on the bottom section would lead to reduction in the 
housing section and an attack by the lower shell is not possible as stated in § 2.3.2.2. 

The geometrical constraints therefore lead us to select, as a second step, the configuration shown in 
Figure 10 with an angle of 29° from the mating surface. 
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2.3.2.3. Choice of the longitudinal incidence of the packaging

The longitudinal incidence a that is given to the packaging has an influence on the resulting angles
made by the bar axis with the normal to the internal equipment wall and the bar axis with the container
shell. This incidence cannot exceed 19' as, in this configuration; the packaging touches the ground
before impacting the package door.

Depending on the drop configuration, the packaging axes of rotation differ:

For drop configuration N01, whose objective is to shear the hinge pins, the bar must target this hinge.
The longitudinal incidence and azimuthal orientation therefore be achieved by rotating the packaging
about the point of impact on the door.

For drop configuration N°2, whose objective is door perforation with maximum energy, the bar attack
must pass through the centre of gravity. The longitudinal incidence and azimuthal orientation are
achieved by rotating the packaging about its own centre of gravity.

C

.Ln The calculation of the resulting angles between the bar and the wall, between the wall and the shell
0 and for the two drop configurations is described in Appendix 5.

M•- For drop configuration N°1, the increase in the longitudinal incidence makes it possible to slightly
U) decrease the shell perforation energy but induces a transverse component which reduces the shear
'0C- loading on the hinge. The impact energy of the bar on this hinge is proportional to the loads applied on

the latter, so the impact energy varies with the cosine of the longitudinal incidence. The resulting
energy, in other words the kinetic energy minus the shell perforation energy, is then maximum in shear

O for a null longitudinal incidence (Figure 12).

For drop configuration N02, the longitudinal incidence has no effect on door perforation: for the angle
"- range between 400 and 450 (Figure 11), the equivalent bar diameter is minimum (Figure 4). The impact
c energies are therefore equivalent.

z However, the increase of this incidence enables the shell perforation energy to be decreased: the
I impact angles obtained between the shell and the bar (Figure 11) vary between 80 and 20'. Now, in

z this value range, the equivalent bar diameter decreases. This decrease implies a significant drop in the
<i shell perforation energy, whose minimum value is reached for a longitudinal incidence of 190.

o Nevertheless, a 150 longitudinal incidence is chosen as it eliminates the risk of the shell impacting with
< the ground. Moreover, the shock mounts can have an influence on the shell motions after impact

against the shell. In addition, the variation in the energy of impact with the door between an angle of
U- 150 and 19* is negligible (less than 0.4 %). Consequently, the choice is for a longitudinal incidence of

150 and an azimuthal orientation of 1390.
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2.3.2.3. Choice of the longitudinal incidence of the packaging 

The longitudinal incidence a. that is given to the packaging has an influence on the resulting angles 
made by the bar axis with the normal to the internal equipment wall and the bar axis with the container 
shell. This incidence cannot exceed 19° as, in this configuration; the packaging touches the ground 
before impacting the package door. 

Depending on the drop configuration, the packaging axes of rotation differ: 

For drop configuration N°1, whose objective is to shear the hinge pins, the bar must target this hinge. 
The longitudinal incidence and azimuthal orientation therefore be achieved by rotating the packaging 
about the point of impact on the door. 

For drop configuration W2, whose objective is door perforation with maximum energy, the bar attack 
must pass through the centre of gravity. The longitudinal incidence and azimuthal orientation are 
achieved by rotating the packaging about its own centre of gravity. 

The calculation of the resulting angles between the bar and the wall, between the wall and the shell 
and for the two drop configurations is described in Appendix 5. 

For drop configuration N°t, the increase in the longitudinal incidence makes it possible to slightly 
decrease the shell perforation energy but induces a transverse component which reduces the shear 
loading on the hinge. The impact energy of the bar on this hinge is proportional to the loads applied on 
the latter, so the impact energy varies with the cosine of the longitudinal incidence. The resulting 
energy, in other words the kinetic energy minus the shell perforation energy, is then maximum in shear 
for a null longitudinal incidence (Figure 12). 

For drop configuration W2, the longitudinal incidence has no effect on door perforation: for the angle 
range between 40° and 45° (Figure 11), the equivalent bar diameter is minimum (Figure 4). The impact 
energies are therefore equivalent. 

However, the increase of this incidence enables the shell perforation energy to be decreased: the 
impact angles obtained between the shell and the bar (Figure 11) vary between 8° and 20°. Now, in 
this value range, the equivalent bar diameter decreases. This decrease implies a significant drop in the 
shell perforation energy, whose minimum value is reached for a longitudinal incidence of 19°. 

Nevertheless, a 15° longitudinal incidence is chosen as it eliminates the risk of the shell impacting with 
the ground. Moreover, the shock mounts can have an influence on the shell motions after impact 
against the shell. In addition, the variation in the energy of impact with the door between an angle of 
15° and 19° is negligible (less than 0.4 %). Consequently, the choice is for a longitudinal incidence of 
15° and an azimuthal orientation of 139°. 
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2.3.2.4. Loading a single assembly

Impact of the bar on the door:

the case of double loading covers that of single loading in that the bar impact on the door passes
through the container centre of gravity. The risks of door perforation will be larger for double loading.

Impact on the hinges:

In comparison to the double loading case, the dissymetrical loading induces a shift of the centre of
gravity of the loaded FCC packaging configuration: the center of inertia shows a shift of 28 mm (axis X)
on the side of the remaining assembly, but is also lowered by 18 mm (axis Y) longitudinally to the plane
of symmetry of the cavities. This leads to a distancing of the center of gravity from normal to the bar
which, as a consequence, decreases the drop impact effects. Furthermore, the significant mass
decrease in this loading configuration induces a diminution of the bar impact energy on the door
hinges. These two effects concur in decreasing the impact energy, which enables us to conclude that
the drop of the container loaded with two assemblies is really the most conservative configuration.

C
n 2.3.2.5. Conclusion

The configurations adopted for the drop on bar are:
C

C 9 a drop with a longitudinal incidence of oa=00 , an orientation of 290 from the mating surface
LM -(impact on the door edge greater than close to a connection).
0 9 a drop with a longitudinal incidence of cx=15', an azimuthal angle 3=139' and 2465 mm from

the bottom end of the internal equipment (impact on the upper part of the doors 200 mm from
grid 6) which will lead to maximum loading of the door closure hinge pins and to the maximumu_
perforation risk.

",

Z

cL 3. CONCLUSIONSZ

W The evidence presented in the previous paragraphs show that for the drop configurations in the
Regulatory Tests, the use of a 17x17XL assembly loaded with 24 rods in its guide thimbles covers all0
transported assembly types. This is the worst case in that the maximum mass content is inserted into

2 the least rigid internal equipment structure.

,, The 17x17XL assembly (AFAXL design destined for EDF reactors) was thus chosen for the
configuration of the prototype tested during the Regulatory Tests.

For reasons of representativity in terms of lateral stiffness and shear behaviour, the mock-up will be
built with a depleted uranium base (this choice was already made for the 12 ft configuration tested in
February 1998).
The container will therefore be loaded with a 17x17XL assembly comprising 24 rods in its guide
thimbles and with a representative weight in terms of mass and dimensions.

The drop configurations adopted for the tests are:

" a drop on bar with a longitudinal incidence of cx=0°, an orientation of 290 from the mating
surface.

* a drop on bar with a longitudinal incidence of cx=15', an azimuthal angle P3=139° and 2465 mm
from the bottom end of the internal equipment,

* a 9m flat drop with a longitudinal incidence of a=15.2' and an azimuthal angle of P3=180'

The drops on bar will be performed first as they call for very high accuracy of the impact point, which
would no longer be the case after the 9 m drop.
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2.3.2.4. Loading a single assembly 

Impact of the bar on the door: 

the case of double loading covers that of single loading in that the bar impact on the door passes 
through the container centre of gravity. The risks of door perforation will be larger for double loading. 

Impact on the hinges: 

In comparison to the double loading case, the dissymetrical loading induces a shift of the centre of 
gravity of the loaded FCC packaging configuration: the center of inertia shows a shift of 28 mm (axis X) 
on the side of the remaining assembly, but is also lowered by 18 mm (axis Y) longitudinally to the plane 
of symmetry of the cavities. This leads to a distancing of the center of gravity from normal to the bar 
which, as a consequence, decreases the drop impact effects. Furthermore, the significant mass 
decrease in this loading configuration induces a diminution of the bar impact energy on the door 
hinges. These two effects concur in decreasing the impact energy, which enables us to conclude that 
the drop of the container loaded with two assemblies is really the most conservative configuration. 

2.3.2.5. Conclusion 

The configurations adopted for the drop on bar are: 

• a drop with a longitudinal incidence of a=O°, an orientation of 29° from the mating surface 
(impact on the door edge greater than close to a connection). 

• a drop with a longitudinal incidence of a=15°, an azimuthal angle P=139° and 2465 mm from 
the bottom end of the internal equipment (impact on the upper part of the doors 200 mm from 
grid 6) which will lead to maximum loading of the door closure hinge pins and to the maximum 
perforation risk. 

3. CONCLUSIONS 

The evidence presented in the previous paragraphs show that for the drop configurations i~ the 
Regulatory Tests, the use of a 17x17XL assembly loaded with 24 rods in its guide thimbles covers all 
transported assembly types. This is the worst case in that the maximum mass content is inserted into 
the least rigid internal equipment structure. 

The 17x17XL assembly (AFAXL design destined for EDF reactors) was thus chosen for the 
configuration of the prototype tested during the Regulatory Tests. 

For reasons of representativity in terms of lateral stiffness and shear behaviour, the mock-up will be 
built with a depleted uranium base (this choice was already made for the 12 ft configuration tested in 
February 1998). 

The container will therefore be loaded with a 17x17XL assembly comprising 24 rods in its guide 
thimbles and with a representative weight in terms of mass and dimensions. 

The drop configurations adopted for the tests are: 

• a drop on bar with a longitudinal incidence of a=O°, an orientation of 29° from the mating 
surface. 

• a drop on bar with a longitudinal incidence of a=15°, an azimuthal angle P=139° and 2465 mm 
from the bottom end of the internal equipment, 

• a 9m flat drop with a longitudinal incidence of a=15.2° and an azimuthal angle of P=180° 

The drops on bar will be performed first as they call for very high accuracy of the impact pOint, which 
would no longer be the case after the 9 m drop. 
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FIGURE 1
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FIGURE 5
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FIGURE 7
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FIGURE 9 

Drop on bar 

Influence of azimuthal orientation on bar angle with the shell 
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FIGURE 10 

Drop on bar with attack of door edge 
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Calculation of loads on the door connections

I - Uniform lateral loading

The uniform lateral loading corresponds to the assembly mass and to the deadweight of the vertical
portion of the door.

Reactions at the supports:

•VA = -VC = - ql/16

• HA = - 7ql/16

* HC = 9ql/1 6

C

0

ci)
'D

C
CO
0)

LM
Cd

0

(D)
M

LL

"U

Z

CI
Z

F--w

u_3

Ž1+1..

2 - Spot loading

The spot loading corresponds to the mass of the horizontal portion of the door.

Reactions at the supports:

* VA = -VC = 0

* HA = 0
*HC=P

I,
F...
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Calculation of loads on the door connections 

1 - Uniform lateral loading 

The uniform lateral loading corresponds to the assembly mass and to the deadweight of the vertical 
portion of the door. 

L ~ J 
Reactions at the supports: 

-VA=-VC=-qI/16 

- HA = - 7ql/16 

- HC = 9ql/16 

2 - Spot loading 

Q) The spot loading corresponds to the mass of the horizontal portion of the door. 
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Reactions at the supports: 

-VA=-VC=O 

-HA= 0 

-HC = P 
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17x17XL

+ 24 rods

16x16

and 18x18

CD

0

CL)
Z

Ci

2

0)

U02 linear mass (kg/mm) 0.1907 0.2027

door length (mm) 4840 4940

Mass of a door (kg) 325 360

Linear mass of a 1/2 door (kg/mm) 0.0336 0.0364

Length loading a hinge pin (mm) 538 545

Uniform load: ql (daN) 118.4 127.9

Spot load: P (daN) 17.7 19.5

Lower vertical reaction: Va (daN) -7.4 -8.0

Upper vertical reaction: Vc (daN) 7.4 8.0

Lower horizontal reaction: Ha (daN) -51.8 -55.9

Upper horizontal reaction: Hc (daN) 84.3 91.4

Lower resultant: Ra (daN) 52.3 56.5

Upper resultant: Rc (daN) 84.6 91.7

Lower resultant at 150 g (daN) 7847 8476

Upper resultant at 150 g (daN) 12694 13762

hinge pin dia (mm) 18 18

max stress in a hinge pin (MPa) 249 270

Permissible limit for the hinge pins (MPa) 520 520

Security coeff for the hinge pins 2.1 1.9

Permissible limit for the locking pins (daN) 28000 28000

Security coeff for the locking pins 2.2 2.0
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U02 linear mass (kg/mm) 

door length (mm) 

Mass of a door (kg) 

Linear mass of a y" door (kg/mm) 

Length loading a hinge pin (mm) 

Uniform load: ql (daN) 

Spot load: P (daN) 

Lower vertical reaction: Va (daN) 

Upper vertical reaction: Vc (daN) 

Lower horizontal reaction: Ha (daN) 

Upper horizontal reaction: Hc (daN) 

Lower resultant: Ra (daN) 

Upper resultant: Rc (daN) 

Lower resultant at 150 g (daN) 

Upper resultant at 150 g (daN) 

hinge pin dia (mm) 

max stress in a hinge pin (MPa) 

Permissible limit for the hinge pins (MPa) 

Security coeff for the hinge pins 

Permissible limit for the locking pins (daN) 

Security coeff for the locking pins 

N° 

REV. E 

17x17XL 

+ 24 rods 

0.1907 

4840 

325 

0.0336 

538 

118.4 

17.7 

-7.4 

7.4 

-51.8 

84.3 

52.3 

84.6 

7847 

12694 

18 

249 

520 

2.1 

28000 

2.2 
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16x16 

and 18x18 

0.2027 

4940 

360 

0.0364 

545 

127.9 

19.5 

-8.0 

8.0 

-55.9 

91.4 
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91.7 

8476 
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Influence of the drop height between a 16x16 and a 17x17XL assembly

Conventions:

" M16 : mass of the internal equipment of a 16x1 6 assembly

" Meq: mass of the internal equipment of a 16x16 equivalent assembly in a 17x17 internal
equipment concept

" h16 : distance between bar face and internal equipment in a 16x16 assembly

" h17: distance between bar face and internal equipment in a 17x17XL assembly

Given: M16 = Meq + Am

h16 = h 17 - Ah

C:
.0 To compare the 16x16 and 17x17XL arrays during drop on bar, we find the equivalent mass Meq of a
i_ loaded 17x17 internal equipment which will give the same perforating energy as a 16x16 internal

equipment set dropped from a height 16 mm less due to the larger section of the 16x16 assembly.

CU We have: E = M16 h16 g = Meq h17 g
Cl)'0

C- Or, replacing M16 and h16:
CU

02) M16 (h17 - Ah) = (Meq + Am) h 17

Hence: Am = M16 (Ah/h 17)

Data:LL

co M=16 3700 kg

Ah= 16 mm

*h 17 = 1200 mm
z
< So we have Am = 49.3 kg
LU

To compare the drop on bar for 16x16 with the one for 17x17XL, about 50 kg have to be taken off the
< mass of the internal equipment loaded with 2 16x16 assemblies.

1.1
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Influence of the drop height between a 16x16 and a 17x17Xl assembly 

Conventions: 

• M16: mass of the internal equipment of a 16x16 assembly 

• Meq: mass of the internal equipment of a 16x16 equivalent assembly in a 17x17 internal 
equipment concept 

• h16: distance between bar face and internal equipment in a 16x16 assembly 

• h17: distance between bar face and internal equipment in a 17x17XL assembly 

Given: M16 = Meq + ~m 
h16 = h17 - ~h 

To compare the 16x16 and 17x17XL arrays during drop on bar, we find the equivalent mass Meq of a 
loaded 17x17 internal equipment which will give the same perforating energy as a 16x16 internal 
equipment set dropped from a height 16 mm less due to the larger section of the 16x16 assembly. 

We have: 

Or, replacing M16 and h16: 

M16 (h17 - ~h) = (Meq + ~m) h17 

Hence: 

Data: 

• M16 = 3700 kg 

.~h = 16 mm 

• h17 = 1200 mm 

So we have ~m = 49.3 kg 

To compare the drop on bar for 16x16 with the one for 17x17XL, about 50 kg have to be taken off the 
mass of the internal equipment loaded with 2 16x16 assemblies. 
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Calculation of the incidence of an oblique drop on the shock absorber indentation

C
0
Cl)

M

C

CO

a1)

z

0~

zL

Figure 1: straight indentation

Given, S = 41 x 250 = 10250 mm 2

Ficgure 2: oblioue indentation

Let LT and IT the base and height of the triangle S1

Thus:

* LT =min (L, e/sin c)

* IT =min (L, e/sin c) tg c

Sh= min (L, e/sin a) sin a

S $, = (e-h) [L/cos a + (e-h) tg c]

S2 = 1/2 [min (L, e/sin (X)12 tg (X

SL= 250 mm

The crushed section is therefore S = S + S2

Table 1 gives the indented sections for varying angles and indentations; these sections must be
compared with S (vertical drop without inclination) to obtain the indentation corresponding to the
inclined drop.
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Calculation of the incidence of an oblique drop on the shock absorber indentation 

t .L L- So -
In 
M,' .s 

~, .. c."'::= ____ ._....JI 
.. "" v .. ·· ..... - ... 

1. .... 

Figure 1: straight indentation 

Given, S ;: 41 x 250 ;: 10250 mm2 

I 
Figure 2: oblique indentation 

Let LT and IT the base and height of the triangle S1 

Thus: 

• LT;: min (L , elsin a) 

• Ir;: min (L , elsin a) tg a 

• h;: min (L , elsin a) sin a 

• S1;: (e-h) [Ucos a + (e-h) tg a] 

• S2;: 1/2 [min (L , elsin a)]2 tg a 

• L;: 250 mm 

The crushed section is therefore S ;: S1 + S2 

J 
-, T 

i .... "" 

I l ,~~ 
I ~IL 
~ 

Table 1 gives the indented sections for varying angles and indentations; these sections must be 
compared with S (vertical drop without inclination) to obtain the indentation corresponding to the 
inclined drop. 
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Comparison between shells of thickness 2.4 mm and 3 mm

1 - Perforation energy

The energy needed to perforate a 3 mm thick steel plate with a bar 150 mm in diameter using a zero
drop angle is estimated to be 14 KJ - ref. [5]. [5]. The inclination given to the assembly leads to a
different bar angle of attack on the shell. The calculation of the equivalent rod diameter, which is a
function of this angle, makes it possible to estimate the shell perforation energy for the two drop
configurations.

For the first drop configuration, the bar / shell impact angle of 24.6' induces an equivalent bar diameter
of 21 mm.

For the second drop configuration, the bar / shell impact angle of 16.50 induces an equivalent bar
diameter of 27 mm.

Eperforationl -3mm = 14.103 x ( 21/150 )1.5 = 734 Joules

Eperforation2 3 mm = 14.10' x ( 27 / 150 )1.5 = 1069 Joules

Eperforationl - 2.4 mm= Eperforationl - 3 mm X ( 2.4 / 3 )1.5 = 525 Joules

Eperforation2 -2.4 mm = Eperforation2 - 3 mm x ( 2.4 / 3 )1.5 = 765 Joules

2- Kinetic energy

Shell thickness of 3 mm .Shell thickness of 2.4 mm

Shell without 755 kg 604 kg
reinforcement ,____

i Others 1,060 kg 1,060 kg

Total 1,771 kg 1,620 kg

Ekinetic- 3 mm = m . g. h = 1771 x 9.8 x 1 = 17,36 KJ

Ekinetic-2.4 mm = 1620 X 9.8 X 1 = 15.88 KJ

3 - Impact energy

Eimpact= Ekinetic - Eperforation

Eimpactl - 3 mm= 16.62 KJ

Eimpact2- 3'mm= 16.28 KJ

> Eimpact1-2.4 mm = 15.35 KJ

> Eimpact2 -2.4 mm = 15.11 KJ

The impact energies of the bar on the door in the case of a plate thickness of 3 mm are greater than
those obtained for a shell thickness of 2.4 mm.
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Comparison between shells of thickness 2.4 mm and 3 mm 

1 - Perforation energy 

The energy needed to perforate a 3 mm thick steel plate with a bar 150 mm in diameter using a zero 
drop angle is estimated to be 14 KJ - ref. [5]. [5]. The inclination given to the assembly leads to a 
different bar angle of attack on the shell. The calculation of the equivalent rod diameter, which is a 
function of this angle, makes it possible to estimate the shell perforation energy for the two drop 
configurations. 

For the first drop configuration, the bar / shell impact angle of 24.6° induces an equivalent bar diameter 
of 21 mm. 

For the second drop configuration, the bar / shell impact angle of 16S induces an equivalent bar 
diameter of 27 mm. 

Eperforation1-3mm = 14.103 
X (21/150 ),.5 = 734 Joules 

Eperforation2-3mm = 14.103 
X (27/150 ),.5 = 1069 Joules 

Eperforation1 : 2.4 mm = Eperforation1 _ 3 mm X ( 2.4 / 3 ),.5 = 525 Joules 

Eperforation2 - 2.4 mm = Eperforation2 _ 3 mm X ( 2.4 / 3 ),.5 = 765 Joules 

2 - Kinetic energy 

Shell thickness of.3 mm Shell thickness of 2.4 mm 

Shell without 
reinforcement 

I Others 

Total 

755 kg 

1,060 kg 

1,771 kg 

604 kg 

1,060 kg 

1,620 kg 

Ekinetic-3mm = m . g. h = 1771 x 9.8 x 1 = 17,36 KJ 

Ekinetic - 2.4 mm = 1620 x 9.8 x 1 = 15.88 KJ 

3 - Impact energy 

Eimpact= Ekinetic - Eperforation 

Eimpact1 - 3 mm = 16.62 KJ 

Eimpact2 - 3' mm = 16.28 KJ 

> 

> 

Eimpact1 - 2.4 mm = 15.35 KJ 

Eimpact2 - 2.4 mm = 15.11 KJ 

The impact energies of the bar on the door in the case of a plate thickness of 3 mm are greater than 
those obtained for a shell thickness of 2.4 mm. 
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Influence of longitudinal incidence for drops on bar

I - Angle of impact between the shell and the bar

The calculation of the angle made by the bar axis with the normal to the wall is detailed in [11]. This
calculation is made by rotation of the marks IXYZ (drop N01 with I being the bar's point of impact with
the shell) and GXYZ (drop N°2 with G being the centre of gravity of the packaging) on their respective
origin, with longitudinal incidence and azimuthal orientation as parameters.

By determining the angles for the above two drop configurations, it is possible to locate the bar's point
of impact on the shell.

The normal to the shell, angle 0, consists of the straight line (dashes on diagram 1) of which one point
lies on the geometrical axis of the cylinder formed by the shell and the other by the bar's point of
impact on the shell. Consequently, the angle between the shell and the bar is the angle that this normal

W to the shell makes with the angle between the door wall and the bar, i.e.y.

D Assuming a mark whose x axis coincides with the normal to the. shell, a change of mark by successive

rotations about angle 0, P and a makes it possible to easily determine the angle between the shell and
(/o2 bar according to the formula (§ 4 [11]):

c:

o For both drop on bar configurations, the curves in Figure 10 give the angles of impact between the
_door wall and the bar, and between the shell and the bar. The angles obtained make it possible to
M= determine the shell perforation energies by means of equivalent bar diameter calculations (Figure 4).

LL

z

0

1-- 1 - impact with shell

longit/Ldnail cidence / t/ /Y~ . ---azl ,utha, ,entation
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centr of gravity
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/ DIAGRAM 1
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Influence of longitudinal incidence for drops on bar 

1 - Angle of impact between the shell and the bar 

The calculation of the angle made by the bar axis with the normal to the wall is detailed in [11]. This 
calculation is made by rotation of the marks IXYZ (drop W1 with I being the bar's point of impact with 
the shell) and GXYZ (drop N°2 with G being the centre of gravity of the packaging) on their respective 
origin, with longitudinal incidence and azimuthal orientation as parameters. 

By determining the angles for the above two drop configurations, it is possible to locate the bar's point 
of impact on the shell. 

The normal to the shell, angle e, consists of the straight line (dashes on diagram 1) of which one point 
lies on the geometrical axis of the cylinder formed by the shell and the other by the bar's point of 
impact on the shell. Consequently, the angle between the shell and the bar is the angle that this normal 
to the shell makes with the angle between the door wall and the bar, i.e. y. 

Assuming a mark whose x axis coincides with the normal to the· shell, a change of mark by successive 
rotations about angle e, p and a makes it possible to easily determine the angle between the shell and 
bar according to the formula (§ 4 [11]): 

y = Arc cos [ cos (l • cos ( ~ - e ) ] 

For both drop on bar configurations, the curves in Figure 10 give the angles of impact between the 
door wall and the bar, and between the shell and the bar. The angles obtained make it possible to 
determine the shell perforation energies by means of equivalent bar diameter calculations (Figure 4). 
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Comparison between 16x16-18x18 and 17x17 arrays for flat drop

1 - Computation of the overall bowing

1.1 - Internal equipment bowing

Bow of a beam on two supports under a uniform load: fmax = -5.w.14 / 384.E.1 where w = m.7 / I

The respective dimensions of the frame and doors are extended by the same distance, so we can

consider that the internal equipment inertia is proportional to h4 .

In these conditions, f16/f17 = m 16/m17 . (l1/l17)3 .(hl7/h16) 4 = 3700/3474.(4966/4862)3.(219/235)4 = 0.86

.0 Conclusion: the bowing of the internal equipment in 16x16 and 18x18 arrays is smaller than for the
17x17 arrays.

(n

U 1.2 - Internal equipment impact velocity

C

Assuming initially that the internal equipment is infinitely rigid, the whole of the incident drop energy will
be transmitted to the frame rotation during the first impact.

aD
0

E = mgh = 1½.J.w2 where J = 1/3.m.11 (rotation of a bar relative to its end).
U-

The rotation velocity is independent of the mass since w = (6gh / 12)05
c)

The maximum theoretical velocity of the internal equipment should therefore be about 25 m/s but the
z= first impact with the ground causes bending of this system.
CLI

z
Z< The actual velocity will be maximum when the second impact coincides with the counter-bending of theLU internal equipment.
o
0

A more rigid internal equipment will lead to smaller bending and counter-bending. The velocity of the
second impact will be smaller.

U_ Conclusion: the second impact velocity of the internal equipment in the 16x16 and 18x18 arrays will

be smaller than for the 17x17 arrays, therefore less demanding for the internal equipment.

2 - Computation of the local bowing

The internal equipment of the 17x17 container undergoes a peak bowing during its flat drop, assessed
at 63 mm. A 65 mm conservative peak bowing value is considered for the 18x18 container (bounding
value as the peak for the 17x17 internal equipment is higher than the 18x18 peak value (cf.1.1.).

This peak bowing corresponds to a maximum rotation angle between two succesive door ribs equal to
14 x 10-3 rad.

This induces a maximum longitudinal warping 5, = 5,4 mm for the door section.
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Comparison between 16x16-18x18 and 17x17 arrays for flat drop 

1 - Computation of the overall bowing 

1.1-lnternal equipment bowing 

Bow of a beam on two supports under a uniform load: fmax = _5.w.14 I 384.E.1 where w = m.y I I 

The respective dimensions of the frame and doors are extended by the same distance, so we can 
consider that the internal equipment inertia is proportional to h4. 

Conclusion: the bowing of the internal equipment in 16x16 and 18x18 arrays is smaller than for the 
17x17 arrays . 

1.2 -Internal equipment impact velocity 

Assuming initially that the internal equipment is infinitely rigid, the whole of the incident drop energy will 
be transmitted to the frame rotation during the first impact. 

E = mgh = Yz.J.w2 where J = 1/3.m.l2 (rotation of a bar relative to its end). 

The rotation velocity is independent of the mass since w = (6gh I 12 )°.5. 

The maximum theoretical velocity of the internal equipment should therefore be about 25 m/s but the 
first impact with the ground causes bending of this system. 

The actual velocity will be maximum when the second impact coincides with the counter-bending of the 
internal equipment. 

A more rigid internal equipment will lead to smaller bending and counter-bending. The velocity of the 
second impact will be smaller. 

Conclusion: the second impact velocity of the internal equipment in the 16x16 and 18x18 arrays will 
be smaller than for the 17x17 arrays, therefore less demanding for the internal equipment. 

2 - Computation of the local bowing 

The internal equipment of the 17x17 container undergoes a peak bowing during its flat drop, assessed 
at 63 mm. A 65 mm conservative peak bowing value is considered for the 18x18 container (bounding 
value as the peak for the 17x17 internal equipment is higher than the 18x18 peak value (cf.1.1.). 

This peak bowing corresponds to a maximum rotation angle between two succesive door ribs equal to 
14 x 10-3 rad. 

This induces a maximum longitudinal warping 8m = 5,4 mm for the door section. 

TF 018 Rev. 1 
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2.1 - Risk of local door buckling

The maximum compression stress am for a door section is given by:

Om = Es = E x (8.m/L[)

where Lm: maximum distance between two door ribs.

Lm = 550 mm for 18x18 container.

and E the elasticity modulus for the container.

.0_ Euler's critical load a, is given by

ao = 1-2 xExI/(Sx L.2)
C/)

CU

U)

0 1- : smaller moment of inertia of the door section, o 1x1 6m 4r so

t- • S: door section equals 3130 mm2 or so

= Comparing crn and d, is the same as comparing m andf- xl / (S x Lm).

We have H x I / (S x Lm) = 63 mm and 6m = 5,4 mm, it is possible to confirm that crm < uc.

z Therefore, the local buckling of a door section is not conceivable.
CI

z
2.2 - Risk of local buckling of the door section upper core

0
< Let us now consider the upper core of the door.

9 In this case, the section = 1566 mm 2 and the smaller inertia moment I = 814000 mm 4 or so.
LL

We haven 2 X I / (S x Lm) = 9,3 mm and 8m = 5,4 mm.

Thus we can conclude that urm < a, and local buckling of the upper core of the door is impossible.

TF 018 Rev. 1
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2.1 - Risk of local door buckling 

The maximum compression stress am for a door section is given by: 

where Lm: maximum distance between two door ribs. 

Lm = 550 mm for 18x 18 container. 

and E the elasticity modulus for the container. 

Euler's critical load ae is given by 

O'c = 112 
X E x I / (S x Lm 2) 

I: smaller moment of inertia of the door section, I = 11 x 106 mm4 or so 

S: door section equals 3130 mm2 or so 

Comparing am and de is the same as comparing 8m and 112 x I / (S x Lm). 

We have 112 x I / (S x Lm) = 63 mm and 8m = 5,4 mm, it is possible to confirm that O'm < O'e. 

Therefore, the local buckling of a door section is not conceivable. 

2.2 - Risk of local buckling of the door section upper core 

Let us now consider the upper core of the door. 

In this case, the section = 1566 mm2 and the smaller inertia moment I = 814000 mm4 or so. 

We have n2 x I / (S x Lm) = 9,3 mm and 8m = 5,4 mm. 

Thus we can conclude that O'm < O'c and local buckling of the upper core of the door is impossible. 

TF 018 Rev. 1 
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Impact of the17x17 XLR guiding pins on the vertical drop

Buckling force of the pins

OD 20.7

Number 2

L (mm) 265

S (mm2 ) 337

I (mm4 ) 9013

K 0.25

E (daN/mm 2) 19200

P = 2.K.72 .E.I/L 2 12160 daN
0

7U)
:3

L)

CI
C

LU
a)
0

U-

Reaction force on the top supports

The crushing of the internal equipment on the axial shock
absorber induces an overall deceleration of 150g. This
deceleration leads to a loading on the top supports of 150
g x 800 daN or 120.000 daN.

In view of this result, the buckling of the pins will have
only a very slight impact on the assembly damage.

I I
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Impact of the17x17 XLR guiding pins on the vertical drop 
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12.000 daN 120.000 daN 

Buckling force of the pins 

OD 20.7 

Number 2 

L (mm) 265 

S (mm2) 337 

I (mm4) 9013 

K 0.25 

E (daN/mm2) 19200 

P = 2.K.1t2.E.I/U 12160 daN 

Reaction force on the top supports 

The crushing of the internal equipment on the axial shock 
absorber induces an overall deceleration of 150g. This 
deceleration leads to a loading on the top supports of 150 
g x 800 daN or 120.000 daN. 

In view of this result, the buckling of the pins will have 
only a very slight impact on the assembly damage . 
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1. PURPOSE

This document describes the procedure and results of the drop tests carried out on Prototype N12 of the
14 ft U02 fuel assembly transport container.

These regulatory tests were carried out in the Bordeaux region and were supervised by representatives
from the French Safety Authority.

2. TEST CONDITIONS

2.1 Equipment Tested

.0 The equipment tested is a package comprising:
.5

O . An RCC4 container, modified in accordance with specifications [Ref, 1] and applied to the 14'
)_ container in accordance with the defining documents [Ref. 4]. This container is identified as PROTO

U) 2 - plate 1,
"0

- A 17x 17 14 foot dummy advanced fuel assembly (AFA) containing depleted uranium - Appendix 1,
_ loaded with 25 depleted uranium rods in guide thimbles, i.e., a mass of 853 kg,

Ond

A mock-up simulating the mass of a 2nd assembly - Appendix 2.

M This mock-up (test load) is made up of 214x214 stainless steel units, interconnected by a stainless steel
u.L tube of 0 160 mm. Its mass is 848 kg.

The total mass of the package is 5,262 kg.
Z

a. I 2.2 Test site7

2.UThe tests were carried out on the CESTA target range in LUGOS 33830 BELIN-BELIET. The specific
characteristics of the target are given in § 3.1 of [Ref. 3].

2.3 Test type

Three types of drop tests, with accelerometer measurements, were carried out.

The specific objectives and configurations for the drops are described in documents [2] and [3], except
for the N°2 drop onto bar test where the horizontal angle of incidence of 00 was replaced by an angle of
15'. The critical angle at which the package touches the target surface before the bar struck the internal
structure was 200. Reference note [2] determines that with an angle of 150, the bar does not slide along
the surface of the door.

2.4 Instrumentation

The package subjected to the tests was fitted with instrumentation in accordance with § 4.2 and 4.3 of
[Ref. 3].
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1. PURPOSE 

This document describes the procedure and results of the drop tests carried out on Prototype N°2 of the 
14 ft U02 fuel assembly transport container. 

These regulatory tests were carried out in the Bordeaux region and were supervised by representatives 
from the French Safety Authority. 

2. TEST CONDITIONS 

2.1 Equipment Tested 

The equipment tested is a package comprising: 

• An RCC4 container, modified in accordance with specifications [Ref. 1] and applied to the 14' 
container in accordance with the defining documents [Ref. 4]. This container is identified as PROTO 
2 - plate 1, 

• A 17xl7 14 foot dummy advanced fuel assembly (AFA) containing depleted uranium - Appendix 1, 
loaded with 25 depleted uranium rods in guide thimbles, i.e., a mass of 853 kg, 

• A mock-up simulating the mass of a 2nd assembly - Appendix 2. 

This mock-up (test load) is made up of 214x214 stainless steel units, interconnected by a stainless steel 
tube of 0 160 mm. Its mass is 848 kg. 

The total mass of the package is 5,262 kg. 

2.2 Test site 

The tests were carried out on the CESTA target range in LUGOS 33830 BELIN-BELIET. The specific 
characteristics of the target are given in § 3.1 of [Ref. 3]. 

2.3 Test type 

Three types of drop tests, with accelerometer measurements, were carried out. 

The specific objectives and configurations for the drops are described in documents [2] and [3], except 
for the N°2 drop onto bar test where the horizontal angle of incidence of 0° was replaced by an angle of 
15°. The critical angle at which the package touches the target surface before the bar struck the internal 
structure was 20°. Reference note [2] determines that with an angle of 15°, the bar does not slide along 
the surface of the door. 

2.4 Instrumentation 

The package SUbjected to the tests was fitted with instrumentation in accordance with § 4.2 and 4.3 of 
[Ref. 3]. 
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3. ORGANISATION OF TESTS

The tests were carried out on behalf of, and under the supervision of, FRAGEMA whose representatives
are J.P. Bal~on and B. Gaucherand.

The tests were carried out by CESTA in Bordeaux and TRANSNUCLEAIRE.

4. PROCEDURE

21.09.98 • Arrival of loaded container for tests

• Setting up of instrumentation

22.09.98 Drop N' 1: bar close to a door lock

23.09.98 • Drop N0 2: bar on upper door panel
0

• Drop N' 3:9 m flat drop with "slap-down"

U) 29.09.98 Container shipped to ROMANS

C 4.1 Drop N' 1: Plates 2, 3 and 4
.2)
a,
I Configuration:

"3 The container was placed 1 m above the bar with a horizontal angle of incidence of 00. The matingLL

surface of the shells forming an angle of 29' with the vertical.-,

Sequence:
z
a' The bar perforated the upper shell of the container. The edge of the bar struck the door of the cavity

z containing the assembly, exactly in the comer of the cavity door containing the assembly. After a short
w pause, the container pivoted sideways, and in so doing, the bar again ruptured the shell, thus creating a

0 wide aperture -plate 3.1. The container was immobilised on its 900 axis.

< Condition of container:

9 Through the apertures in the shell, we observed the following:
LL

- an indentation of the sheet metal doors but no rupture,

- the door hinge pins nearest the point of impact were intact.

The mark left on the bar confirmed the accuracy of the point of impact - plates 4.1 and 4.2.

In order to obtain a more realistic configuration for the remaining tests, the shell was straightened out
and welded in the area that was to be subjected to a second drop onto the bar - plate 5.3. A sheared off
shell connecting bolt was replaced.

The container was not open. We are ready to carry out the second drop onto the bar.
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3. ORGANISATION OF TESTS 

The tests were carried out on behalf of, and under the supervision of, FRAGEMA whose representatives 
are J.P. Baleon and B. Gaucherand. 

The tests were carried out by CEST A in Bordeaux and TRANSNUCLEAIRE. 

4. PROCEDURE 

21.09.98 

22.09.98 

23.09.98 

29.09.98 

Arrival of loaded container for tests 

Setting up of instrumentation 

Drop N° 1: bar close to a door lock 

Drop N° 2: bar on upper door panel 

Drop N° 3: 9 m flat drop with "slap-down" 

Container shipped to ROMANS 

4.1 Drop N° 1: Plates 2, 3 and 4 

Configuration: 

The container was placed 1 m above the bar with a horizontal angle of incidence of 0°. The mating 
surface of the shells forming an angle of 29° with the vertical. 

Sequence: L 

The bar perforated the upper shell of the container. The edge of the bar struck the door of the cavity 
containing the assembly, exactly in the comer of the cavity door containing the assembly. After a short 
pause, the container pivoted sideways, and in so doing, the bar again ruptured the shell, thus creating a 
wide aperture - plate 3.1. The container was immobilised on its 90° axis. 

Condition of container: 

Through the apertures in the shell, we observed the following: 

- an indentation of the sheet metal doors but no rupture, 

- the door hinge pins nearest the point of impact were intact. 

The mark left on the bar confirmed the accuracy of the point of impact - plates 4.1 and 4.2. 

In order to obtain a more realistic configuration for the remaining tests, the shell was straightened out 
and welded in the area that was to be subjected to a second drop onto the bar - plate 5.3. A sheared off 
shell connecting bolt was replaced. 

The container was not open. We are ready to carry out the second drop onto the bar. 
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4.2 Drop N' 2 :, Plates 5, 6 and 7

Configuration:

The configuration of the second drop was modified at the request of the Safety Authorities. The
container was thus placed above the bar with a horizontal angle of incidence of 150. The mating surface
of the shells forming an angle of 490 with the vertical.

Sequence:

The bar perforated the shell; the edge of the bar struck the door at the level of the calculation point
given in reference note [5]. The container "bounced back" then pivoted sideways and came to a
standstill hooked onto the bar, the latter remaining wedged in the upper shell. The container rested on
the target supported on its bottom side on a 2250 axis and with its top side supported by an outrigger
which opened out during the impact - plate 6.1.

C Condition of container:

Through the apertures in the shell, we could observe the following:

U- Indentation of the upper sheet metal panel of the door over an area of approximately 500 mm -
M plates 6.2 and 7.1,U)

C' - Rupture of the upper sheet metal panel of the door on two axes - plates 6.2 and 7.2,

-The cradle-frame connection cable was damaged but continued to be operational.

O The container was not open.

i, 4.3 Drop N 03 - Plates 8 and 9

Configuration:
z
01 The container was placed 9 m above the target with a longitudinal angle of incidence for the frame of

Z 15.20. (This reason for this angle is given in reference note [2]).

2 ISequence:
0

The initial impact was at the foot of the container. The container then pivoted and struck the target on
the upper side at maximum speed. It was not possible to see the alternated bounces by direct

S observation. The container was immobilised on the damaged axis - plate 9.1.
LL

Condition of the container:

Once the container had been turned over, we observed the following:

- The container was no longer cylindrical at the two ends - plates 9.2 and 9.3.

- All the half-shell connecting bolts were still in position- plate 9.1.

Through the apertures, we could observe:

- The support frame and the cradle were completely separated.

The container was not opened.

Once checks had been made for any possible uranium contamination, on the 29/09/98 the container was
dispatched to ROMANS for expert appraisal.

11 .- 1.- 1
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4.2 Drop N° 2 :' Plates 5, 6 and 7 

Configuration: 

The configuration of the second drop was modified at the request of the Safety Authorities. The 
container was thus placed above the bar with a horizontal angle of incidence of 15°. The mating surface 
of the shells forming an angle of 49° with the vertical. 

Sequence: 

The bar perforated the shell; the edge of the bar struck the door at the level of the calculation point 
given in reference note [5]. The container "bounced back" then pivoted sideways and came to a 
standstill hooked onto the bar, the latter remaining wedged in the upper shell. The container rested on 
the target supported on its bottom side on a 225° axis and with its top side supported by an outrigger 
which opened out during the impact - plate 6.1. 

Condition of container: 

Through the apertures in the shell, we could observe the following: 

- Indentation of the upper sheet metal panel of the door over an area of approximately 500 mm -
plates 6.2 and 7.1, 

- Rupture of the upper sheet metal panel of the door on two axes - plates 6.2 and 7.2, 

-The cradle-frame connection cable was damaged but continued to be operational. 

The container was not open. 

4.3 Drop N°3 - Plates 8 and 9 

Configuration: 

The container was placed 9 m above the target with a longitudinal angle of incidence for the frame of 
15.2°. (This reason for this angle is given in reference note [2]). 

Sequence: 

The initial impact was at the foot of the container. The container then pivoted and struck the target on 
the upper side at maximum speed. It was not possible to see the alternated bounces by direct 
observation. The container was immobilised on the damaged axis - plate 9.1. 

Condition ofthe container: 

Once the container had been turned over, we observed the following: 

- The container was no longer cylindrical at the two ends - plates 9.2 and 9.3. 

- All the half-shell connecting bolts were still in position- plate 9.1. 

Through the apertures, we could observe: 

- The support frame and the cradle were completely separated. 

The container was not opened. 

Once checks had been made for any possible uranium contamination, on the 29/09/98 the container was 
dispatched to ROMANS for expert appraisal. 
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5. RESULTS OF THE ACCELEROMETER MEASUREMENTS

All accelerometer measurements taken during the drop tests are collected in a specific report issued by
CESTA.

The most significant accelerograms are given in Appendix 3.

These are the measurements recorded during the 9 m flat drop by the 4 sensors positioned at the top and
bottom ends (sensors 1 and 2 are positioned at the bottom end of the frame while 9 and 10 are positioned at
the top end). The signals are filtered at 1,000 Hz.

6. EXPERT APPRAISAL UPON COMPLETION OF THE TEST SERIES

Upon completion of the drop tests, the container was transported to the FBFC factory in ROMANS. It was
placed in the container maintenance bay for expert appraisal.

- 6.1 Expert appraisal of outer parts - 01.10.98 - Plate 10
0"o

C,

M.- The cover had been subjected to substantial stress during the three successive drops - plates 10.1 and 10.2.
-..) No components seemed close to becoming detached. The cover remained in place against the upper shell.

CD The alignment pins between bolts 5 and 6, and 46 and 47 had been sheared off All half shell connecting0
1 bolts had survived in position.

U_ The following could be observed on the upper shell:

- The drop onto bar (Test N°I) tore the shell over an area of 150 mm in width and 200 mm in height,
creating an unopened rupture some 350 mm in height (comer posts C and D - Appendix 4).z

a'_ - The drop onto bar (Test N'2), on the other side of the shell, created a tear 450 mm in height by 335 mm in
z width and an aperture of 150 mm (comer post H).
w
2 - The flat drop, crushed the shell - plate 10.2 - and caused a rupture at comer post F on one side (height
0 145 mm and width 60 mm), and comer post E on the other side (height 120 mm and width 40 mm). The

shell was deformed both lengthways and transversally. The deformation of the upper shell was measured
using a ruler placed against the shell and parallel with the set down surface of the container - plate 10.1.

"_ The results of these measurements are given in Appendix 4.

Opening the container - 01.10.98

After effortlessly withdrawing all the bolts, the cover was removed. The withdrawal of the bolts released
the stress and the cover was a few centimetres ajar. No sign of any shearing could be detected on the bolts.

Open shell

The support frame unit was completely separated from the cradle. It rested in an unstable position on one
side of the cradle - plate 11.1. The frame-cradle connecting bolts were either broken, or detached from the
fastening lugs, which had been bent.

The fixation of the swivelling bearing of the cradle was broken.

The shock absorbers were undamaged and in their initial positions - plates 15.1 and 15.2. Out of the 24
shock mounts in position, five were partially ruptured.

The frame was positioned safely so that the expert appraisal could be performed and the doors opened. No
uranium contamination was found.
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5. RESULTS OF THE ACCELEROMETER MEASUREMENTS 

All accelerometer measurements taken during the drop tests are collected in a specific report issued by 
CESTA. 

The most significant accelerograms are given in Appendix 3. 

These are the measurements recorded during the 9 m flat drop by the 4 sensors positioned at the top and 
bottom ends (sensors I and 2 are positioned at the bottom end of the frame while 9 and 10 are positioned at 
the top end). The signals are filtered at 1,000 Hz. 

6. EXPERT APPRAISAL UPON COMPLETION OF THE TEST SERIES 

Upon completion of the drop tests, the container was transported to the FBFC factory in ROMANS. It was 
placed in the container maintenance bay for expert appraisal. 

6.1 Expert appraisal of outer parts - 01.10.98 - Plate 10 

The cover had been subjected to substantial stress during the three successive drops - plates 10.1 and 10.2. 
No components seemed close to becoming detached. The cover remained in place against the upper shell. 
The alignment pins between bolts 5 and 6, and 46 and 47 had been sheared off. All half shell connecting 
bolts had survived in position. 

The following could be observed on the upper shell: 

- The drop onto bar (Test N°t) tore the shell over an area of 150 mm in width and 200 mm in height, 
creating an unopened rupture some 350 mm in height (comer posts C and 0 - Appendix 4). 

- The drop onto bar (Test N°2), on the other side of the shell, created a tear 450 mm in height by 335 mm in 
width and an aperture of 150 mm (comer post H). 

- The flat drop, crushed the shell - plate 10.2 - and caused a rupture at comer post F on one side (height 
145 mm and width 60 mm), and comer post E on the other side (height 120 mm and width 40 mm). The 
shell was deformed both lengthways and transversally. The deformation of the upper shell was measured 
using a ruler placed against the shell and parallel with the set down surface of the container - plate 10.1. 
The results of these measurements are given in Appendix 4. 

Opening the container - 01.10.98 

After effortlessly withdrawing all the bolts, the cover was removed. The withdrawal of the bolts released 
the stress and the cover was a few centimetres ajar. No sign of any shearing could be detected on the bolts. 

Open shell 

The support frame unit was completely separated from the cradle. It rested in an unstable position on one 
side of the cradle - plate 11.1. The frame-cradle connecting bolts were either broken, or detached from the 
fastening lugs, which had been bent. 

The fixation of the swivelling bearing of the cradle was broken. 

The shock absorbers were undamaged and in their initial positions - plates 15.1 and 15.2. Out of the 24 
shock mounts in position, five were partially ruptured. 

The frame was positioned safely so that the expert appraisal could be performed and the doors opened. No 
uranium contamination was found. 
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6.2 Frame-closed doors unit- Plates 11 and 12

Results of the flat drop (Test N'3)

Following the flat drop, we could observe a large bow in the frame-door unit in relation to the horizontal
plane - plate 11.1. The bowing was not visible on the vertical plane.

The measurement indicated a regular bow of 30 mm in the horizontal plane and confirmed the absence of
any bowing in the vertical plane. The profilometry of the first measurement is given in Appendix 5. It was
drawn up on the basis of readings taken from the upper part of the central core.

A 19 mm indentation in the upper panel of the two doors could be observed from the top side. This
identation corresponded to the higher-rigidity stiffening angle bar on the upper shell. The profilometry of
this area is given in Appendix 6.

We can see that over the surface of the door containing the test load the connecting weld between the upper
and lower sheets had been ruptured. The edges of the crack were separated by 2 mm, and revealed the resin

M contained inside - plate 12.1.

Results of the drops onto bar tests N'I and 2 - plates 6, 7,13 and 14

U) In the areas where the outer surface of the door had been deformed as a result of the drops onto the bar -
C plate 13.1, the steel was particularly strain hardened.

LM The points of impact for drop tests 1 and 2 were in identical positions, forming an indentation 500 mm
(D lengthways and 53 mm in depth at the lowest point (Appendix 6). The impact was clearly located in the
a comer of the door containing the assembly. The shape of the impression made it possible to identify the

angle of incidence of the bar and its orientation - plate 13.2.
U-

M These two successive drops onto the same area also caused the material to rupture along two lines - plates
7 and 14:

- A first longitudinal line in the plane of the weld, separating the upper and lower metal sheet, with a length
of 70 mm and a maximum aperture of 10.5 mm,Z

,U - A second line, perpendicular to the first, close to the door stiffener with a height of 30 mm and an aperture
Sof 7 mm.

< These ruptures revealed the resin contained inside.

9 Door hingesU_
No hinge pins were broken or deformed. No cracking could be observed in the adjacent areas.

Door locks

The lock pins were all in place and had not been deformed, particularly at the point which had undergone
the most stress near to the impact of the two bars - plate 13.1.

Doors

The doors were bowed in the same way as the frame unit. The gaps between doors and frame were
measured in Appendix 5. The maximum value recorded is 5 mm.

End plates

The end plates remained in their respective positions in relation to the doors and frame. The connecting
pins were still in position - plates 11.1 and 11.2.
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6.2 Frame-closed doors unit - Plates 11 and 12 

Results of the flat drop (Test N°3) 

Following the flat drop, we could observe a large bow in the frame-door unit in relation to the horizontal 
plane - plate 11.1. The bowing was not visible on the vertical plane. 

The measurement indicated a regular bow of 30 mm in the horizontal plane and confirmed the absence of 
any bowing in the vertical plane. The profilometry of the first measurement is given in Appendix 5. It was 
drawn up on the basis of readings taken from the upper part of the central core. 

A 19 mm indentation in the upper panel of the two doors could be observed. from the top side. This 
identation corresponded to the higher-rigidity stiffening angle bar on the upper shell. The profilometry of 
this area is given in Appendix 6. 

We can see that over the surface of the door containing the test load the connecting weld between the upper 
and lower sheets had been ruptured. The edges of the crack were separated by 2 mm, and revealed the resin 
contained inside - plate 12.1 . 

Results of the drops onto bar tests N°l and 2 - plates 6, 7,"13 and 14 

In the areas where the outer surface of the door had been deformed as a result of the drops onto the bar -
plate 13.1, the steel was particularly strain hardened. 

The points of impact for drop tests 1 and 2 were in identical positions, forming an indentation 500 mm 
lengthways and 53 mm in depth at the lowest point (Appendix 6). The impact was clearly located in the 
comer of the door containing the assembly. The shape of the impression made it possible to identify the 
angle of incidence of the bar and its orientation - plate 13.2. 

These two successive drops onto the same area also caused the material to rupture along two lines - plates 
7 and 14: 

- A first longitudinal line in the plane of the weld, separating the upper and lower metal sheet, with a length 
of70 mm and a maximum aperture of 10.5 mm, 

- A second line, perpendicular to the first, close to the door stiffener with a height of 30 mm and an aperture 
of7mm. 

These ruptures revealed the resin contained inside. 

Door hinges 

No hinge pins were broken or deformed. No cracking could be observed in the adjacent areas. 

Door locks 

The lock pins were all in place and had not been deformed, particularly at the point which had undergone 
the most stress near to the impact of the two bars - plate 13.1. 

Doors 

The doors were bowed in the same way as the frame unit. The gaps between doors and frame were 
measured in Appendix 5. The maximum value recorded is 5 mm. 

End plates 

The end plates remained in their respective positions in relation to the doors and frame. The connecting 
pins were still in position - plates 11.1 and 11.2. 
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6.3 Shock absorbers - Plate 15

In the absence of an axial drop, the shock absorbers were not really subjected to any serious stress.
However, we can observe that they did not change position and would have still been capable of
performing their duties if subjected to different drop kinetics - plates 15.1 and 15.2.

6.4 Opening of inner cavities (assembly housings)

The doors were opened on 2nd October 1998 for examination of the inner cavity and test load.

The connecting pins between the top/bottom plates and the doors were extracted without difficulty,
together with the 20 door hinge pins. The doors were then opened manually.

6.5 Assembly - Plates 17 and 18

Thorough checks for any uranium contamination were carried out. The negative results obtained from0
the smear tests indicate that no rupture of the rod cladding had occurred. Inspection Appendix 9.

U The assembly was still in its initial position. There was no widespread longitudinal buckling; however it
C- was deformed in relation to the areas of impact resulting from the various drops. The two drops onto the

bar had permanently deformed the assembly between grids 5 and 6 to a depth of 12 mm. Seven connections
between the guide thimbles and threaded sleeves appeared to be intact, the others appeared clearly broken -
plates 18.1 and 18.2.

The grid cell lattice was pressed in but retained mechanical cohesion. All the grids were buckled sideways
on the vertical axis, reducing certain areas of the cross section to 185 mm (reading appendix 7). On the

A) horizontal axis, this effect was less acute: in the region of 3 mm.

Z The dimensions of the assembly envelope remained below the initial value of 214x214 (average values of
ia_ I 197 mm vertically and 217 mm horizontally) (Reading Appendix 6).

Z

6.6 Test load
0
< Investigating the test load, we could see a bowing equal to that of the support frame, without any rupture.

During the flat drop, the test load made an extremely marked impression on the inner surface of the door.

6.7 Expert appraisal of Cavities

The assembly and test load were removed from the container and set out on the ground. These two pieces
retained full cohesion - plates 19.1 and 19.3.
In the areas of the bar impacts, the deformations observed on the inner surface were not exact mirrors; the

resin packing had spread out the stresses, resulting in more 'rounded' deformations in the inner wall.

The inner cavity gap was measured, using equipment capable of simultaneously reading the parallelism and
the distance between opposing surfaces in two axes. The measurements were made with reference to a
previously drawn-up wire frame diagram. The readings taken prior to the drops were then compared with
the readings afterwards. We can thus state that the cavity gap did not alter significantly - Appendix 8.

Overall, the average cross-sectional area had decreased. The maximum dimensions observed locally did
not at any point exceed the nominal value of 219 mm. This result confirms that in accident conditions, the
initial dimensions taken into consideration in the criticality studies do not change.
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6.3 Shock absorbers - Plate 15 

In the absence of an axial drop, the shock absorbers were not really subjected to any serious stress. 
However, we can observe that they did not change position and would have still been capable of 
performing their duties if subjected to different drop kinetics - plates 15.1 and 15.2. 

6.4 Opening of inner cavities (assembly housings) 

The doors were opened on 2nd October 1998 for examination of the inner cavity and test load. 

The connecting pins between the toplbottom plates and the doors were extracted without difficulty, 
together with the 20 door hinge pins. The doors were then opened manually. 

6.5 Assembly - Plates 17 and 18 

Thorough checks for any uranium contamination were carried out. The negative results obtained from 
the smear tests indicate that no rupture of the rod cladding had occurred. Inspection Appendix 9. 

The assembly was still in its initial position. There was no widespread longitudinal buckling; however it 
was deformed in relation to the areas of impact resulting from the various drops. The two drops onto the 
bar had permanently deformed the assembly between grids 5 and 6 to a depth of 12 mm. Seven connections 
between the guide thimbles and threaded sleeves appeared to be intact, the others appeared clearly broken -
plates 18.1 and 18.2. 

The grid cell lattice was pressed in but retained mechanical cohesion. All the grids were buckled sideways 
on the vertical axis, reducing certain areas of the cross section to 185 mm (reading appendix 7). On the 
horizontal axis, this effect was less acute: in the region of 3 mm. 

The dimensions of the assembly envelope remained below the initial value of214x214 (average values of 
197 mm vertically and 217 mm horizontally) (Reading Appendix 6). 

6.6 Test load 

Investigating the test load, we could see a bowing equal to that of the support frame, without any rupture. 
During the flat drop, the test load made an extremely marked impression on the inner surface of the door. 

6.7 Expert appraisal of Cavities 

The assembly and test load were removed from the container and set out on the ground. These two pieces 
retained full cohesion - plates 19.1 and 19.3. 

In the areas of the bar impacts, the deformations observed on the inner surface were not exact mirrors; the 
resin packing had spread out the stresses, resulting in more 'rounded' deformations in the inner wall. 

The inner cavity gap was measured, using equipment capable of simultaneously reading the parallelism and 
the distance between opposing surfaces in two axes. The measurements were made with reference to a 
previously drawn-up wire frame diagram. The readings taken prior to the drops were then compared with 
the readings afterwards. We can thus state that the cavity gap did not alter significantly - Appendix 8. 

Overall, the average cross-sectional area had decreased. The maximum dimensions observed locally did 
not at any point exceed the nominal value of 219 mm. This result confirms that in accident conditions, the 
initial dimensions taken into consideration in the criticality studies do not change. 
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Over the indented area (the results of the drops onto the bar), we observed a slight variation in the thickness
of the door surface (48 mm instead of 50 mm) at the point of maximum compression. The area affected by
this reduction was in the region of 20 cm 2; it was compensated by an increase in the thickness of the
adjacent areas (to 52 mm), due to the expulsion of the resin.

6.8 Resin

Over the area of impact made by the two -drops onto the bar, the rupture of the door containing the
assembly revealed the resin contained inside which appeared in a fragmented form - plates 14.1, 14.2 and
7.2.

7. CONCLUSIONS

C The analysis appended to Table 7.1 shows that the following safety components:

> - Top and bottom plate connections with the frame-doors unit,

- Doors - frame connection,

U) - Half-shell connector bolts,

C- Axial shock absorbers,

continued to perform their duties after completion of the three successive drops (two drops onto the bar and
one 9 m flat drop).

The frame-doors unit was damaged during the mechanical tests. The shrinking of the cavity gap had turned
LL-. out to be a positive parameter in terms of the criticality study, and the ruptures of the doors can be

considered to be the cumulative result of the two drops onto the bar whose target was the same point of
z impact on the door containing the assembly.

ca_ I These results show that the drop configurations chosen in document [2] are very penalising for the
zz< container, but the latter has performed positively from a mechanical viewpoint in relation to the criticality

"' risk.
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Over the indented area (the results of the drops onto the bar), we observed a slight variation in the thickness 
of the door surface (48 mm instead of 50 mm) at the point of maximum compression. The area affected by 
this reduction was in the region of 20 cm2

; it was compensated by an increase in the thickness of the 
adjacent areas (to 52 mm), due to the expulsion of the resin. 

6.8 Resin 

Over the area of impact made by the two ·drops onto the bar, the rupture of the door containing the 
assembly revealed the resin contained inside which appeared in a fragmented form - plates 14.1, 14.2 and 
7.2. 

7. CONCLUSIONS 

The analysis appended to Table 7.1 shows that the following safety components: 

- Top and bottom plate connections with the frame-doors unit, 

- Doors - frame connection, 

- Half-shell connector bolts, 

- Axial shock absorbers, 

continued to perform their duties after completion of the three successive drops (two drops onto the bar and 
one 9 m flat drop). 

The frame-doors unit was damaged during the mechanical tests. The shrinking of the cavity gap had turned 
out to be a positive parameter in terms of the criticality study, and the ruptures of the doors can be 
considered to be the cumulative result of the two drops onto the bar whose target was the same point of 
impact on the door containing the assembly. 

These results show that the drop configurations chosen in document [2] are very penalising for the 
container, but the latter has performed positively from a mechanical viewpoint in relation to the criticality 
risk. 
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laterally-oriented housing during the frame resin performance
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- Limits rises in - decrease in protection monitored - regular thickness of resin performance
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shell and upper shells some of the energy absorbers the drop onto bar test n l

connection connecting bolts - 9 m flat drop
- Maintains the - Strong resistance of
energy absorbers in connection upon
position completion of tests

Axial energy - Absorbs the efforts - deformation of - axial damage of - crashing of shell no- 9 m axial drop Absorbers have not been no
absorbers applied to the absorbers assembly and frame-doors (not carried out, subjected to any stress

assembly during the unit justified by and remain intact and in
axial shocks - sliding of means of position
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APPENDIX 1

DIAGRAM OF 17 X 17 14 foot ASSEMBLY
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Verticaldeformation

Grid 1 211.2 215.3 5.2
Inter grid 203.8 211

Grid 2 201.8 216.5 7.8
Inter grid 200.4 213.5
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H W 
Vertical 

H W deformation 
Grid 1 211.2 215.3 5.2 

Inter grid 203.8 211 
Grid 2 201.8 216.5 7.8 

Inter grid 200.4 213.5 
Grid 3 203 216.9 10.9 

Inter grid \ 200.1 211 
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Inter grid 193.9 215 
Grid 6 194 215.4 10 
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Inter grid 183.2 216.4 
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Inter grid 178.8 217.1 
Grid 9 185.1 221.6 8.3 

Inter grid 186.6 217.2 
Grid 10 211.6 218 2.8 

TO 01. ", 



FR
A

M
A

T
O

M
E

 A
N

P
 -

N
u
cl

ea
r F

ue
l -

D
es

ig
n 

an
d
 S

a
le

s 
D

iv
is

io
n

D
ef

or
m

at
io

n 
of

 g
ri

ds

2 
-

E E

20
0 ý.
O

C
 

L

C
,

E~
~IV

-n
4>

0 K z

-4

0l

lo
ng

it
ud

in
al

 a
xi

s 
(m

m
)

X G
)

M
i

-I -n X K
-)

0

I 
I_

__

t: 
.12 
.!Q 
.~ 
Q 
VI 
~ 
('0 

C/) 

1::) 
t: 
('0 

t: 
.2> 
VI 
(]) 
Q 
I 

v 
tf 
..... 
('0 

~ g 
Z 
I 

a.. z 
<:( 

lJJ 
::§: e 
~ 
~ 
Li... 

A Appendix 7 N° TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A7 - 3/4 

DIMENSIONAL READINGS OF ASSEMBLY UPON COMPLETION OF DROP 
TEST SERIES 

VI 

~ 
C) .... 
0 
c 
0 

il 
E 
~ 
0 

I 

.., 

~ 
! 

§ 
'.f 

<;.( 
S2 
'.' 
" 

~ I i 

;.. =~E .... _,J·,-ttt· ' ...... -~ 
, 0 I I I I ! 

~ j ! I , I ,;, 
'" -t,·,,', .. ' ·1· I. .. '.' u' ,In 

~ I 
III 
I! 

. ~u 
~ .... Q!tIU!, ~ 

.j )'1-

E 
o z 

;~~ 

'E' 
§. 
.!!! 

~:: ; 
~~: ce 

.= 
-g 
~ 
C) 
c 

8 oS! 
" 
',"J 

~~ 

,1, ·1 f;. "';, f~; 

i I r I i I 
~~~--~ I ...i .., ... ! ~;; 

fl. 
'" 

~j 
N 

o 
~, 8 

(\l 

<;> 'n 

(ww) &~""weJrl$"eVII 

I " 1 ,(1 

() 

o 
I~ 

[l]
li\ 

E ,. 
o 
~ 
10 

2 



FR
A

M
A

T
O

M
E

 A
N

P 
-

N
uc

le
ar

 F
ue

l 
-

D
es

ig
n 

an
d 

S
al

es
 D

iv
is

io
n

-
n

0 z -U

C
D

-4

A
ss

em
b
ly

 d
ef

o
rm

at
io

n

o= 2. 0 0o
0 0 z

C
O

O
)

i

Im
p
ac

t 
o
f 
d
ro

p
s 

o
n
to

 
b

ar

Im
p

ac
t 

o
f 

fl
at

 d
ro

p

4.
O

C
"4

 
50

00

L
on

gi
tu

di
na

l 
ax

is
 o

f 
as

se
m

bl
y 

(m
m

)

rn C
O

G
) ni

z X 0 0 N
,

C
)

c: 
.2 
Ul 

:~ 
0 
Ul 
<1l 
Cii en 
'0 
c: 
co 
c: 

.2> 
Ul 
<1l 
0 
I 

Qi 
:J 
u. 
ro 
<1l 
(3 
:J 
Z 
I 

a.. 
Z « 
W 
~ 
0 
I-« 
~ 

~ 
u. 

A Appendix 7 N° TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A7 - 4/4 

DIMENSIONAL READINGS OF ASSEMBLY UPON COMPLETION OF DROP 
TEST SERIES 

c: 
0 

i 
E ... 
.g 
CII 
'C 

~ 
.c 
E 
CII 
til 
til 
c( 

i 

n 
,,) 

ASSEMBLY DEFORMATION 

I· "l'\: -I f i 
! 

'l; 
~ 
u 

f '~I } 

f,j S! <.~ c' 

(ww) UOI~VWJOJea 

... I· 

t;; ..., 
g 
c 
0 
Oft 
Il. 

e ... 
'l; 

I , 

Q <;, 
., 
~~) 

8 
I:> 
H) 

c, 
o ." ·.r 

~) 

~~ 
";', 

~~.~ 
:!! 

;::; 
() ", 

(\ 
H' 
t\1 

c. 
() 
C') 

." 

:::; 
:n 

C1 

E 
§. 
>-::c 
E 
CII 
til 

:Q .... 
0 
til 
'x 
tel 

ie 
c: 
:a 
.2 
'5 
c: 
0 

....I 



Annexe 8

A
FRAMATOME ANP

Appendix 8 N' TFXE DC 2132 EO

REV. B
PAGE A8- 1/5

APPENDIX 8

MEASUREMENT OF THE INNER CAVITY
c
0

co

U)

c

0)

(I)

IL

LL

L-)

z

z

0

LL

-P nl A L, I

Annexe 8 

c: 
o 
'iii 
'S; 

is 
rJl 
Q) 

ro 
C/) 

'0 
c: 
ro 
c: 
OJ 
'iii 
Q) 

o 
I 

Qi 
::J 

LL .... 
ro 
Q) 

U 
::J 
Z 
I 

0... 
Z « 
W 
~ 
o 
~ 
~ 

~ 
LL 

A 
FRAMATOME ANP 

Appendix 8 N° TFXE DC 2132 EO 

REV, B PAGE A8 - 1/5 

APPENDIX 8 

MEASUREMENT OF THE INNER CA VITY 

TO n1. Ri 



FRAMATOME ANP - Nuclear Fuel - Design and Sales Division

0
K

z
"UHousing cross section limit 219 '219 mm 2

Average height of housing

z 

/

EA

I

Impact from flat drop

0

Co 0
Top

0
0.
x°
Go

Impacts from drops onto bar

Bottom

Longitudinal axis (mm)

This curve does not go beyond the lowest point
of the drop(s) onto bar

-o average height before drops

-I-- average height after drops

;0

t

5

Mi

z

-Hi-nx
m

C-2
CA)

C)

-i

. Bottoml 

FRAMATOME ANP - Nuclear Fuel - Design and Sales Division 

Average height of housing 
Housing cross section limit 219 '219 mm> 

I Impacts from drops onto bar Impact from flat drop 
I--_~_ .. -_-.~._-_-_-_-.~-_.-__ --~-_-_-_-_-_. _____ . _________ .~._.~ __ ._~.~ __ .~ ..... _._~ .. _. ==========-------1 

-------_._--, -~----.--~.,-------. 

This curve does not go beyond the lowest point 
of the dropls) onto bar 

Longitudinal axis (mm) 

i~ average height before drops 

I ~ average hei.ght after drops 

Top 

» 
"0 
"0 
(I) 
:l 
C. 
><" 
co 



FRAMATOME ANP - Nuclear Fuel - Design and Sales Division

Average width of housing

-n

0

m

z
"U

x,
*O

220.0

0

m
z

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Longitudinal axis (mm) -- 4 Averagle width before d

5000

droos I

--q-nX
m

Average width after drops
-0
G)
m

OD
Co

-4

I _ _ I_ _

E 
§. -~ 
Cl 
'iii 
:I: 

FRAMATOME ANP - Nuclear Fuel- Design and Sales Division 

Average width of housing 

~0.0r-~------------------------------~~r-------------------------------------------! 

Housing cross section limit 219'219 mm2 

I 

I 
I 

I 
I 
I 
I 
I 

I.o.omll 
210.0 

0 500 1000 1500 2000 

Impacts from 
drops onto bar 

2500 3000 

Longitudinal axis (mm) 

3500 

Impact of nat drop 

I I 

4000 4500 5000 

~ Average width before drops 

-m- Average width after drops 

:::0 
m 
:< 
OJ 

"U » 
G) 
m 

» 
ex> 

w u; 

» 
"0 
"0 
(I) 
::l 
c.. 
)C' 
eo 

Z 
0 

--l 

" X 
m 
0 
() 

N ...... 
w 
N 

m 
0 



FRAMATOME ANP - Nuclear Fuel - Design and Sales Division

M-n

0
K

z
"U1i Housing cross section limit 219'219 mm2 I Housing cross section

48000

47000

46000

45000

44000

43000

E
E

C

(D

3
a.xCo
R,

42000

41000

BottomO

40000

m
<

m

mO

T

M

z

-"1
X

m

0

C)

0 500 1000 1500 2000 2500 3000 350 4000 4500 5000

Longitudinal axis (mm)

n

N 
E 
.§. 
c 
o 
:= ... 
Q) 
III 
III 
III 

e 
u 

FRAMATOME ANP - Nuclear Fuel- Design and Sales Division 

Housing cross section limit 219'219 mm2 Housing cross section 

48000 ---~--

48OOOt_------------------------------------~--------+_--------~~._--------------_+----; 

4~O+_--------------------------------------_4-------4_------------------~~--------~-----1 

~+,----------------------------------------~----J-----------------------_4r_----~------: 
! 
I 
I 

~ot_--------------------------------------~~~------------------------_4~~--------

!I I Impacts from drops onto bar 
42000 +-; --------1 

I 
II '---------------------" Impact from flat drop I 

I 

4100.0+1--------------------------------------------------------I------------------------~' 
.....- Average cross section before drops -1 ~ 

I Bottom I, I :,:, Top, . . I -+- Average cross section after drops 

4~t-------~------~-----_+I-----~I-----~I--------+_----~~::::::~::::====~,::::::~i 
o ~ 1000 1500 2000 2500 3000 3~ 4000 4500 5000 

Longitudinal axis (mm) 

» 
"C 
"C 
CD 
::::I 
c.. 
x' 
0) 



FRAMATOME ANP - Nuclear Fuel - Design and Sales Division

- n

0

z
Tu

Average housing dimensions

Housing cross section limit 219'219 mm2

zT

0.=

CD
3-"O

To-pI

0 500 1000 1500 2000 2500 3000 3500

Longitudinal axis (mm)

Aflflfl 4A4IO

j-- Average dimensions before drop
-a- Average dimensions after drop

X

M
5

0,

U,

z

C-)

FRAMATOME ANP - Nuclear Fuel - Design and Sales Division 

Average housing dimensions 

Housing cross section limit 219'219 mm2 

220.0 ~======--==-=--=-=--==-==::.==.=========-=-=-------.---

215.0 +--------------------+-------r------~-----------I'----

E 
E . 

i 210.0 ·1 .. · .... ···-····· .. · 

~ I 
§ I 
C I 

205.0 +1----
I 

. "---'''-'' .-------

I i I Impacts from drops onto bar I 
1sottomll 

roo.o .. ~I-----~----,I-------+I~·----_+I----~-----~-----_+-----rl-----~----~ 
o 500 1000 1500 rooo 2500 3000 3500 4000r-__ ~!.L.. __ ....>lI.!lU.. ___ -, 

Longitudinal axis (mm) 
I~ Average dimensions before drop 

! -Ei- Average dimensions after drop 



Annexe 9

A
FRAMATOME ANP

Appendix 9 No TFXE DC 2132 EO

REV. B PAGE A9- 1/2

APPENDIX 9

RADIOLOGICAL INSPECTION REPORT

TP MI RP4, 1

Annexe 9 

A 
FRAMATOME ANP 

c:: 
o 

"00 
"S: 
o 
en 
Q) 

ro en 
"0 
c:: 
C1l 
c:: 
OJ 

"00 
Q) 

o 
I 

Qj 
::J 
u.. 
ro 
Q) 

C3 
::J 
Z 
I 

Cl... 
Z 
<{ 
w 
:2: 

~ 
:2: 

~ 
u.. 

Appendix 9 N° TFXE DC 2132 EO 

REV" B PAGE A9 - 1/2 

APPENDIX 9 

RADIOLOGICAL INSPECTION REPORT 

TO C1A Ro, 



Appendix 9 N0 TFXE DC 2132 EO

A
FRAMATOME ANP

Appendix 9
I-N

TFXE DC 2132 EO

REV. B PAGE A9-2/2

Tr ni APýý i

A Appendix 9 TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A9 - 2/2 

c: 
o 

'00 .:; 
(5 
en 
Q) 

Cii en 
'C 
c: 
ro 
c: 
OJ 

'00 
Q) 

o 
I 

Qi 
:J 

I..L. 

Co 
Q) 

U 
:J 
Z 
I 

n.. 
z « 
UJ 
~ 

~ 
~ 

~ 
I..L. 

FBFC/CERCA 

ROMANS 
RADIOLOGICAL INSPECTION REPORT 

INSTALLATION: Container Bay 

SPR No 2 
Rev. 0 

INSTRUMENT USED: SWAB TESTING PROBE: 

Instrument Number: NV16 Probe N°: 

DATE OF REQUEST: 02/10/1998 ENQUIRER: Mr Tirad 

PURPOSE: Inspection of ROD ASSEM8L Y FXOF9A for Proto 2 Test 

RESULT: In 8q/Cm2 

Smear test N"1 to 9 (J. <0.04 • [\<0.4 

Smp.ar tp.st Too and Bottom (~ <0.04 . 11<0.4 

Smp.ar tp.st Bar IJ. <0.04 - [\<0.4 

OBSERVATIONS: 

SQ5 P6 

DISTRIBUTION: SPR => Mr Tirad 

OPERATOR: N/\ME: T. ROUXEL SPR CHIEF: 

STt\I\W: G. BOURDIN 

No: 
98570 



Annexe 10

A
FRAMATOME ANP

Appendix 10 N° TFXE DC 2132 EO

REV. B PAGE A10-1/24

APPENDIX 10

PHOTO REPORT- 19 PLATES
M

(I)

CL

LU
a,

0

U-

TF MRRA,, I

Annexe 10 

c 
a 
'iii 
'S; 
(5 
rn 
Q) 

Cii 
en 
'C 
c 
ro 
c 
OJ 
'iii 
Q) 

o 
I 

Q) 
::J 

LL 

Co 
Q) 

U 
::J 
Z 
I 

0... 
Z « 
W 
~ 
o 
!d: 
~ 

~ 
LL 

A 
FRAMATOME ANP 

Appendix 10 N° TFXE DC 2132 EO 

REV, B PAGE A10-1/24 

APPENDIX 10 

PHOTO REPORT - 19 PLATES 

T"O' 'RAV 



A
FRAMATOME ANP

Appendix 10 N' TFXE DC 2132 EO

REV. B PAGE A1O-2/24

DROP ONTO BAR Nol

C
0

W

Co

Cn

LL

CU
0)

CLI

z

0

DROP ONTO BAR N01

Assembly

Test load

Mating surface

Bottom side plan view

c: 
o 

'00 
':;; 
(5 
(/) 
Q) 

co 
(/) 

'0 
c: 
ro 
c: 
Ol 

'00 
Q) 

o 
I 

Qi 
:::J 

U. 
L.. 

ro 
Q) 

U 
:::J 
Z 
I 

n.. 
z « 
w 
~ 
o 
~ 
~ 

~ u. 

A 
FRAMATOME ANP 

Appendix 10 TFXE DC 2132 EO 

REV, B PAGE A10 - 2/24 

DROP ONTO BAR N°t 

1m 

1,2m 

DROP ONTO BAR N°1 

Assembly --'-r--~~_ 

Test load --
Bottom side plan view 

___ .-/ \ Mating surface 

29 clcg 



A
FRAMATOME ANP

Appendix 10 N' TFXE DC 2132 EO

REV. B PAGE A10-3/24

PLATE I

a)

CI

0

U-

PROTOTYPE 2 CONTAINER

TFP nl RAý i

c 
o 
'iii 
':;; 
i5 
en 
Q) 

"'iii 
C/) 

"C 
C 
co 
c 
OJ 
'iii 
Q) 

o 

(j) 
::J 

LL 

Iii 
Q) 

13 
::J 
Z 
I 

a.. 
Z « 
w 
~ 
o 
~ 
~ 

~ 
LL 

A 
FRAMATOME ANP 

Appendix 10 TFXE DC 2132 EO 

REV, B PAGE A10 - 3/24 

PLATE 1 

PROTOTYPE 2 CONTAINER 



A
FRAMATOME ANP

Appendix 10 No TFXE DC 2132 EQ

REV. B PAGE A10- 4/24

'0

c-

L,)

=3

a)

0

U-

,a)

CLI
I

z
Ulz

0
I-

13.

PLATE 2

DROP N°1

- 22.09.98

2.1.

2.2.

A Appendix 10 TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 - 4/24 

PLATE 2 

c::: DROP N°1 
0 

'Cij 

- 22.09.98 'S; 
(5 
'C/) 
Q) 

m 
(/) 

"C 
c::: 
ro 
c::: 
OJ 

'Cij 
Q) 

0 
I 

Q) 
::J 
U. ... 
ro 

2.1. 
Q) 

U 
::J 
Z 
I 

n. 
Z « 
UJ 
~ 
0 
I-« 
~ 

~ 
u. 

2.2. 



A
FRAMATOME ANP

Appendix 10

PLATE 3

c0

U)

U)
"0
C:

C:

o,

LL
0
"-

z

I-

LLI

3.1.

3.2.

A Appendix 10 TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 - 5/24 

PLATE 3 

c: 
0 . iii 
.;;; 
(5 

3.1. (/) 
Q) 

ro en 
'C 
c: 
C\l 
c: 
OJ 
'iii 
Q) 

Cl 
I 

Qi 
:::J 

LL ... 
C\l 
Q) 
(3 
:::J 
Z 
I 

a.. 
z 
e:( 

w 
~ 
0 
f-
e:( 
~ 

~ 
LL 

3.2. 



A
FRAMATOME ANP

Appendix 10 No TFXE DC 2132 EO
i

REV. B PAGE A10-6/24

PLATE 4

4.1.

0

a)
=3
CO

a)

CI

0)

4.2.

c: 
o 

'00 
'S; 
(5 
en 
Q) 

<ii 
(/) 

"0 
c: 
co 
c: 
OJ 

'00 
Q) 

o 
I 

Qi 
::J 

LL 
.... 
co 
Q) 

c::; 
::J 
Z 
I 

a... 
z « 
w 
::2: 
o 
~ 
::2: 

~ 
LL 

A Appendix 10 

FRAMATOME ANP 

N° TFXE DC 2132 EO 

REV, B PAGE A10 - 6/24 

PLATE 4 

4.1. 

4.2. 



A
FRAMATOME ANP

Appendix 10 N' TFXE DC 2132 EO

REV. B PAGE AIO- 7/24

DROP ONTO BAR No1

c
0

ý0

U)
(D

CI

0

L-

DROP ONTO BAR N02

, Mating surface
/

Assembly

Test load

Bottom side plan view

4 'Or

/

.19 (fLc

T~l~1~PM~ I

c 
o 

'Ci) 
.;:; 
Ci 
rJ) 
Q) 

ro 
(/) 

"0 
C 
ro 
c 
OJ 

'Ci) 
Q) 

o 
I 

Qi 
::J u.. .... 
ro 
Q) 

U 
::J 
Z 

I 
0.. 
Z « 
w 
~ 
o 
~ 
~ 

~ 
u.. 

A Appendix 10 N° TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 - 7/24 

DROP ONTO BAR N°t 

1.2m 

DROP ONTO BAR W2 

/ Mating suiface 

~7JII~-.--+----. Test load 

Assembly 
/ 

-1 
// \ 

"-., 
' .. '-...~ Bottom side plan view 

·11) deg 



A Appendix 10 No TFXE DC 2132 E0
FRAMATOME ANP REV. B PAGE A10-

PLATE 5

5.1.

U)

0

a,

cu~

a, DROP N02 - 23.09.98 -

u

z

z

w

I-
13_MY

5,2. 5.3.

c 
o 
'iii .s; 
(5 
en 
Q) 

ro 
(f) 

"0 
C 
C1l 
C 
Cl . iii 
Q) 

o 
I 

Q5 
:::J 
u.. 
ro 
Q) 

u 
:::J 
Z 
I 

CL 
Z « 
w 
:2: 
o 
~ 
:2: 

c? 
u.. 

A 
FRAMATOME ANP 

5.2. 

Appendix 10 N° TFXE DC 2132 EO 

REV. B PAGE A10 - 8/24 

PLATE 5 

5.1. 

DROP N°2 - 23.09.98 -

5.3. 



A
FRAMATOME ANP

Appendix 10 No TFXE DC 2132 EO

REV. B PAGE A1O-9/24

PLATE 6

6.1.

6.2.

TP MA P4. I

c 
o 

'00 .:;: 
o 
rJ) 
Q) 

ro 
(f) 

"0 
C 
C\l 
c 
Ol 

'00 
Q) 

o 
I 

Q) 
:::J u.. 
~ 

C\l 
Q) 

U 
:::J 
Z 
I 

a.. 
z « 
w 
:2: 
o 
~ 
:2: 

~ 
u.. 

A Appendix 10 

FRAMATOME ANP 

N° TFXE DC 2132 EO 

REV. B PAGE A10 - 9/24 

PLATE 6 

6.1. 

6.2. 



A
FRAMATOME ANP

Appendix 10

PLATE 7

7.1.

CD

CI

z

0

LL

J

7.2.

A Appendix 10 N° TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 - 10/24 

PLATE 7 

7.' . 

c 
0 
'iii .:;; 
(5 
rJ) 
Q) 

co 
(f) 

'0 
C 
ro 
c 
OJ 
'iii 
Q) 

0 
I 

Q) 
:J 
U. 
.... 
ro 
Q) 

U 
:J 
Z 
I 

a.. 
Z 
e:( 

W 
~ 
0 7.2. I--
e:( 
~ 

~ 
u. 



A
FRAMATOME ANP

Appendix 10
No

TFXE DC 2132 EQ

REV. B PAGE A10-11/24

PLATE 8

DROP N03

- 23.09.98 -
r_
0

C,)

(D

U)
a,

z

0

L-

TP n11 AP,, I

c: 
o 

·00 .> 
o 
Ul 
(]) 

ro 
(j) 

"C 
c: 
C\l 
c: 
OJ 

·00 
(]) 

o 
I 

Q5 
::J 
u.. 
L.. 

C\l 
Q) 

(3 
::J 
Z 
I 

a.. 
Z « 
w 
:::iE 
o 
~ 
:::iE 

~ 
u.. 

A 
FRAMATOME ANP 

Appendix 10 N° TFXE DC 2132 EO 

REV. B PAGE A10 -11/24 

PLATE 8 

- 23.09.98-



A
FRAMATOME ANP

Appendix 10
IN

TFXE DC 2132 EO

REV. B
PAGE A10- 12/24

PLATE 9

c
0

.u
'0

ci

CI

z

0

U-

96/6
ZOO1d

I,

9.1.

9.2.

9.3.

V 2*2 2>242

2 2

Ta niQ -, I

c 
o 

'00 .s; 
o 
en 
Q) 

co 
C/) 

"0 
C 
ro 
c 
Cl 

'00 
Q) 

o 
I 

a:; 
::J 
u.. .... 
ro 
Q) 

C3 
::J 
Z 
I 

a.. 
Z « 
w 
:2: 
o 
~ 
:2: 

~ u.. 

A Appendix 10 

FRAMATOME ANP 

TFXE DC 2132 EO 

REV. B PAGE A10 -12/24 

9.1. 

86/6 
~ OiOl:ld 

9.2. 

9.3. 



A
FRAMATOME ANP

Appendix 10

9 m DROP

c
0

0

a)

*0

CI

0

LL

9 rn

FLAT DROP

18(0

270 90

A Appendix 10 N° TFXE DC 2132 EO 

FRAMATOME ANP REV, B PAGE A10 - 13/24 

9mDROP 

c: 
0 
'en 
'S; 
(5 
(J) 
Q) 

9 III "ffi 
(/) 

'0 
c: 
CtI 
c: 
OJ 
'en 
Q) 

0 
I 

Qi 
::J 

LL 
L. 

CtI 
Q) 

U 
::J 
Z 
I 

a.. 
z FLAT DROP 
« 
w 
:2i: 
0 
I-« 
:2i: 
~ lRO 
LL ---



A
FRAMATOME ANP

Appendix 10 No TFXE DC 2132 EO

REV. B PAGE A10-14/24

PROTO 2

EXPERT APPRAISAL UPON COMPLETION
OF THE TEST SERIES

c
0

U)

U)
(D

0)

z

0

I-

TFP 1 RlA I

c 
o 

"00 
"S; 

o 
(/) 
a.> 
iii 
(/) 

"C 
C 
co 
c 
OJ 

"00 
a.> o 
I 

Qi 
:::J 
u.. 
.... 
co 
a.> 

C3 
:::J 
Z 
I 

a.. 
Z « 
UJ 
~ 
o 
~ 
~ 

~ 
u.. 

A 
FRAMATOME ANP 

Appendix 10 N° TFXE DC 2132 EO 

REV" B PAGE A10 - 14/24 

PROTO 2 

EXPERT APPRAISAL UPON COMPLETION 
OF THE TEST SERIES 

TI' n1R RA' 



A
FRAMATOME ANP

Appendix 10 No TFXE DC 2132 EQ

REV. B PAGE A10- 15/24

c

0

cjn
a)

CI

0

LL

PLATE 10

10.1.

10.2.

T;:FAIRPAo I

A Appendix 10 TFXE DC 2132 EO 

FRAMATOME ANP 
REV, B PAGE A10 -15/24 

PLATE 10 

10,1, 
c: 
0 

'00 
';; 
(5 
CIl 
Q) 

ro 
(/) 

"C 
c: 
ro 
c: 
Ol 

'00 
Q) 

0 
I 

Qi 
::J 
li. 

Co 
Q) 

13 
::J 
Z 
I 

a.. 
z 
<l:: 
UJ 
~ 
0 
I-
<l:: 
~ 

~ 
li. 

10.2. 



A
FRAMATOME ANP

Appendix 10 No TFXE DC 2132 EQ
I-

REV. B PAGE A10-16/24

PLATE 11

11.1.c.2)

Lo

(/)

"[3
IL

c-

0
CL

a
0

LL

z

z
w
0J
O-

11.2.

T~fl10P~.~ I

A Appendix 10 N° TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 -16/24 

PLATE 11 

c 
0 

'00 
'> 
is 
Vl 

11.1. OJ 
"ffi 
(f) 

'C 
C 
ro 
c 
OJ 

'00 
OJ 
0 
I 

Qi 
::J u.. 
Co 
OJ 
U 
::J 
Z 
I 

a... 
z « 
UJ 
~ 
0 
~ 
~ 

~ 
u.. 

11.2. 



A Appendix 10 No TFXE DC 2132 EO
FRAMATOME ANP REV. B PAGE A10-1

PLATE 12

12.1.

U-

m

C

(I)

:3

CI

0

U-

12.2

z

z

UJl

0

I.-

12.2.

777,-

A Appendix 10 N° TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 - 17/24 

PLATE 12 

12.1. 

c:: 
0 . iii 
.s; 
(5 
C/) 
Q) 

co 
(f) 

'0 
c:: 
!1l 
c:: 
Cl 
'iii 
Q) 

0 
I 

Q5 
::J 
U. 
.... 
!1l 
Q) 

C3 
::J 
Z 
I 

a.. 
z 
e:( 

w 
~ 
0 
l-
e:( 
~ 

~ 
u. 

12.2. 



A
FRAMATOME ANP

Appendix 10

PLATE 13

c
0
Cd)

._o>

C/)

0)

"o

C,-

cu'

0

I
IO

a)

0

w
I

0)

LLI
I--

13.1.

13.2.

A Appendix 10 N° TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 - 18/24 

PLATE 13 

c 
0 
'iii 

13.1. .:;; 
is 
Vl 
Q) 

ro 
(/) 

"0 
C 
til 
C 
Ol 
'iii 
Q) 

0 

Q) 
:::J 
u.. ... 
til 
Q) 

13 
:::J 
Z 
I 

a.. 
Z « 
w 
~ 
0 
f-« 
~ 

~ 
u.. 

13.2. 



A
FRAMATOME ANP

Appendix 10 No TFXE DC 2132 EO

REV. B PAGE A10- 19/24

PLATE 14

c
0

U)
cu

c,
cu

U-

a,

z

t0I
z
uLJ

0

LL

14.1.

14.2.

TP nl A DA, 1

A Appendix 10 TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 - 19/24 

PLATE 14 

c 
0 

'00 .:;; 
is 
VI 
Q) 

ro 
(/) 

'0 
C 
ro 
c 
Cl 

'00 
Q) 

0 
I 

14.1. Q) 
:;) 

lJ.. .... 
ro 
Q) 

U 
:;) 

Z 
I 

Cl.. 
Z « 
w 
:::lE 
0 
~ 
:::lE 

~ 
lJ.. 

14.2. 



A
FRAMATOME ANP

Appendix 10 N0
TFXE DC 2132 EO

REV. B PAGE A10- 20/24

PLATE 15

15.1.

15.2.

TF7 MA PAo I

c: 
o 

·00 .s: 
(5 
CIl 
Q) 

Cii 
(/) 

-a 
c: 
til 
c: 
Ol 

·00 
Q) 

o 
I 

Q5 
::J 

U. .... 
til 
Q) 

U 
::J 
Z 
I 

0... 
Z « 
w 
~ 
o 
~ 
~ 

~ 
u. 

A Appendix 10 

FRAMATOME ANP 

TFXE DC 2132 EO 

REV. B PAGE A10 - 20/24 

PLATE 15 

15.1. 

15.2. 



A
FRAMATOME ANP

Appendix 10 No TFXE DC 2132 EO

REV. B PAGE A10-21/24

PLATE 16

c
0

Cl)

m,

U-

a)
=3

z
CLIz
LU

0

U-

16.1.

16.1.

Tr ni R PM,& j

A Appendix 10 TFXE DC 2132. EO 

FRAMATOME ANP REV, B PAGE A10 - 21/24 

PLATE 16 

c 
0 

'en 
':;; 
Ci 
en 
Q) 

ro 
if) 

'0 
C 
til 
C 
OJ 

'en 
Q) 

0 
I 16.1. 

Q5 
:::J 

LL ... 
til 
Q) 

C3 
:::J 
Z 
I 

a.. 
z « 
w 
~ 
0 
!< 
~ 

~ 
LL 

16.1. 



A
FRAMATOME ANP

Appendix 10 TFXE DC 2132 EO

REV. B PAGE A10-22/24

PLATE 17

fl MIA

17.1.

17.2.

A Appendix 10 TFXE DC 2132 EO 

FRAMATOME ANP REV, B PAGE A10 - 22/24 

PLATE 17 

c 
0 

'00 
'::; 
is 
en 
Q) 

Cii 
C/) 

'C 
C 
co 
c 
Ol 

'00 
Q) 

0 
I 

Qi 
17.1. ::J u.. 

"-co 
Q), 
(3 
::J 
Z 
I 

Cl... 
Z « 
w 
~ 
0 
~ 
~ 

~ u.. 

17.2. 



A
FRAMATOME ANP

Appendix 10
No

TFXE DC 2132 EO

REV. B
PAGE A10-23/24

C:

0

U)

U)
ad)

Co

u
=3

CLI

0)

zL

PLATE 18

18.1.

18.2.

TP -A Pb
0

, I

A Appendix 10 TFXE DC 2132 EO 

FRAMATOME ANP REV. B PAGE A10 - 23/24 

PLATE 18 

18.1. 
c 
0 

·00 .s: 
(5 
en 
Q) 

ro 
(/) 

"C 
C 
I1l 
C 
OJ 

·00 
Q) 

0 
I 

a; 
::J 
u.. 
.... 
I1l 
Q) 

t5 
::J 
Z 
I 

a.. 
Z « 
w 
~ 
0 
f-« 
~ 

~ 
u.. 

18.2. 



A
FRAMATOME ANP

Appendix 10 N' TFXE DC 2132 EO

REV. B PAGE A10-24/24

PLATE 19

19.1. 19.2.

19.3.

TFP IRn A 1

c 
a 
'iii 
'S; 
o 
Vl 
Q) 

ro 
(f) 

"0 
C 
ro 
c 
OJ 
'iii 
Q) 

o 
I 

Qi 
:::l 
U. 
.... 
ro 
Q) 

(3 
:::l 
Z 
I 

a.. 
Z 
<{ 
w 
:2: 
o 
~ 
:2: 

~ 
u. 

A Appendix 10 

FRAMATOME ANP 

19.1. 

TFXE DC 2132 EO 

REV, B PAGE A10 - 24/24 

PLATE 19 

19.2. 

19.3. 



A
FRAMATOME ANP

Type of document: Calculation report

10, Rue Juliette Recamier
69456 LYON CEDEX 06
FRANCE

NUCLEAR FUEL

DESiGN AND SALES DIVISION

Pages: 5

Appendices: 0

Document title

Container for U02 assemblies

Proof of FCC shell connectors ability to withstand a 9-
metre vertical drop

KEY-WORDS: CONTAINER - SAFETY - IAEA

FFXD
Distribution FFTC FYG)

(FYP-GUJ))

Purpose of GED F report
distribution Patrimoine

Number .pdf 2

B 02.05.2004 CFC
Caupenne&Co C. AUBERT

REV DATE AUTHOR VERIFIED BY MODIFICATIONS - COMMENTS STATUS APPROVED BY

rCLASSIFICATION: 229 K INTERNAL IDENTIFICATION NUMBER

This document Is the property of FRAMATOME ANP SAS. No information contained herein may be divulged to a third party without
the prior written approval of FRAMATOME ANP NUCLEAR FUEL - Design and Sales Division, under the terms of french law n* 57298
dated 11.03.1957.

FF 014 R•v. 2

A Type of document: Calculation report 

FRAMATOME ANP 

NUCLEAR FUEL 

DESIGN AND SALES DIVISION· 

Document title 

10, Rue Juliette Recamier 
69456 LYON CEDEX 06 
FRANCE 

Class Pages: 5 

F Appendices: 0 

Container for U02 assemblies ' 

L 

Proof of FCC she" connectors ability to withstand a 9-
metre vertical drop 

I KEY -WORDS , CONTAINER - SAFETY - IAEA 

Distribution FFTC 
FFXD 

(FYP-GUJ» 

Purpose of GED 
FCC report 

distribution Patrlmoine 

Number .pdf 2 

/ 

~ 
I,-I~ 

B 02.05.2004 c::: - - CFC 
Caupenne&Co C. AUBERT 

REV DATE AUTHOR VERIFIED BY MODIFICATIONS - COMMENTS STATUS APPROVED BY 

CLASSIFICATION: 229 K INTERNAL IDENTIFICATION NUMBER 

U.D.: C963 

This document Is the property of FRAMATOME ANP SAS . No information contained herein may be divulged to a third party without 
the prior written approval of FRAMATOME ANP NUCLEAR FUEL - Design and Sales Division, under the terms of french law n° 57298 
dated 11.03.1957. 

FF014 Rev. 2 



A N° TFXE DC 2214 E0

FRAMATOME ANP REV. B PAGE 1/1

REVISIONS

DATE INDEX OBSERVATIONS

02.05.2004 B Integration of AFCN comments

C
0

T

U)

Co

C

a)

z

U--

a)

z

L0

z

0

I-

FF 017 R6v. 1

c 
o ·en .;:; 
(5 
en 
Q) 

ro 
(f) 

"0 
C 
(1l 

C 
OJ ·en 
Q) 

o 
I 

Qj 
:J 

LL 
'-
(1l 
Q) 

13 
:J 
Z 
I 

Cl... 
Z 
<l:: 
UJ 
~ 
o 
~ 
~ 

C2 
LL 

A 
. 

FRAMATOME ANP 

DATE INDEX 

02.05.2004 B 

N° TFXE DC 2214 EO 

REV. B PAGE III 

REVISIONS 

OBSERVATIONS 

Integration of AFCN comments 

FF 017 Rev. 1 



A N° TFXE DC 2214 E0

FRAMATOME ANIP REV. B PAGE 1/5

CONTENTS

1 . R E F E R E N C E S ............................................................................................................................... 2

2 . IN T R O D U C T IO N ............................................................................................................................ 2

3. PROTO 1 VERTICAL DROP ..................................................................................................... 2

4. CALCULATION METHODOLOGY ............................................................................................ 3

5G 5 . F IN D IN G S ...................................................................................................................................... 4

a/)

U FIGURE No. 1: Crush section of stringers and pads.
C,)

CU

CU

a)

o0

U-

a3

z

0_

z

0
I-

FF 017 R~v. I

A N° TFXE DC 2214 EO 

FRAMATOME ANP REV. B PAGE 1/5 

CONTENTS 

1. REFERENCES ............................................................................................................................... 2 

2. INTRODUCTION ............................................................................................................................ 2 

3. PROTO 1 VERTICAL DROP .......................................................................................................... 2 

4. CALCULATION METHODOLOGY ................................................................................................. 3 

§ 5. FINDINGS ...................................................................................................................................... 4 
'(jj .s; 
is 
(J) 
Q) 

~ FIGURE No.1: Crush section of stringers and pads. 
'C 
c: 
co 
c: 
Ol 
'(jj 
Q) 

o 
I 

Qi 
:J 

U. .... 
co 
Q) 

C3 
:J 
Z 
I 

a... 
Z « 
UJ 
~ 
o 
~ 
~ 

~ 
u. 

FF 017 Rev. 1 



A• N, TFXE DC 2214 EO

FRAMATOME ANP REV. B PAGE 2/5

1. REFERENCES

[1] TFXDC2104 - Modification of RCC Containers - Choice of Prototype 2 Drop Configurations for
Regulatory Tests.

2. INTRODUCTION

This calculation report supplements the design file [1].

A test was run in order to show the satisfactory behaviour of the axial shock absorber during a 9-m
vertical drop (performed on Proto 1 - FCC3 type). The shells were not separated. The purpose of this
report is to prove that this result validates the behaviour of the FCC3 bolted connection and that this
can be extended to cover the FCC4.

3

cn

'0 o0 3. PROTOI1VERTICAL DROP

The drop test's aim to demonstrate the satisfactory behaviour of the packaging safety components and
t'- - to provide a worst-case geometrical configuration in terms of package criticality safety.V)

aI As stated in paragraph 2.1.2 of [1], the half-shell connectors are an integral part of the safety
components in the event of a vertical drop.

L-

The drop was performed on prototype 1 with a 00 angle of attack with respect to the vertical. Initial
contact occurred at the pad and stringers, which are 38 mm longer than overall package footprint. In

z this configuration, an angle of 9.360 is formed by the line running between the package's centre of
1a_ gravity and the point of impact and the vertical ([1]). This means that the package will spin during

z< impact - absorbing part of the energy. The maximum acceleration applied to the package depends on
uJ the maximum strength of the strongest structure in contact with the ground. In our case, the maximum
o load applied to the flange will be linked to the strength of the stringers, these highly resistant structures

come into contact with the ground while the other parts of the package (the upper shell in particular)
are still moving. The total acceleration applied to the flange at that moment will therefore pass through

S the bolted connection. When the stringers have exceeded their energy absorption capability, the wholeu_ package will come in contact with the ground and the load applied to the connection will be significantly
reduced.

If one assumes that the package drop kinetic energy is transformed into rotary kinetic energy at impact,
and if one compares the package to a beam whose weight is distributed homogeneously along the
length, we obtain

½ MV2 
= 1/3 M(LdO/dt) 2

dO/dt = 1.23 V/L
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For the FCC3, L = 4,923 mm and V = 13.3 m/s

dO/dt = 3.3 rd/s

In such case, the speed of the centre of gravity would change from 13.3 m/s (vertical descent speed)
to:

L/2 dO/dt = 8.13 m/s (rotary movement)

The vertical component of the centre of gravity's speed would therefore become 8.13 x sin 9.36 =
1.3 m/s. This result is an upper limit to the actual speed after impact and therefore limits practical
deceleration.

The force of impact is equal to the stringer crush (collapse) resistance. E36's failure strength is 610
MPa and the pad section is 7,260 mm 2, therefore, the maximum load that can be expected is 4.4x10 6

-. N. In the following calculations, we will use 5x10 6 N - taking into account the fact that 610 MPa strength
.>7 is a guaranteed minimum and not an actual maximum.

a) In such a case, the time required reducing the centre of gravity speed from 13.3 to 1.3 m/s is

-. t = 1,250 /5 106 * (13.3-1.3) = 0.003 s

C
.2) We consider here that the decelerated weight is 1,250 kg (FCC3 shell weight) ignoring all suspended

components (recess, cradle) and maximising deceleration effects.0

This would correspond to a stringer being crushed by approx. 20 cm, which is not realistic and implies
"- that the whole package will come in contact with the ground before the container started spinning and
CU that the centre of gravity offset could affect the result.

z As regards the behaviour of the bolted connection, the drop test performed validates the result
obtained.

z
w
uJI

0 4. CALCULATION METHODOLOGY

S FCC3 proto 1 and FCC4 containers are identically designed. They feature the same metallic pad,
a- bolted flange and half-shell system. As regards the bolted connection strength in particular, it is

therefore possible to show that the FCC4 connection behaviour will be at least equal to that of the,
FCC3 flange.

During the drop, the resistant section of the pads and stringers will be loaded to the maximum up to
failure. The maximum acceleration applied to the shells can be expressed as follows:

G = 0 ailure * S pad / M shells

Thus, the shear stress in the bolts can be expressed as follows:

Tbolt = M upper shell * G / S bolts

Tbolt = M upper shell * (C'failure * S pad / M shells) / S bolts

Since the pads are made up of the same steel type, and are totally similar, we can assess the ratio
between the shear stresses in the bolted connection of an FCC4 and those of an FCC3. Furthermore,
the same bolts are used for FCC4s and the FCC3. The bolt section ratio is therefore equal to the bolt
number ratio.

11 FCC4/FCC3 = (M upper shell4 / M upper shenl3) * (S pad4 / S pad3) / (M shells4 / M shells3) / (S bolts4 / S bolts3)
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For the FCC3, L = 4,923 mm and V = 13.3 m/s 

d8/dt = 3.3 rd/s 

In such case, the speed of the centre of gravity would change from 13.3 m/s (vertical descent speed) 
to: 

Ll2 d8/dt = 8.13 m/s (rotary movement) 

The vertical component of the centre of gravity's speed would therefore become 8.13 x sin 9.36 = 
1.3 m/s. This result is an upper limit to the actual speed after impact and therefore limits practical 
deceleration. 

The force of impact is equal to the stringer crush (collapse) resistance. E36's failure strength is 610 
MPa and the pad section is 7,260 mm2, therefore, the maximum load that can be expected is 4.4x106 

N. In the following calculations, we will use 5x106 N - taking into account the fact that 610 MPa strength 
is a guaranteed minimum and not an actual maximum . 

In such a case, the time required reducing the centre of gravity speed from 13.3 to 1.3 m/s is 

t = 1,250 I 5106 * (13.3-1.3) = 0.003 s 

We consider here that the decelerated weight is 1,250 kg (FCC3 shell weight) ignoring all suspended 
components (recess, cradle) and maximising deceleration effects. 

This would correspond to a stringer being crushed by approx. 20 cm, which is not realistic and implies 
that the whole package will come in contact with the ground before the container started spinning and 
that the centre of gravity offset could affect the result. 

As regards the behaviour of the bolted connection, the drop test performed validates the result 
obtained. 

4. CALCULATION METHODOLOGY 

FCC3 proto 1 and FCC4 containers are identically designed. They feature the same metallic pad, 
bolted flange and half-shell system. As regards the bolted connection strength in particular, it is 
therefore possible to show that the FCC4 connection behaviour will be at least equal to that of the I 

FCC3 flange. 

During the drop, the resistant section of the pads and stringers will be loaded to the maximum up to 
failure. The maximum acceleration applied to the shells can be expressed as follows: 

G = Cifailure * S pad I M shells 

Thus, the shear stress in the bolts can be expressed as follows: 

lbolt = M upper shell * GIS bolts 

lbolt = M upper shell * (Cifailure * S pad I M shells) I S bolts 

Since the pads are made up of the same steel type, and are totally similar, we can assess the ratio 
between the shear stresses in the bolted connection of an FCC4 and those of an FCC3. Furthermore, 
the same bolts are used for FCC4s and the FCC3. The bolt section ratio is therefore equal to the bolt 
number ratio. 

n FCC4/FCC3 = (M upper shell4 I M upper shell3) * (S pad4 I S pad3) I (M shells4 I M shells3) I (S bolts4 I S bolts3) 
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Weight of the complete shell:
FCC4: M shells4 = 1,800 kg
FCC3: M shefts3 1,250 kg

Weight of the upper half-shell:
FCC4 M upper sheII4 = 590 kg
FCC3 M upper sheII3 = 500 kg

Pad and stringer section:
FCC4 S pad4 = 10,700 mm 2

FCC3 S pad3 = 7,260 mm 2

'- FCC4/FCC3 = (590/500) * (10700/7260) (1800/1250) /(50/30)

1-1 FCC4/FCC3 = 0.72

Thus giving a 28 % margin for the FCC4 over the FCC3.

_• This result implies that the pad distortion speeds are equal for the viscoplasticity phenomena to supply
o identical breaking stress values. Actually, this corresponds to the acceleration ratio in the central term:

Ca

a)

t- "Y FCC4/FCC3 = (10,700/7,260) / (1,800/1,250) = 1.02

C/)

0
1 5. FINDINGS

a)
U--

LL The test performed on prototype 1 validates the behaviour of the shell connection in the event of a 9-m
axial drop of an FCC3.

z For transposition to the FCC4, the pad distortion speeds will therefore be identical (with a 2%
EL difference), which ensures homogeneity of breaking stress values in both cases. In identical conditions,

z the shear stress level in the FCC4 bolted connection yields a 28% margin compared to that of the
FCC3 whose behaviour was validated by means of a drop test.

O The risk of shell separation can therefore be ruled out.

la_
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Weight of the complete shell: 
FCC4: M shells4 = 1,800 kg 
FCC3: M shells3 = 1,250 kg 

Weight of the upper half-shell: 
FCC4 M upper shell4 = 590 kg 
FCC3 M upper shel13 = 500 kg 

Pad and stringer section: 
FCC4 S pad4 = 10,700 mm2 

FCC3 S pad3 = 7,260 mm2 
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n FCC4/FCC3 = (590/500) * (10700/7260) I (180011250) I (50/30) 

n FCC4/FCC3 = 0.72 

Thus giving a 28 % margin for the FCC4 over the FCC3. 

This result implies that the pad distortion speeds are equal for the viscoplasticity phenomena to supply 
identical breaking stress values. Actually, this corresponds to the acceleration ratio in the central term: 

y FCC4/FCC3 = (S pad41 S pad3) I (M shells41 M shells3) 

y FCC4/FCC3 = (10,700/7,260) I (1,800/1,250) = 1.02 

5. FINDINGS 

The test performed on prototype 1 validates the behaviour of the shell connection in the event of a 9-m 
axial drop of an FCC3. 

For transposition to the FCC4, the pad distortion speeds will therefore be identical (with a 2% 
difference), which ensures homogeneity of breaking stress values in both cases. In identical conditions, 
the shear stress level in the FCC4 bolted connection yields a 28% margin compared to that of the 
FCC3 whose behaviour was validated by means of a drop test. 

The risk of shell separation can therefore be ruled out. 
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Figure 1

Crush section of the stringers and pads
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section:
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S=1,830 mm 2 for FCC3

* of the HEB 100 section: S=2,600
mm 2 for FCC4
S=1,800 mm2 for FCC3

The total surface being StotaI

= 2 x (2,750 + 2,600) = 10,700 mm2

= 2 x (1,830 + 1,800) = 7,260 mm2

Crush Zone
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Criticality study
FCC3 packaging

Safety analysis - FCC3 and FCC4 packaging criticality
- Fuel assemblies 15 x 15 and 17 x 17,
- Fuel assemblies 17 x 17 XL, 16 x 16 and 18 x 18 - FFDC00817

Safety analysis - FCC3 and FCC4 packaging criticality - Rod channels
transportation - FFDC01046

Safety analysis - FCC3 version 2 packaging criticality - Fuel assemblies 14x14, 8"
and 10 "- FFDCO1106
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Criticality study 
FCC3 packaging 

• Safety analysis - FCC3 and FCC4 packaging criticality 
• Fuel assemblies 15 x 15 and 17 x 17, 
- Fuel assemblies 17 x 17 XL, 16 x 16 and 18 x 18 - FFDC00817 

• Safety analysis - FCC3 and FCC4 packaging criticality - Rod channels 
transportation - FFDC01046 

• Safety analysis - FCC3 version 2 packaging criticality - Fuel assemblies 14x14, 8" 
and 10 "- FFDC01106 
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1. INTRODUCTION

Fresh U02 fuel assemblies are transported in packages referred to as FCC3 version 1 (for 15x 15
and 17x17 design assemblies), FCC4 version 1 (for 17xl7XL design assemblies) and FCC4
version 2 (for 16x16 and 18x18 design assemblies).

These packages are classified as "Type II Fissile Industrial Packages" according to the
recommendations of the IAEA [7] and, as such, their design must guarantee subcriticality for an
individual package and for an array of packages under Normal Transport Conditions (NTC) and.
Accident Transport Conditions (ATC), in compliance with IAEA guidelines [7].

The design of FCC packages consists in confining the fuel in a volume having a known cross-
section, as small as possible, and ensuring that this geometry is maintained subsequent to
regulatory tests. These tests are performed under Accident Transport Conditions (ATC), which
determine dimensions, namely:

- 9 m drop,

-1 m drop onto a 150 cm diameter spike,
U)

- thermal test at 800 oC for 30 minutes.
C')

_jAt the design stage, criticality studies [9] were carried out using the APOLLO 1 - MORET III
D calculation codes, while observing a subcriticality margin of 2000 pcm (Keff•< 0.98) for an array
Wof packages. Changing over to the CRISTAL calculation tool and taking IAEA recommendations
_[7] and [8], into account lead us to revise the initial studies for the regulatory configurations. The

sensitivity studies carried out in study [9] have not been repeated; their conclusions remainz t applicable and are restated in § 5. 1.

w The purpose of this study is to verify that the safety-criticality criterion of Keff _< 0.95 is
0 observed, including all uncertainties, for the transport of FCC containers under NTC and ATC in

accordance with IAEA recommendations [7].

Document [12] defines the uncertainties to be applied with regard to the use of the CRISTAL
form for the transport of fresh U02 fuel.
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1. INTRODUCTION 

Fresh U02 fuel assemblies are transported in packages referred to as FCC3 version 1 (for 15x15 
and 17x 17 design assemblies), FCC4 version 1 (for 17x l7XL design assemblies) and FCC4 
version 2 (for 16x16 and 18x18 design assemblies). 

These packages are classified as "Type II Fissile Industrial Packages" according to the 
recommendations of the IAEA [7] and, as such, their design must guarantee subcriticality for an 
individual package and for an array of packages under Normal Transport Conditions (NTC) and. 
Accident Transport Conditions (A TC), in compliance with IAEA guidelines [7]. 

The design of FCC packages consists in confining the fuel in a volume having a known cross
section, as small as possible, and ensuring that this geometry is maintained subsequent to 
regulatory tests. These tests are performed under Accident Transport Conditions (ATC) , which 
determine dimensions, namely: 

- 9 m drop, 

- 1 m drop onto alSO cm diameter spike, 

- thermal test at 800°C for 30 minutes. 

At the design stage, criticality studies [9] were carried out using the APOLLO 1 - MORET III 
calculation codes, while observing a subcriticality margin of 2000 pcm (Keff:::; 0.98) for an array 
of packages. Changing over to the CRIST AL calculation tool and taking IAEA recommendations 
[7] and [8], into account lead us to revise the initial studies for the regulatory configurations. The 
sensitivity studies carried out in study [9] have not been repeated; their conclusions remain 
applicable and are restated in § 5.1. 

The purpose of this study is to verify that the safety-criticality criterion of Keff :::; 0.95 is 
observed, including all uncertainties, for the transport of FCC containers under NTC and ATC in 
accordance with IAEA recommendations [7]. 

Document [12] defines the uncertainties to be applied with regard to the use of the CRIST AL 
form for the transport of fresh U02 fuel. 
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2. DEFINITIONS AND CONVENTIONS

To make this report clearer and easier to understand, a list of the definitions and conventions is
provided below:

Frame:

Fabricated structure with an inverted T-shaped cross-section used to support the assemblies
during transport, this sheet-metal structure consists of a vertical core and a lower box section
filled with neutron absorbing resin.

Doors:

Fabricated assembly with an L-shaped cross-section hinged on the frame. This sheet-metal
structure is filled with neutron absorbing resin. On the inner faces of these doors and facing the
assembly grids, there are recesses in which the metal pads used to hold the assemblies during
transport, by clamping onto the grids, are located.

Neutron cavity:

Overall volume delimited by the metal sheets on the inside of the doors, the frame and the head
< and foot plates.
Cl)oO1

z Co-ordinate system:
0
Cl)"W The 0 X Y Z three-dimensional reference system is used (Figure 4 and Figure 5), where:
-j

,, - origin 0: is a point at the intersection of the plane of vertical symmetry of the neutron cavity
(middle of the core), of the plane of longitudinal symmetry and of the plane that passes along the

o• lower face of the metal sheet of the frame.
Z

- axis OX: transverse axis, merging with the lower horizontal face of the metal sheet of the
Z< frame,
W

0 - axis OY: vertical axis passing along the plane of vertical symmetry of the neutron cavity,

- axis OZ: longitudinal axis.

Fissile section or fissile array:

Square cross-section (plane XY) representing the fuel assembly with a chemical medium
resulting from a calculation using APOLLO 2 in which the non-fissile components, other than
the fuel rod cladding, are equated with water.

Nominal assembly:

Assembly of which the fissile section is as manufactured.

Expanded assembly:

Assembly, the fissile section of which is calculated on the basis of the cross-section of the
neutron cavity.
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2. DEFINITIONS AND CONVENTIONS 

To make this report clearer and easier to understand, a list of the definitions and conventions is 
provided below: 

Frame: 

Fabricated structure with an inverted T-shaped cross-section used to support the assemblies 
during transport, this sheet-metal structure consists of a vertical core and a lower box section 
filled with neutron absorbing resin. 

Doors: 

Fabricated assembly with an L-shaped cross-section hinged on the frame. This sheet-metal 
structure is filled with neutron absorbing resin. On the inner faces of these doors and facing the 
assembly grid.s, there are recesses in which the metal pads used to hold the assemblies during 
transport, by clamping onto the grids, are located. 

Neutron cavity: 

Overall volume delimited by the metal sheets on the inside of the doors, the frame and the head 
and foot plates. 

Co-ordinate system: 

The 0 X Y Z three-dimensional reference system is used (Figure 4 and Figure 5), where: 

- origin 0: is a point at the intersection of the plane of vertical symmetry of the neutron cavity 
(middle of the core), of the plane of longitudinal symmetry and of the plane that passes along the 
lower face of the metal sheet of the frame . 

- axis OX: transverse axis, merging with the lower horizontal face of the metal sheet of the 
frame, 

- axis OY: vertical axis passing along the plane of vertical symmetry of the neutron cavity, 

- axis OZ: longitudinal axis. 

Fissile section or fissile array: 

Squafe cross-section (plane XY) representing the fuel assembly with a chemical medium 
resulting from a calculation using APOLLO 2 in which the non-fissile components, other than 
the fuel rod cladding, are equated with water. 

Nominal assembly: 

Assembly of which the fissile section is as manufactured. 

Expanded assembly: 

Assembly, the fissile section of which is calculated on the basis of the cross-section of the 
neutron cavity. 
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Fuel stage: portion of an assembly between 2 grids.

Moderator radius:

Radius of the moderator portion of an APOLLO 2. fissile cell, representing the fissile medium.
The moderator radius is calculated as follows:

Rmoderator . (fissile section/(number of rods x pi))"

Differential flooding:

Accident configuration in which only the neutron cavity is immersed in water (density = I
g/cm3).

Total reflection:

Conditions at the limits (boundary conditions) applied to a computational 3D geometric
configuration and which prevents any neutron leakage.

l)

Uniform mist:

z The water density is varying and remains the same in the fissile section, the neutron cavity and
Uinside the package.
0

-.J
D Heterogeneous mist:
LL

The water density is equal to 1 g/cm 3 in the fissile section and the neutron cavity, all the other
:D free volumes have a variable water density.
z

.z Array:
t.U

o Three-dimensional arrangement of an array of packages. The array is surrounded by a 20-cm
water reflector (articles 681 and 682 of [7]). The array is referred to as "array X x Y x Z" where:

- X: is the number of packages in direction X,

- Y: is the number of packages in direction Y,

- Z: is the number of packages in direction Z,

Infinite array:

X Y Z array where X, Y and Z are infinite. This array is modelled by applying the conditions for
total reflection to each of the faces of the package instead of the 20-cm reflector applied to the
periphery of a array of finite dimensions.
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Fuel stage: portion of an assembly between 2 grids. 

Moderator radius: 

Radius of the moderator portion of an APOLLO 2 fissile cell, representing the fissile medium. 
The moderator radius is calculated as follows: 

Rmoderator = (fissile section/(number of rods x pi»)112 

Differential flooding: 

Accident configuration in which only the neutron cavity is immersed in water (density = I 
g/cm\ 

Total reflection: 

Conditions at the limits (boundary conditions) applied to a computational 3D geometric 
configuration and which prevents any neutron leakage. 

Uniform mist: 

The water density is varying and remains the same in the fissile section, the neutron cavity and 
inside the package. 

Heterogeneous mist: 

The water density is equal to I g/cm3 in the fissile section and the neutron cavity, all the other 
free volumes have a variable water density. 

Array: 

Three-dimensional arrangement of an array of packages. The array is surrounded by a 20-cm 
water reflector (articles 681 and 682 of [7]). The array is referred to as "array X x Y X Zit where: 

- X: is the number of packages in direction X, 

- Y: is the number of packages in direction Y, 

- Z: is the number of packages in direction Z, 

Infinite array: 

X Y Z array where X, Y and Z are infinite. This array is modelled by applying the conditions for 
total reflection to each of the faces of the package instead of the 20-cm reflector applied to the 
periphery of a array of finite dimensions. 
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3. CODES AND QUALIFICATION

Computations are carried out using:

- CIGALES version v2.0

- APOLLO 2 version 2.4.3

- MORET 4 version 4.A.6

These three codes are part of CRISTAL VO.2 calculation tools and their use is validated [ 11].

A brief description of these codes is restated in report [12].

Use of the CRISTAL calculation tools is qualified for the present study by applying an
uncertainty of 0.00682 to the Keff calculated according to report [12]. In the present report, all
the reactivity values given take this uncertainty into account.
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3. CODES AND QUALIFICA TION 

Computations are carried out using: 

- CIGALES version v2.0 

- APOLLO 2 version 2.4.3 

- MORET 4 version 4.A.6 

These three codes are part of CRIST AL VO.2 calculation tools and their use is validated [11]. 

A brief description of these codes is restated in report [12]. 

Use of the CRIST AL calculation tools is qualified for the present study by applying an 
uncertainty of 0.00682 to the Keff calculated according to report [12]. In the present report, all 
the reactivity values given take this uncertainty into account. 
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4. COMPUTATION AND MODELLING HYPOTHESES

4.1. Characteristics of the package

The package consists of a cylindrical steel shell with a horizontal axis, housing internal
equipment comprising the following main components:

- an inverted T-shaped frame for receiving the assemblies, said "T" being filled with
neutron-absorbing resin,

- two L-shaped doors filled with neutron-absorbing resin, said doors pivoting on axes
linked to the frame and enclosing the assemblies,

- two steel end plates: a two-part head plate and a foot plate, which serve to close the
cavities.

When assembled, the above components form two identical neutron cavities, in which the
assemblies to be transported are placed. The neutron absorbing resin located inside the
doors and the frame limits the interactions between theassemblies, whether they are from

-J the same package or from different packages. Furthermore, the resin provides thermal
protection for the assemblies during the thermal test.

z

w The main characteristics of the package, taken from drawings [1], [2], [3] and [4], are
oj restated in Table 1.

U-

4.1.1. Package under Normal Transport Conditions (NTC)
W

zUnder normal conditions, the package is cylindrical (see Figure 1) and is modelled asZfollows:

Z

w- a cylindrical shell, the internal length of which is determined on the basis of the
o length of the neutron cavity, the thickness of the end plates and the longitudinal
"2 clearances between the shell and the neutron cavity taken to be identical at each end

and determined on the basis of the minimum clearance between the end plate and the
shell (the damper is replaced with water or empty space) as indicated in Figure 6.
The longitudinal clearances are modelled symmetrically and at their minimum value
so as to obtain identical maximum interactions between packages.
The length of the shell is:

LengthsheHl = lengthcavity + 2 x (thicknessplate + clearancemin. longitudinal)
where:
clearancemin.longitudinal = Min. (clearancehead, clearancefoot)

a neutron cavity closed at each end by an end plate (head or foot plate); the internal
length of the cavity is determined on the basis of the length of the fissile column and
the minimum inert height of one end of the assembly (see Table 2) as follows:
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4. COMPUTATION AND MODELLING HYPOTHESES 

4.1. Characteristics of the package 

The package consists of a cylindrical steel shell with a horizontal axis, housing internal 
equipment comprising the following main components: 

- an inverted T -shaped frame for receiving the assemblies, said "T" being filled with 
neutron-absorbing resin, 

- two L-shaped doors filled with neutron-absorbing resin, said doors pivoting on axes 
linked to the frame and enclosing the assemblies, 

- two steel end plates: a two-part head plate and a foot plate, which serve to close the 
cavities. 

When assembled, the above components form two identical neutron cavities, in which the 
assemblies to be transported are placed. The neutron absorbing resin located inside the 
doors and the frame limits the interactions between the assemblies, whether they are from 
the same package or from different packages. Furthermore, the resin provides thermal 
protection for the assemblies during the thermal test. 

The main characteristics of the package, taken from drawings [1], [2], [3] and [4], are 
restated in Table 1 . 

4.1.1. Package under Normal Transport Conditions (NTC) 

Under normal conditions, the package is cylindrical (see Figure I) and is modelled as 
follows: 

- a cylindrical shell, the internal length of which is determined on the basis of the 
length of the neutron cavity, the thickness of the end plates and the longitudinal 
clearances between the shell and the neutron cavity taken to be identical at each end 
and determined on the basis of the minimum clearance between the end plate and the 
shell (the damper is replaced with water or empty space) as indicated in Figure 6. 
The longitudinal clearances are modelled symmetrically and at their minimum value 
so as to obtain identical maxImum interactions between packages. 
The length of the shell is: 

- Lengthshell = lengthcavity + 2 x (thicknessplate + clearancemin.longitudinal) 
where: 
clearancemin.longitudinal = min. (c1earancehead, c1earancefoot) 

- a neutron cavity closed at each end by an end plate (head or foot plate); the internal 
length of the cavity is determined on the basis of the length of the fissile column and 
the minimum inert height of one end of the assembly (see Table 2) as follows: 

FF018 Rev. 1 



A N' FF/DC/00817 E0

FRAMATOME ANP REV. A PAGE 12 / 36

Lengthcavity = lengthflSiie+ 2 x (heightmin. nozzle + heightmin. inert rod) where:
heightmin. nozzle = min. (heighttop nozzle, heightbottom nozzle)

heightmin. inert rod = min. (heightbottom nozzle + shim, heighttop nozzle + plenum)

- for 15x15, 17x17, 17xl7XL, 16x16 and 18x18 designs, the recesses in which the
pads for retaining the grids are located are modelled by a local depression in the
doors into which the pad is inserted; the recesses do not have the same length so as to
enable them to adapt to the different assembly designs,

- attachment of the pads in the resin of the doors is modelled by a steel block located
alongside each pad,

- the axial position of the pad recesses is modelled symmetrically at the average
spacing of the grids, as indicated in Figure 5 (15x15, 17x17, 17xl7XL, 16x16 and
18x 18). The pad on the upper grid has not been modelled, since it does not face the
fissile column.

The dimensions taken into account for modelling purposes are given in Figure 1, Figure
D3, Figure 4, Figure 5 and Figure 6.

U)
-ý5 4.1.2. Package under Accident Transport Conditions (A TC)
Z

The modelling adopted integrates the results of expert appraisal subsequent to the
-j mechanical tests and the thermal study, i.e.:

U-
- the neutron cavity is entirely detached from the cradle subsequent to one of the drops
or the thermal test,

- the shell is radially crushed by 100 mm on average over the entire length subsequent
Z- to the 9 m drop onto a flat surface, with localised crushing reaching a maximum of
w 200 mm,
0

- the shock absorbers are crushed to the maximum of their capacity subsequent to the
axial drop, i.e 80 mm.

Therefore, under accident conditions, the package is modelled (see Figure 3) with a
box-shaped steel shell, the dimensions of which are calculated so that it is located
symmetrically about the neutron cavity so as to have identical neutronic interactions
between the packages, irrespective of the faces considered. The longitudinal clearance
between the shell and the neutron cavity is determined on the basis of the minimum
thickness of the damper after the 9 m vertical drop, as indicated in Figure 6. The damper
is replaced by empty space or water. The clearance is modelled symmetrically and at its
minimum value. Two shell sizes were studied (see Figure 2):

the neutron cavity remains dimensionally unchanged relative to the normal
conditions, but the composition of the resin is modified as indicated in § 4.2.2.
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Lengthcavity = lengthfissile+ 2 x (heightmin. nozzle + heightmin. inert rod) where: 
heightmin. nozzle = min. (heighttop nozzle, heightbottom nozzle) 
heightmin. inert rod = min. (heightbottom nozzle + shim, heighttop nozzle + plenum) 

- for l5x15, 17x17, 17x17XL, 16x16 and 18x18 designs, the recesses in which the 
pads for retaining the grids are located are modelled by a local depression in the 
doors into which the pad is inserted; the recesses do not have the same length so as to 
enable them to adapt to the different assembly designs, 

- attachment of the pads in the resin of the doors is modelled by a steel block located 
alongside each pad, 

- the axial position of the pad recesses is modelled symmetrically at the average 
spacing of the grids, as indicated in Figure 5 (15xI5, 17xI7, 17x17XL, 16x16 and 
18x 18). The pad on the upper grid has not been modelled, since it does not face the 
fissile column. 

The dimensions taken into account for modelling purposes are given in Figure 1, Figure 
3, Figure 4, Figure 5 and Figure 6. 

4.1.2. Package under Accident Transport Conditions (ATC) 

The modelling adopted integrates the results of expert appraisal subsequent to the 
mechanical'tests and the thermal study, i.e.: 

- the neutron cavity is entirely detached from the cradle subsequent to one of the drops 
or the thermal test, 

- the shell is radially crushed by 100 mm on average over the entire length subsequent 
to the 9 m drop onto a flat surface, with localised crushing reaching a maximum of 
200 mm, 

- the shock absorbers are crushed to the maximum of their capacity subsequent to the 
axial drop, i.e 80 mm. 

Therefore, under accident conditions, the package is modelled (see Figure 3) with a 
box-shaped' steel shell, the dimensions of which are calculated so that it is located 
symmetrically about the neutron cavity so as to have identical neutronic interactions 
between the packages, irrespective of the faces considered. The longitudinal clearance 
between the shell and the neutron cavity is determined on the basis of the minimum 
thickness of the damper after the 9 m vertical drop, as indicated in Figure 6. The damper 
is replaced by empty space or water. The clearance is modelled symmetrically and at its 
minimum value. Two shell sizes were studied (see Figure 2): 

- the neutron cavity remams dimensionally unchanged relative to the normal 
conditions, but the composition of the resin is modified as indicated in § 4.2.2. 
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4.2. Characteristics of the neutron absorbing resin

It is a polyester resin with a loading of approximately 60 % hydrated alumina, glass fibre
and zinc borate.

4.2.1. Resin under Normal Transport Conditions (NTC)

The characteristics of the resin originate from [5]; the values taken into account in the
modelling are restated in Table 3.

4.2.2. Resin under Accident Transport Conditions (ATC)

After the thermal test (800 °C for 30 mn), the characteristics of the resin are modified.

Report [5] gives envelope values to be taken into account in the criticality studies; the
modelling adopted is as follows:

- loss of 10 % of the boron over the entire thickness,

- loss of 100% of the hydrogen over 10 mm of the external surface.
U)

Z
CD
0

tw

U)

z

z
w

LI

FF018 R~v. I

Cf) 

UJ 
....J 

C7i 
o/l 
Z 
(!) 

Ui 
UJ 
o 
....J 
UJ 
::J 
LL 

~ 
....J 
() 
::J 
Z 
I 

Cl. 

~ 
UJ 
~ 
o 
~ 
~ 

~ 
LL 

A W FF/DC/00817 EO 

FRAMATOME ANP REV. A PAGE 13/36 

4.2. Characteristics of the neutron absorbing resin 

It is a polyester resin with a loading of approximately 60 % hydrated alumina, glass fibre 
and zinc borate. 

4.2.1. Resin under Normal Transport Conditions (NTC) 

The characteristics of the resin originate from [5]; the values taken into account in the 
modelling are restated in Table 3. 

4.2.2. Resin under Accident Transport Conditions (ATC) 

After the thermal test (800°C for 30 mn), the characteristics of the resin are modified. 

Report [5] gives envelope values to be taken into account in the criticality studies; the 
modelling adopted is as follows: 

- loss of 10 % of the boron over the entire thickness, 

- loss of 100 % of the hydrogen over 10 mm of the external surface. 
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4.3. Characteristics of the assemblies

The characteristics of the assemblies are restated in Table 2. Only the fissile height of the
rods is taken into account in the modelling. The nozzles, the grids, the guide tubes and the
rod ends (plugs, plenum, shim for the 16x 16 and the 18x 18) are replaced by water.

The assemblies are modelled complete with all rods identical, possible specific rods (rods
treated with gadolinium, depleted uranium rods, stainless steel rods, zirconium alloy rods)
are replaced by U02 rods.

For the computation of moderation, the rods are assumed to be arranged uniformly over the
entire fissile section.

The density of the pellets is taken to be equal to 100 % of the theoretical density, i.e.
10.96 g/cm3.

The dishes and chamfers of the pellets are not taken into account, the fissile column is
modelled in the form of a cylinder with the maximum diameter of the pellets over the

Uentire fissile height and the cladding is modelled at its minimum diameter, with no
< •clearance between the pellet and the cladding. This modelling is conservative, as
(d demonstrated in report [9], and complies with the guidelines [6].

SThe material taken into account for the cladding is Zirconium, a material that is
_j "neutronically transparent" and is therefore conservative, from the safety point of view,
n relative to the various cladding materials containing other isotopes in the Zirconium alloys.
U_

Enrichment equal to:
C-)

ZI- 5 5% U 2 3 5 for 15x15 and 17x17 network assemblies,

w - 4.5 % U 2 3 5 for 16x16 and 18x18 network assemblies.
0I-

4.3.1. Assembly under Normal Transport Conditions (NTC)

UI The assembly is modelled as follows:

- the cross-section of the assembly is maintained, the fissile section is the nominal
cross-section of the assembly,

- the assembly is in contact with the frame, which leaves a 5 mm clearance relative to
the doors,

- the fissile portion of the assembly is axially centred in the neutron cavity.
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4.3. Characteristics of the assemblies 

The characteristics of the assemblies are restated in Table 2. Only the fissile height of the 
rods is taken into account in the modelling. The nozzles, the grids, the guide tubes and the 
rod ends (plugs, plenum, shim for the 16x 16 and the 18x 18) are replaced by water. 

The assemblies are modelled complete with all rods identical, possible specific rods (rods 
treated with gadolinium, depleted uranium rods, stainless steel rods, zirconium alloy rods) 
are replaced by U02 rods. 

For the computation of moderation, the rods are assumed to be arranged uniformly over the 
entire fissile section. 

The density of the pellets is taken to be equal to 100 % of the theoretical density, i.e. 
10.96 g/cm3. 

The dishes and chamfers of the pellets are not taken into account, the fissile column is 
modelled in the form of a cylinder with the maximum diameter of the pellets over the 
entire fissile height and the cladding is modelled at its minimum diameter, with no 
clearance between the pellet and the cladding. This modelling is conservative, as 
demonstrated in report [9], and complies with the guidelines [6]. 

The material taken into account for the cladding is Zirconium, a material that is 
"neutronically transparent" and is therefore conservative, from the safety point of view, 
relative to the various cladding materials containing other isotopes in the Zirconium alloys. 

Enrichment equal to: 

- 5 % Um for l5x15 and 17xl7 network assemblies, 

- 4.5 % Um for l6xl6 and 18x18 network assemblies. 

4.3.1. Assembly under Normal Transport Conditions (NTC) 

The assembly is modelled as follows: 

- the cross-section of the assembly is maintained, the fissile section is the nominal 
cross-section of the assembly, 

- the assembly is in contact with the frame, which leaves a 5 mm clearance relative to 
the doors, . 

- the fissile portion of the assembly is axially centred in the neutron cavity. 
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4.3.2. Assembly under Accident Transport Conditions (ATC)

The modelling adopted integrates the results of expert appraisal subsequent to the
mechanical tests and the thermal study, i.e.:

- the cross-section of the neutron cavity remains unchanged,

- the assembly has a compacted cross-section,

- there may be a slight increase in the cross-section of the assembly on the end fuel
stage, at most, in the event of an axial drop.

On account of the above observations, the modelling adopted for verifying the
safety/criticality criteria is as follows:

- the cross-section of the assembly is expanded to the cross-section of the neutron
cavity over a third of its height and remains intact over the remaining two-thirds,

< - the fissile portion of the assembly is axially centred in the neutron cavity.
zi

Z However, to verify that the subcriticality of the packages is observed, even with quite
V)
Sunrealistic hypotheses, the case of an assembly expanded over its entire height is
_j studied.w
U-

The compacting of the cross-section is not taken into account, since it tends to reduce
_j, the reactivity of the assembly, but the case of a non-expanded assembly is studied to
D obtain a very realistic value of the reactivity of the packages.
z

z For the purposes of this report, the three array configurations will be identified as
w follows:
0

- 3/3 214 or 3/3 230: non-expanded assembly with a 214 mm (15x15 and 17x17) or
230 mm (16x16 and 18x18) cross-section,

- 1/3 219 or 1/3 235: assembly expanded to 219 mm (15x15 and 17x17) or 235 mm
(16x16 and 18x18) over a third of its height (see Figure 7), an envelope value
resulting from the regulatory tests,

- 3/3 219 or 3/3 235: assembly expanded to 219 mm (15x15 and 17x17) or 235 mm
(1 6x 16 and 18x 18) over its entire height, a penalising value taken for information
purposes.

The configuration in which a certain number of rods slip axially has not been considered
as a penalising situation, since it does not have any influence on the subcriticality of the
packages, as demonstrated in study [9].
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4.3.2. Assembly under Accident Transport Conditions (ATC) 

The modelling adopted integrates the results of expert appraisal subsequent to the 
mechanical tests and the thermal study, i.e.: 

- the cross-section of the neutron cavity remains unchanged, 

- the assembly has a compacted cross-section, 

- there may be a slight increase in the cross-section of the assembly on the end fuel 
stage, at most, in the event of an axial drop. 

On account of the above observations, the modelling adopted for verifying the 
safety/criticality criteria is as follows: 

- the cross-section of the assembly is expanded to the cross-section of the neutron 
cavity over a third of its height and remains intact over the remaining two-thirds, 

- the fissile portion of the assembly is axially centred in the neutron cavity. 

However, to verify that the subcriticality of the packages is observed, even with quite 
unrealistic hypotheses, the case of an assembly expanded over its entire height is 
studied . 

The compacting of. the cross-section is not taken into account, since it tends to reduce 
the reactivity of the assembly, but the case of a non-expanded assembly is studied to 
obtain a very realistic value of the reactivity of the packages. 

For the purposes of this report, the three array configurations will be identified as 
follows: 

- 3/3 214 or 3/3 230: non-expanded assembly with a 214 mm (l5x15 and 17xI7) or 
230 mm (16x 16 and 18x 18) cross-section, 

- 113 219 or 113 235: assembly expanded to 219 mm (l5x 15 and 17x 17) or 235 mm 
(16x 16 and 18x 18) over a third of its height (see Figure 7), an envelope value 
resulting from the regulatory tests, 

- 3/3 219 or 3/3 235: assembly expanded to 219 mm (l5x 15 and 17x 17) or 235 mm 
(16x 16 and 18x 18) over its entire height, a penalising value taken for information 
purposes. 

The configuration in which a certain number of rods slip axially has not been considered ' 
as a penalising situation, since it does not have any influence on the subcriticality of the 
packages, as demonstrated in study [9]. 

FF018 Rev. 1 



A N* FF/DC/00817 E0

FRAMATOME ANP REV. A PAGE 16 / 36

5. METHODOLOGY AND RESULTS

Computation is performed, for each design, for an individual package and a plurality of packages
in normal transport configurations (NTC) and accident transport configurations (ATC). In
accident configurations, two variants are studied:

- differential flooding,

- water-filled package.

5.1. Particular non-penalising conditions

During the criticality studies performed at the design stage [9], we studied the impact of different
parameters and particular configurations. We demonstrated the absence of any impact and the
non-penalising nature of the following particular configurations:

- mist conditions: no reactivity peak occurs,

U- pellets of minimum diameter: this case is covered by pellets of maximum diameter,
-J

- impact of the reinforcing ribs on doors: no significant impact on the reactivity in comparison
z to the calculations performed without ribs; therefore, the ribs are not modelled,
0
U)

0 - impact of tolerances and geometric shapes: the tolerances of the sheet metal, rounded edges
D and possible shrinkage during the pouring of the resin do not have a significant impact and

therefore shall not be taken into account,

..Dc• - partial differential flooding: the case of partially immersed assemblies is covered by the case
z of fully immersed assemblies,

z
<w - partial slipping of the rods: this configuration does not have a significant impact on the
o reactivity of the packages.

Since the above configurations are not penalising, they are not studied further in this report.

5.2. Packages considered individually

The individual package, whether damaged or not, must be subcritical with total reflection by a
20-cm layer of water around the containment envelope (articles 677 and 678 of [7]).

The subcriticality margin to be observed for the individual package is 5000 pcm: Keff < 0.95
(appendix VII.38 of [8]), including all uncertainties.
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5. METHODOLOGY AND RESULTS 

Computation is performed, for each design, for an individual package and a plurality of packages 
in normal transport configurations (NTC) and accident transport configurations (ATC). In 
accident configurations, two variants are studied: 

- differential flooding, 

- water-filled package. 

5.1. Particular non-penalising conditions 

During the criticality studies performed at the design stage [9], we studied the impact of different 
parameters and particular configurations. We demonstrated the absence of any impact and the 
non-penalising nature of the following particular configurations: 

- mist conditions: no reactivity peak occurs, 

- pellets of minimum diameter: this case is covered by pellets of maximum diameter, 

- impact of the reinforcing ribs on doors: no significant impact on the reactivity in comparison 
to the calculations performed without ribs; therefore, the ribs are not modelled, 

- impact of tolerances and geometric shapes: the tolerances of the sheet metal, rounded edges 
and possible shrinkage during the pouting of the resin do not have a significant impact and 
therefore shall not be taken into account, 

- partial differential flooding: the case of partially immersed assemblies is covered by the case 
of fully immersed assemblies, 

- partial slipping of the rods: this configuration does not have a significant impact on the 
reactivity of the packages. 

Since the above configurations are not penalising, they are not studied further in this report. 

5.2. Packages considered individually 

The individual package, whether damaged or not, must be subcritical with total reflection by a 
20-cm layer of water around the containment envelope (articles 677 and 678 of[7]). 

The subcriticality margin to be observed for the individual package is 5000 pcm: Keff ~ 0.95 
(appendix VII.38 of [8]), including all uncertainties. 
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5.2.1. Individual packaze under Normal Transport Conditions (NTC)

The configuration studied is: the undamaged package (cylindrical modelling) filled with
water and surrounded by a reflector consisting of 20 cm of water; modelling of the
package is described in § 4, Figure 1, Figure 4 and Figure 5.

The results of the calculations, provided in the table below, show that the undamaged
individual package amply complies with the subcriticality margin of Keff< 0.95.

Individual package under NTC

Assembly - % 135 U Keffm.x

15x15-5% 23SU 0.873

17x17 - 5% 235U 0.865

17x17 XL - 5% 235U 0.863

16x16 - 4.5% 23SU 0.886

18x18 - 4.5% 23
1U 0.893

UJ

enLU

ca

z

W

en

0
-J

w
U-D

z

2

0

5.2.2. Individual package under Accident Transport Conditions (A TC)

The configuration studied is: the damaged package (rectangular modelling) surrounded
by a reflector consisting of 20 cm of water; modelling of the package is described in § 4.

The space between the cavity and the shell is:

- either filled with water: package in water-filled configuration,

- or empty: package in differential flooding configuration.

The assembly is studied in the 3 configurations described in § 4.3.2.

The results of the calculations, provided in the table below, show that the individual
damaged package amply complies with the subcriticality margin of Keff < 0.95,
whether in the differential flooding or water-filled package configuration, even when
penalising hypotheses on the expansion of the rod array over the entire height of the
fissile column and on the dimensions of the shell are adopted.
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5.2.1. Individual package under Normal Transport Conditions (NTC) 

5.2.2 . 

The configuration studied is: the undamaged package (cylindrical modelling) filled with 
water and surrounded by a reflector consisting of 20 cm of water; modelling of the 
package is described in § 4, Figure I, Figure 4 and Figure 5. 

The results of the calculations, provided in the table below, show that the undamaged 
individual package amply complies with the subcriticality margin ofKeff::; 0.95. 

Individual package under NTC 

Assembly - % 235U Keffmax 

15x15 - 5% 235U 0.873 

17x17 - 5% 235U 0.865 

17x17 XL - 5% 235U 0.863 

16x16 - 4.5% 235U 0.886 

18x18 - 4.5% Z35U 0.893 

Individual package under Accident Transport Conditions (ATC) 

The configuration studied is: the damaged package (rectangular modelling) surrounded 
by a reflector consisting of20 cm of water; modelling of the package is described in § 4. 

The space between the cavity and the shell is: 

- either filled with water: package in water-filled configuration, 

- or empty: package in differential flooding configuration. 

The assembly is studied in the 3 configurations described in § 4.3.2. 

The results of the calculations, provided in the table below, show that the individual 
damaged package amply complies with the subcriticality margin of Keff ::; 0.95, 
whether in the differential flooding or water-filled package configuration, even when 
penalising hypotheses on the expansion of the rod array over the entire height of the 
fissile column and on the dimensions of the shell are adopted. 
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Individual package under ATC

920 mm x 677 mm shell 820 mm x 527 mm shell
Water-filled Differentially Water-filled Differentially

Assembly - % 235U Length of fissile packagedrained ackage drained
section (mm) package package

Keff.,, Keffm., Keff,0,, Keff,..
3/3 214 0.871 0.872 0.873 0.869

15x15 - 5% .35U 1/3 219 - 2/3 214 0.882 0.874 0.877 0.871

3/3 219 0.886 0.881 0.888 0.881

3/3 214 0.872 0.865 0.869 0.861

17x17 - 5% 1
35U 1/3 219 - 2/3 214 0.872 0.871 0.876 0.872

3/3 219 0.879 0.874 0.879 0.877

3/3 214 0.868 0.866 0.871 0.869

17x17 XL - 5% 235U 1/3 219 - 2/3 214 0.870 0.890 0.878 0.874

3/3 219 0.882 0.878 0.882 0.881

3/3 230 0.894 0.894 0.896 0.898

16x16 - 4.5% 235U 1/3 235 - 2/3 230 0.896 0.895 0.900 0.896

3/3 235 0.910 0.898 0.902 0.902

3/3 230 0.896 0.890 0.894 0.892

18x18 - 4.5% 235U 1/3 235- 2/3 230 0.897 0.897 0.900 0.901

3/3 235 0.907 0.900 0.907 0.901

5.3. Array ofpackages

An array of packages must remain subcritical, with the array of packages surrounded on all
sides by a 20-cm layer of water (articles 681 and 682 of [7]).

The subcriticality margin to be observed for an array of packages is 5000 pcm:
Keff<_ 0.95 (appendix VII.38 of [8]), including all uncertainties.
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Individual package under A TC 
920 mm x 677 mm shell 820 mm x 527 mm shell 

Water-filled 
Differentially 

Water-filled 
Differentially 

Assembly - % Z3SU Length of fissile 
package 

drained 
package 

drained 
section (mm) package package 

Keffmax Keffmax Keffmax Keffmax 

3/3 214 0.871 0.872 0.873 0.869 

15x15 - 5% Z3SU 1/3219 - 2/3214 0.882 0.874 0.877 0.871 

3/3219 0.886 0.881 0.888 0.881 

3/3214 0.872 0.865 0.869 0.861 

17x17 - 5% Z3SU 1/3219 - 2/3214 0.872 0.871 0.876 0.872 

3/3 219 0.879 0.874 0.879 0.877 

3/3 214 0.868 0.866 0.871 0.869 

17x17 XL - 5% Z3SU 1/3219 - 2/3214 0.870 0.890 0.878 0.874 

3/3219 0.882 0.878 0.882 0.881 

3/3230 0.894 0.894 0.896 0.898 

16x16 - 4.5% Z3SU 1/3 235 - 2/3 230 0.896 0.895 0.900 0.896 

3/3 235 0.910 0.898 0.902 0.902 

3/3230 0.896 0.890 0.894 0.892 

18x18 - 4.5% Z3SU 1/3 235 - 2/3 230 0.897 0.897 0.900 0.901 

3/3 235 0.907 0.900 0.907 0.901 

5.3. Array oJpackages 

An array of packages must remain subcritical, with the array of packages surrounded on all 
sides by a 20-cm layer of water (articles 681 and 682 of[7]). 

The subcriticality margin to be observed. for an array of packages is 5000 pcm: 
Keff::; 0.95 (appendix VII.38 of [8]), including all uncertainties. 
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5.3.1. Array of packages under Normal Transport Conditions (NTC)

If N is the number of packages to be transported, 5N undamaged packages must be
subcritical without there being anything between the packages (article 681 of [7]).

The configuration studied is an infinite array of undamaged packages (cylindrical
modelling - the modelling of the package is described in § 4). Conditions of total
reflection are applied to all the faces of the package. The space between the cavity and
the shell is:

- either full of water: package in water-filled configuration,

- or empty: package in differential flooding configuration.

The results of the calculations, provided in the table below, show that an infinite
network of undamaged packages amply complies with the subcriticality margin of Keff
< 0.95, even in the differential flooding configuration, which adds a penalty of between
4600 and 6400 pcm depending on the type of assemblies. The number N is therefore
infinite under normal transport conditions.

Array of packages under NTC
Water- Differentially

Network filled drained
of Number package packageAssembly - % U235 akaepackages N

(XxYxZ) Keffm., Keff...

15x15 - 5% .35U Infinite Infinite 0.868 0.916

17x17 - 5% 235U Infinite Infinite 0.866 0.913

17x17 XL - 5% 235U Infinite Infinite 0.867 0.918

16x16- 4.5% 2
1
5U Infinite Infinite 0.888 0.939

18x18 - 4.5% 235U Infinite Infinite 0.895 0.934

5.3.2. Array of packages under Accident Transport Conditions (A TC)

If N is the number of packages to be transported, 2N damaged packages must be
subcritical, with moderation between the packages (article 681 of [7]).

The configuration studied is: an array of damaged packages (rectangular modelling)
with empty space between the packages and a reflector consisting of 20 cm of water on
the periphery of the array; modelling of the package is described in § 4; In this
configuration, two variants are studied:
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5.3.1. Array of packages under Normal Transport Conditions (NTC) 

If N is the number of packages to be transported, 5N undamaged packages must be 
subcritical without there being anything between the packages (article 681 of [7]). 

The configuration studied is an infinite array of undamaged packages (cylindrical 
modelling - the modelling of the package is described in § 4). Conditions of total 
reflection are applied to all the faces of the package. The space between the cavity and 
the shell is: 

- either full of water: package in water-filled configuration, 

- or empty: package in differential flooding configuration. 

The results of the calculations, provided in the table below, show that an infinite 
network of undamaged packages amply complies with the subcriticality margin of Keff 
:s 0.95, even in the differential flooding configuration, which adds a penalty of between 
4600 and 6400 pcm depending on the type of assemblies. The number N is therefore 
infinite under normal transport conditions. 

Array of packages under NTC 
Water- Differentially 

Network filled drained 

Assembly - % U235 
of Number package package 

packages N 
(XxYxZ) Keffmax Keffmax 

15x15 - 5% 235U Infinite Infinite 0.868 0.916 

17x17 - 5% 235U Infinite Infinite 0.866 0.913 

17x17 XL - 5% 235U Infinite Infinite 0.867 0.918 

16x16 - 4.5% 235U Infinite Infinite 0.888 0.939 

18x18 - 4.5% mU Infinite Infinite 0.895 0.934 

5.3.2. Array of packages under Accident Transport Conditions (ATe) 

If N is the number of packages to be transported, 2N damaged packages must be 
sub critical, with moderation between the packages (article 681 of [7]). 

The configuration studied is: an array of damaged packages (rectangular modelling) 
with empty space between the packages and a reflector consisting of 20 cm of water on 
the periphery of the array; modelling of the package is described in § 4; In this 
configuration, two variants are studied: 
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- the inside of the shell is empty and the fuel is moderated: this is the case of
"differential flooding",

- the inside of the shell is filled with water and the fuel is moderated.

The results of the calculations, provided in the table below, show that an array of
damaged packages complies with the subcriticality margin of Keff < 0.95 with a shell
crushed to a realistic extent (920 mm x 677 mm) and even with a very hypothetical total
expansion of the array..

In the case of very hypothetical crushing of the shell to 820 mm x 527 mm, combined
with total expansion of the array and the differential flooding configuration, the Keff <
0.95 subcriticality criterion is exceeded by only 900 pcm at most.

The number N depends on the type of assembly transported under accident transport
conditions.

The differential flooding configuration is a highly penalising configuration that
generates an increase in reactivity relative to the water-filled package. This increase in
reactivity varies from 4000 to 8000 pcm, depending on the type of assembly.

Array packages under ATC
920 mm x 677 mm shell 820 mm x 527 mm shell

Assembly - % 23.U Water-filled Differentially Water-filled Differentially

Network (XxYxZ) Length of fissile flooded flooded
section (mm) package package package package

Number N Keffs.. Keff,,x Keffm., Keff,,,

3/3 214 0.873 0.935 0.877 0.94315x15 - 5% ... U
10xl6xl 1/3 219 - 2/3 214 0.878 0.941 0.877 0.946

N=80 3/3 219 0.886 0.949 0.889 0.957

17x17 - 5% "T 3/3 214 0.867 0.933 0.869 0.939

10xl6xl 1/3 219 - 2/3 214 0.872 0.932 0.871 0.943
N=80 3/3 219 0.883 0.948 0.884 0.952

17X17 XL - 5% 23 U 3/3 214 0.868 0.928 0.870 0.937

lOxl6xl 1/3 219 - 2/3 214 0.870 0.943 0.871 0.944
N=80 3/3 219 0.883 0.949 0.887 0.959

3/3 230 0.895 0.933 0.893 0.946
16x16 - 4.5% 23.U

3x4xl 1/3 235 - 2/3 230 0.896 0.940 0.903 0.950
N=6

3/3 235 0.902 0.942 0.907 0.951

3/3 230 0.897 0.931 0.894 0,942
18x18 - 4.5% 2..U

3x4x1 1/3 235 - 2/3 230 0.902 0.938 0.899 0.948
N=6

3/3 235 0.905 0.947 0.908 0.951
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- the inside of the shell is empty and the fuel is moderated: this is the case of 
"differential flooding", 

- the inside of the shell is filled with water and the fuel is moderated. 

The results of the calculations, provided in the table below, show that an array of 
damaged packages complies with the subcriticality margin of Keff ~ 0.95 with a shell 
crushed to a realistic extent (920 mm x 677 mm) and even with a very hypothetical total 
expansion of the array .. 

In the case of very hypothetical crushing of the shell to 820 mm x 527 mm, combined 
with total expansion of the array and the differential flooding configuration, the Keff ~ 
0.95 subcriticality criterion is exceeded by only 900 pcm at most. 

The number N depends on the type of assembly transported under accident transport 
conditions. 

The differential flooding configuration is a highly penalising configuration that 
generates an increase in reactivity relative to the water-·filled package. This increase in 
reactivity varies from 4000 to 8000 pcm, depending on the type of assembly. 

Array packages under A TC 
} 

920 mm x 677 mm shell 820 mm x 527 mm shell 

Assembly - % Z35U Water-filled 
Differentially 

Water-filled 
Differentially 

Length of fissile flooded flooded Network (XxYxZ) section (mm) package package 
package 

package 
NumberN 

Keffmax Keffmax Keffmax Keffmax 

15x15 - 5% 235U 
3/3 214 0.873 0.935 0.877 0.943 

10x16xl 113219 - 2/3214 0.878 0.941 0.877 0.946 

N=80 
3/3 219 0.886 0.949 0.889 0.957 

17x17 - 5% 235U 
3/3 214 0.867 0.933 0.869 0.939 

10x16xl 113219 - 2/3214 0.872 0.932 0.871 0.943 

N=80 
3/3 219 0.883 0.948 0.884 0.952 

17x17 XL - 5% 235U 3/3 214 0.868 0.928 0.870 0.937 

10x16xl 113 219 - 2/3214 0.870 0.943 0.871 0.944 

N=80 
3/3 219 0.883 0.949 0.887 0.959 

3/3 230 0.895 0.933 0.893 0.946 
16x16 - 4.5% Z35U 

3x4xl 113 235 - 2/3 230 0.896 0.940 0.903 0.950 

N=6 
3/3 235 0.902 0.942 0.907 0.951 

18x18 - 4.5% Z35U 
3/3230 0.897 0.931 0.894 0.942 

3x4xl 113 235 - 2/3 230 0.902 0.938 0.899 0.948 

N=6 
3/3 235 0.905 0.947 0.908 0.951 
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5.4. Analysis of the impact of the ejection of pellets

During the criticality studies performed at the design stage [9], the impact of the possible
ejection of pellets inside the neutron cavity was studied.

The conclusions of the studies [9] remain valid, since they were carried out applying
conservative hypotheses on the expansion of the array over the entire height of the
assemblies.

The number of rods per assembly that can eject all their pellets into the cavity is:

- 13 rods for 16x16 and 18x18 assemblies,

- 20 rods for 15x15, 17x17 and 17xl7XL assemblies.

5.5. Analysis of the impact of the neutron cavity being off-centre relative to the shell

In order to assess the impact of the cavity being off-centre relative to the shell, due to the
neutron cavity becoming detached subsequent to the regulatory tests (see § 4.1.2), we
compared the following three configurations (see Figure 8):

- Case 1: cavities centred in the shell, i.e. the normal configuration,
Z

w- Case 2: cavities laterally centred in the shell, but vertically off-centre, therefore forming
-J groups of two,

~four.

z For each case, we studied several sizes of shell so as to vary the clearances and, on account
nz of the two possible array sizes, we selected two types of array:
w

o infinite array of FCC4vl packages under ATC, in differential flooding configuration,
loaded with 17x 1 7XL assemblies enriched to 5 % with U235 and expanded over 1/3 of the
fissile height to 219 mm,

3x4xl array of FCC4v2 packages under ATC, in differential flooding configuration,
loaded with 16x 16 assemblies enriched to 4.5 % with U235 and expanded over 1/3 of the
fissile height to 235 mm.

The results of the calculations (see Figure 9 and Figure 10) show that the cavity being off-
centre relative to the shell does not have a significant impact on the reactivity of the
network of packages, whether array size is small or infinite.

The aim of these configurations is to assess sensitivity to cavities being off-centre; the Keff
< 0.95 safety/criticality criterion is exceeded due to:
- either a number N of permissible packages greater than that determined for transport

authorisation,
- or more penalising crushing of the shell than obtained after the regulatory tests.
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5.4. Analysis of the impact of the ejection of pellets 

During the criticality studies perfonned at the design stage [9], the impact of the possible 
ejection of pellets inside the neutron cavity was studied. 

The conclusions of the studies [9] remain valid, since they were carried out applying 
conservative hypotheses on the expansion of the array over the entire height of the 
assemblies. 

The number of rods per assembly that can eject all their pellets into the cavity is: 

- 13 rods for 16x16 and 18x18 assemblies, 

- 20 rods for 15x15, 17x17 and 17x17XL assemblies. 

5.5. Analysis of the impact of the neutron cavity being off-centre relative to the shell 

In order to assess the impact of the cavity being off-centre relative to the shell, due to the 
neutron cavity becoming detached subsequent to the regulatory tests (see § 4.1.2), we 
compared the following three configurations (see Figure 8): 

- Case 1: cavities centred in the shell, i.e. the nonnal configuration, 

- Case 2: cavities laterally centred in the shell, but vertically off-centre, therefore fonning 
groups of two, 

- Case 3: cavities laterally and vertically off-centre in the shell, therefore forming groups of 
four . 

For each case, we studied several sizes of shell so as to vary the clearances and, on account 
of the two possible array sizes, we selected two types of array: 

- infinite array of FCC4vl packages under ATC, in differential flooding configuration, 
loaded with 17x 17XL assemblies enriched to 5 % with U235 and expanded over 1/3 of the 
fissile height to 219 mm, 

- 3x4xl array of FCC4v2 packages under ATC, in differential flooding configuration, 
loaded with 16x 16 assemblies enriched to 4.5 % with U235 and expanded over 1/3 of the 
fissile height to 235 mm. 

The results of the calculations (see Figure 9 and Figure 10) show that the cavity being off
centre relative to the shell does not have a significant impact on the reactivity of the 
network of packages, whether array size is small or infinite. 

The aim of these configurations is to assess sensitivity to cavities being off-centre; the Keff 
:s 0.95 safety/criticality criterion is exceeded due to: 

- either a number N of pennissible packages greater than that detennined for transport 
authorisation, 

- or more penalising crushing of the shell than obtained after the regulatory tests. 
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6. CONCLUSION

In this study, we have verified that the safety/criticality criteria of FCC3 version 1, FCC4
version 1 and FCC4 version 2 packages are met for the transport of fresh U02 fuel assemblies:

- 15xl5 assemblies enriched to 5 % with U235, transported in FCC3vl,

- 17x 17 assemblies enriched to 5 % with U235, transported in FCC3vl,

- 17xI7XL assemblies enriched to 5 % with U235, transported in FCC4vl

- 16x 16 assemblies enriched to 4.5 % with U235, transported in FCC4v2,

- 18xl 8 assemblies enriched to 4.5 % with U235, transported in FCC4v2

the main characteristics of which are as follows:

U- density 10.96 g/cm3 (100 % of the theoretical density),

- full assembly: the missing U02 rods must be replaced with rods treated with gadolinium, rods
z containing depleted uranium or a metal material, or solid rods made of a metal material
n(materials such as graphite and beryllium are strictly prohibited) so as not to increase
Wo moderation of the assemblies,
w
"- - the uranium can originate from reprocessing, since the U234 and the U236 present in RRU
<, are neutron poisons that reduce the reactivity of the assemblies.

z The packages can only contain one or two assemblies of the same design and maximum
II enrichment:z

w
2- 5 % with U235 for 15x15, 17x17 and 17xl7XL network assemblies,0

4.5% with U235 for 16x16 and 18x18 network assemblies.

The number N of packages, as defined in articles 681 and 682 of [7], that can be transported
from the point of view of safety/criticality, serves to determine the SAFETY/CRITICALITY
INDEX (SCI), as defined in article 528 of [7], i.e.:

SCI = 50/(min. (NNTC; NATC))
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6. CONCLUSION 

In this study, we have verified that the safety/criticality criteria of FCC3 version 1, FCC4 
version 1 and FCC4 version 2 packages are met for the transport of fresh U02 fuel assemblies: 

- 15x15 assemblies enriched to 5 % with U235, transported in FCC3vl, 

- 17x17 assemblies enriched to 5 % with U235, transported in FCC3vl, 

- l7x l7XL assemblies enriched to 5 % with U235, transported in FCC4v 1 

- l6x16 assemblies enriched to 4.5 % with U235, transported in FCC4v2, 

- l8x 18 assemblies enriched to 4.5 % with U235, transported in FCC4v2 

the main characteristics of which are as follows: 

- density 10.96 g/cm3 (100 % of the theoretical density), 

- full assembly: the missing U02 rods must be replaced with rods treated with gadolinium, rods 
containing depleted uranium or a metal material, or solid rods made of a metal material 
(materials such as graphite and beryllium are strictly prohibited) so as not to increase 
moderation of the assemblies, 

- the uranium can originate from reprocessing, since the U234 and the U236 present in RRU 
are neutron poisons that reduce the reactivity ofthe assemblies. 

The packages can only contain one or two assemblies of the same design and maximum 
enrichment: 

- 5 % with U235 for l5x15, l7x17 and 17x17XL network assemblies, 

- 4.5 % with U235 for 16x16 and 18x18 network assemblies. 

The number N of packages, as defined in articles 681 and 682 of [7], that can be transported 
from the point of view of safety/criticality, serves to determine the SAFETY/CRITICALITY 
INDEX (SCI), as defined in article 528 of [7], i.e.: 

SCI = 50/(min. (NNTC; NATC)) 
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The results are restated in the table below for the various assembly designs:

Number N of packages in
Assemblage - % "T Number of fuel rods Cross-section of the network SCO

per assembly cavity (mm x mm)

NTC ATC

15x15 - 5% 2..5U 204 Infinite 80 0.63219x219 (FCC3 vi)
17x17 - 5% 2..U 264 Infinite 80 0.63

17x17 XL - 5% 235U 264 219x219 (FCC4 vI) Infinite 80 0.63

16x16 - 4.5% ..5U 256 Infinite 6 8.33
235x235 (FCC4 v2) Infinite 6 8.3318x18 - 4.5%/ 235U 300 Infinite__ _______ __8.33

The above table takes the possibility of the ejection of pellets and the re-moderation of the
assemblies into consideration. From the point of view of criticality, the number of fuel rods per
assembly that can eject all their pellets is:

- 13 for 16x 16 and 18x 18 assemblies transported in FCC4v2 packages,

- 20 for 15x 15 and 17x 17 assemblies transported in FCC3v I packages,

- 20 for 17x 17 XL assemblies transported in FCC4vI packages.

FF018 Rev. 1
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The results are restated in the table below for the various assembly designs: 

Number N of packages in 

Assemblage - % 235U Number of fuel rods Cross-section of the network SCI per assembly cavity (mm x mm) 

NTC ATC 

15x15 - 5% mU 204 Infinite 80 0.63 

17x17 - 5% 235U 264 
219x219 (FCC3 vi) 

Infinite 80 0.63 

17x17 XL - 5% 235U 264 219x219 (FCC4 vi) Infinite 80 0.63 

16x16 - 4.5% mU 256 Infinite 6 8.33 

18x18 - 4.5% mU 300 
235x235 (FCC4 v2) 

Infinite 6 8.33 

The above table takes the possibility of the ejection of pellets and the re-moderation of the 
assemblies into consideration. From the point of view of criticality, the number of fuel rods per 
assembly that can eject all their pellets is: 

- 13 for 16xl6 and 18xl8 assemblies transported in FCC4v2 packages, 

- 20 for 15x IS and 17x 17 assemblies transported in FCC3vl packages, 

- 20 for 17xl7 XL assemblies transported in FCC4vl packages. 
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TABLE 1: Characteristics of the packages

M5x15
17x17

17xl7XL

16x16
18x18

Frame height (mm) 226 242

width (mm) 226 242

Box-section thickness of lower sheet 3

Neutron cavity cross-section (mm x mm) 219x219 235x235

thickness of head plate (mm) 30

thickness of foot plate (mm)
Doors

thickness of internal metal sheet (mm)
thickness of external metal sheet (mm) ________________

thickness of central core (mm) 66
Neutron absorbing thickness of door (mm) 44

resin
thickness of lower box-section (mm) 44

height (mm) 160 176

width (mm) 100 60Pad recess
thickness (mm) 12

pad attachment (mm) 20

Pad width (mm) 50

outside diameter (mm) 1048
Container under shell thickness (mm) 3

NTC
clearance between shell and foot (mm) 250

clearance between shell and foot (mm) 80

Damaged container lateral clearance between shell and door (mm) 150 (100) 134 (84)
under ATC top clearance between sheet and door (mm)

bottom clearance between shell and box-section (mm) 175 (100) 142 (92)

_j
w
iL

w
HJ
_j

z

z
w
0
I-
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Neutron absorbing 
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Damaged container 
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TABLE 1: Characteristics of the packages 

height (mm) 

width (mm) 

thickness of lower sheet 

cross-section (mm x mm) 

thickness of head plate (mm) 

thickness of foot plate (mm) 

thickness of internal metal sheet (mm) 

thickness of external metal sheet(mm) 

thickness of central core{mm) 

thickness of door (mm) 

thickness oflower box-section (mm) 

height(mm) 

width (mm) 

thickness (mm) 

pad attachment (mm) 

width(mml 

outside diameter (mm) 

shell thickness (mm) 

clearance between shell and foot (mm) 

clearance between shell and foot (mm) 

lateral clearance between shell and door (mm) 
top clearance between sheet and door (mm) 

bottom clearance between shell and box-section {mm) 

N° FF/DC/00817 EO 

REV. A PAGE 24 I 36 

15x15 
16x16 

17x17 
18xl8 

17x17XL 

5 

226 242 

226 242 

3 

219x219 235x235 

30 

3 

66 

44 

44 

160 176 

100 60 

12 

20 

50 

1048 

3 

250 

80 

150 (100) 134 (84) 

175 (100) 142 (92) 
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17x17
Type of assembly 15x15 17x17XL 16x16 18x18

Calculation
conditions NTC ATC NTC ATC NTC ATC NTC ATC

Number of rods 204 264 236 300

Height of fissile 3658 3658 3900 3900
column (mm) 4267 (XL)

Min. inert height 103
(mm) 91 180 (XL) 441 440

Max. pellet radius
(mm) 4.655 4.102 4.56 4.03

Min. cladding
radius (mm) 5.34 5.35 4.73

Max. cross-
section of cavity 219x219 235x235

(mm x mm)

Fissile cross-
section 214x214 219x219 214x214 219x219 230x230 235x235 230x230 235x235

(mm x mm)

Moderator radius
(mm) 8.453 8.651 7.431 7.604 8.447 8.631 7.492 7.655

-n

0
m
Z

z-0

P1

m

-tJ
0)

z

-n,

C)

-.4
M
C0

c?

FRAMATOME ANP - NUCLEAR FUEL DESIGN & SALES 

." 

~ ::u » 
Type of assembly 15x15 

17x17 
16x16 18x18 ~ 

17x17XL ~ 
0 

Calculation ATC 
~ 

conditions NTC ATC NTC ATC NTC NTC ATC m 
» z 
1J 

Number of rods 204 264 236 300 

~ 
Height of fissile 

3658 
3658 b;, 

column (mm) 3900 3900 t-< 
4267 (XL) ~ 

~ 

Min. inert height 103 9 
91 441 440 l::i 

(mm) 180 (XL) i:l 
!'"l -~ .., 
1;;. 

Max. pellet radius -.... 
(mm) 4.655 4.102 4.56 4.03 ~ 

~ 
So 
~ 

Min. cladding l::i 

radius (mm) 5.34 4.73 5.35 4.73 ~ 
~ :: 
~ 

Max. cross- -;;. 
'" section of cavity 219x219 235x235 
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m 0 

~ 11 Fissile cross- > 11 

section 214x214 219x219 214x214 219x219 230x230 235x235 230x230 235x235 a 
(mm x mm) 

() 
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> a 
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--.. 
m 
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TABLE 3: Composition of the resin

U)w
-j

.6
z
(D

w
a
-j
w
LJ-

w

z

0~

The minimum density of the resin under Normal Transport Conditions (NTC) is taken to be
1.6 g/cm3, value derived from the mean measurement of the product, 1.69 g/cm3 , reduced by 3
standard deviations.

The composition of the resin under Accident Transport Conditions (ATC) is obtained by
removing 10 % of the boron atoms and removing the hydrogen atoms for the 10-mm outside
layer.
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TABLE 3: Composition ofthe·resin 

Element % by weight Number of atoms 

(x 1024/cm3
) 

NTC ATC 

Throughout Inside 10 mm outside 

H 4.65 4.4660 10.2 0 

B 2.1 1.8718 10.3 1.684610.3 

0 45.5 2.7403 10.2 

C 27.9 2.240410.2 

AI 15.5 5.5356 10.3 

Zn 4.25 6.2648 10-4 

Si 0.1 3.4309 10.5 

The minimum density of the resin under Normal Transport Conditions (NTC) is taken to be 
1.6 g/cm3, value derived from the mean measurement of the product, 1.69 g/cm\ reduced by 3 
standard deviations. 

The composition of the resin under Accident Transport Conditions (ATC) is obtained by 
removing 10 % of the boron atoms and removing the hydrogen atoms for the 10-mm outside 
layer. 
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1. INTRODUCTION

Fresh U02 fuel assemblies are transported in packages referred to as FCC3 version 1 (for 15x 15
and 17x17 design assemblies), FCC4 version 1 (for 17xl7XL design assemblies) and FCC4
version 2 (for 16x16 and 18x18 design assemblies).

For particular cases, it is necessary to transport rods in variable quantities. The rods are then
transported in boxes [4], which are inserted instead of the assemblies inside the neutron cavity.

The packages used for transporting the rods are those intended for the transport of assemblies,
i.e.:

- the FCC3 version 1 package for the transport of 14x14 "8 foot", 14x14 "10 foot", 15x15 and
17x 17 design rods,

- the FCC4 version 1 package for the transport of 16x16, 17xl7XL and 18x18 design rods, but
also 14x14 "8 foot", 14x14 "10 foot", 15x15 and 17x17 design rods.

U) These packages are classified as "Type II Fissile Industrial Packages" according to theHA
<recommendations of the IAEA [7] and, as such, their design must guarantee subcriticality for an
U)
06 individual package and for an array of packages under Normal Transport Conditions (NTC) and
z
_ Accident Transport Conditions (ATC), in compliance with IAEA guidelines [7].
CD09

_- The design of FCC packages consists in confining the fuel in a volume having a known cross-
D section, as small as possible, and ensuring that this geometry is maintained subsequent to

regulatory tests. These tests are performed under Accident Transport Conditions (ATC), which
determine dimensions, namely:

z
- 9 m drop,

z
, - 1 m drop onto a 150 cm diameter spike,
0

- thermal test at 800 °C for 30 minutes.

The purpose of this study is to verify that the safety-criticality criterion of Keff _ 0.95 is
observed, including all uncertainties, for the transport of FCC3 v1 and FFC4 v1 containers
under NTC and ATC in accordance with IAEA recommendations [7].

Document [11] defines the uncertainties to be applied with regard to the use of the CRISTAL
form for the transport of fresh U02 fuel.
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2., DEFINITIONS AND CONVENTIONS

To make this report clearer and easier to understand, a list of the definitions and conventions is
provided below:

Frame:

Fabricated structure with an inverted T-shaped cross-section used to support the assemblies
during transport, this sheet-metal structure consists of a vertical core and a lower box section
filled with neutron absorbing resin.

Doors:

Fabricated assembly with an L-shaped cross-section hinged on the frame. This sheet-metal
structure is filled with neutron absorbing resin. On the inner faces of these doors and facing the
assembly grids, there are recesses in which the metal pads used to hold the assemblies during
transport, by clamping onto the grids, are located.

Neutron cavity:

Overall volume delimited by the metal sheets on the inside of the doors, the frame and the head
<and foot plates.
C)

z Co-ordinate system:
09
wo The 0 X Y Z three-dimensional reference system is used (Figure 4 and Figure 5), where:
_j

L- origin 0: is a point at the intersection of the plane of vertical symmetry of the neutron cavity
(middle of the core), of the plane of longitudinal symmetry and of the plane that passes along

" the lower face of the metal sheet of the frame.
Z

- axis OX: transverse axis, merging with the lower horizontal face of the metal sheet of the
Z< frame,

I.U

0- axis OY: vertical axis passing along the plane of vertical symmetry of the neutron cavity,

- axis OZ: longitudinal axis.

Fissile section:

Square cross-section (plane XY) representing the fuel assembly with a chemical medium
resulting from a calculation using APOLLO 2 in which the non-fissile components, other than
the fuel rod cladding, are equated with water.

In the case of rod boxes, the section concerned is that of the neutron cavity reduced in its upper
section by the volume the longitudinal wedge occupies.
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Moderator radius:

Radius of the moderator portion of an APOLLO 2 fissile cell, representing the fissile medium.
The moderator radius is calculated as follows:

Rmod ..to. = (fissile section/(number of rods x pi))112

Differential flooding:

Accident configuration in which only the neutron cavity is immersed in water (density = I
g/cm3).

Total reflection:

Conditions at the limits (boundary conditions) applied to a computational 3D geometric
configuration and which prevents any neutron leakage.

Array:
U)

J< Three-dimensional arrangement of several packages. The array is surrounded by a 20-cm water
U,)
¢.6.• reflector (articles 681 and 682 of [7]). The array is referred to as "array X x Y x Z" where:
z

- X: is the number of packages in direction X,
0
W, - Y: is the number of packages in direction Y,Z)
U-

- Z: is the number of packages in direction Z,

D Infinite array:z
C1I

.z X Y Z array where X, Y and Z are infinite. This array is modelled by applying the conditions for
w total reflection to each of the faces of the package instead of the 20-cm reflector applied to the
0 periphery of an array of finite dimensions.
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g/cm3). 
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Array: 

Three-dimensional arrangement of several packages. The array is surrounded by a 20-cm water 
reflector (articles 681 and 682 of [7]). The array is referred to as "array X x Y x Zit where: 

- X: is the number of packages in direction X, 

- Y: is the number of packages in direction Y, 

- Z: is the number of packages in direction Z, 

Infinite array: 

X Y Z array where X, Y and Z are infinite. This array is modelled by applying the conditions for 
total reflection to each of the faces of the package instead of the 20-cm reflector applied to the 
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3. CODES AND QUALIFICATION

Computation is carried out using:

- CIGALES version v2.0

- APOLLO 2 version 2.4.3

- MORET 4 version 4.A.6

These three codes are part of CRISTAL V0.2 code tools and their use is validated [10].

A brief description of these codes is restated in report [I I].

Use of the CRISTAL tool is qualified for the present study by applying an uncertainty of
0.00682 to the Keff calculated according to report [11]. In the present report, all the reactivity
values given take this uncertainty into account
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4. COMPUTATION AND MODELLING HYPOTHESES

4.1. Characteristics of the package

The characteristics of the package are restated below, and are the same as for transporting
the assemblies to which report [9] refers.

The package consists of a cylindrical steel shell with a horizontal axis, housing internal
equipment comprising the following main components:

- an inverted T-shaped frame for receiving the assemblies, said "T" being filled with
neutron-absorbing resin,

- two L-shaped doors filled with neutron-absorbing resin, said doors pivoting on axes
linked to the frame and closing on the assemblies or on the rod boxes,

- two steel end plates: a two-part head plate and a foot plate, which serve to close the
cavities.

<When assembled, the above components form two identical neutron cavities, in which the
,d rod boxes to be transported are placed.
Z

(Dw•° The neutron absorbing resin located inside the doors and the frame limits the interactions

_jbetween the rods, whether they are from the same package or from different packages.D. Furthermore, the resin provides thermal protection for the rods during the thermal test.

The main characteristics of the package, taken from drawings [1], [2], [3], are restated in
D Table 1.

elz 4.1.1. Package under Normal Transport Conditions (NTC)
w

P Under normal conditions, the package is cylindrical (see Figure 1) and is modelled as
< follows:

- a cylindrical shell with an internal length of 4400 mm for FCC3 version 1 and 5187
mm for FCC4 version 1 (see Figure 5). The longitudinal clearances between the
shell and the neutron cavity are taken to be identical at each end and determined on
the basis of the minimum clearance between the end plate and the shell (the damper
is replaced with water or empty space) as indicated in Figure 5. The longitudinal
clearances are modelled symmetrically and at their minimum value so as to obtain
identical maximum interactions between packages.

a neutron cavity closed at each end by an end plate (head or foot plate); the internal
length 3840 mm for FCC3 version 1 and 4627 mm for FCC4 version 1 (see Figure
4).
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follows: 

- a cylindrical shell with an internal length of 4400 mm for FCC3 version 1 and 5187 
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shell and the neutron cavity are taken to be identical at each end and determined on 
the basis of the minimum clearance between the end plate and the shell (the damper 
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length 3840 mm for FCC3 version 1 and 4627 mm for FCC4 version 1 (see Figure 
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- the recesses in which the pads for retaining the grids are located are modelled by a
local depression in the doors into which the pad is inserted (see detail Figure 4),

- attachment of the pads in the resin of the doors is modelled by a steel block located
alongside each pad

- the axial position of the recesses is shown in Figure 4

The dimensions taken into account for modelling purposes are given in Figure 1, Figure
2, Figure 3, Figure 4 and Figure 5.

4.1.2. Package under Accident Transport Conditions (A TC)

The modelling adopted integrates the results of expert appraisal subsequent to the
mechanical tests and the thermal study, i.e.:

- the neutron cavity is entirely detached from the cradle subsequent to one of the drops
or the thermal test,

<- the shell is radially crushed by 100 mm on average over the entire length subsequent
(I)
-a, to the 9 m drop onto a flat surface, with localised crushing reaching a maximum of
Z
_200 mm,

0 - the shock absorbers are crushed to the maximum of their capacity subsequent to the
Zaxial drop.

W Therefore, under accident conditions, the package is modelled (see Figure 2) with a
-j

D box-shaped steel shell, the dimensions of which are calculated so that it is located
symmetrically about the neutron cavity so as to have identical neutronic interactions

Zbetween the packages, irrespective of the faces considered. The longitudinal clearance
wi between the shell and the neutron cavity is determined on the basis of the minimum

thickness of the damper after the 9 m vertical drop, as indicated in Figure 5. The damper
is replaced by empty space or water. The clearance is modelled symmetrically and at its
minimum value (80 mm).We studied a rectangular shell 920 mm x 677 mm: in this case
relatively realistic crushing of the shell, 130 mm wide and 370 mm high, is taken into
account, which leads to clearances between the shell and the cavity of 150 mm laterally
and 175 mm vertically for FCC3vl and FCC4vl packages.

the neutron cavity remains dimensionally unchanged relative to the normal
conditions, but the composition of the resin is modified as indicated in § 4.2.2.

4.2. Characteristics of the neutron absorbing resin

It is a polyester resin with a loading of approximately 60 % hydrated alumina, glass fibre
and zinc borate.

FF018 R6v. 1

(f) 
lJ.J 
....J 
<C 
(f) 

oil 
Z 
<.') 

en 
lJ.J 
o 
....J 
lJ.J 
:::> 
LL 
c::: 
~ 
....J 
() 
:::> 
z 
I 

Cl. z 
<C 
lJ.J 
~ 

~ 
~ 

~ 
LL 

A W FF/DC/01046 EO 

FRAMATOME ANP REV. A PAGE 12/36 

- the recesses in which the pads for retaining the grids are located are modelled by a 
local depression in the doors into which the pad is inserted (see detail Figure 4), 

- attachment of the pads in the resin of the doors is modelled by a steel block located 
alongside each pad 

- the axial position of the recesses is shown in Figure 4 

The dimensions taken into account for modelling purposes are given in Figure 1, Figure 
2, Figure 3, Figure 4 and Figure 5. 

4.1.2. Package under Accident Transport Conditions (ATe) 

The modelling adopted integrates the results of expert appraisal subsequent to the 
mechanical tests and the thermal study, i.e.: 

- the neutron cavity is entirely detached from the cradle subsequent to one of the drops 
or the thermal test, 

- the shell is radially crushed by 100 mm on average over the entire length subsequent 
to the 9 m drop onto a flat surface, with localised crushing reaching a maximum of 
200mm, 

- the shock absorbers are crushed to the maximum of their capacity subsequent to the 
axial drop. 

Therefore, under accident conditions, the package is modelled (see Figure 2) with a 
box-shaped steel shell, the dimensions of which are calculated so that it is located 
symmetrically about the neutron cavity so as to have identical neutronic interactions 
between the packages, irrespective of the faces considered. The longitudinal clearance 
between the shell and the neutron cavity is determined on the basis of the minimum 
thickness of the damper after the 9 m vertical drop, as indicated in Figure 5. The damper 
is replaced by empty space or water. The clearance is modelled symmetrically and at its 
minimum value (80 mm).We studied a rectangular shell 920 mm x 677 mm: in this case 
relatively realistic crushing of the shell, 130 mm wide and 370 mm high, is taken into 
account, which leads to clearances between the shell and the cavity of 150 mm laterally 
and 175 mm vertically for FCC3vl and FCC4vl packages. 

- the neutron cavity remains dimensionally unchanged relative to the normal 
conditions, but the composition of the resin is modified as indicated in § 4.2.2. 

4.2. Characteristics of the neutron absorbing resin 

It is a polyester resin with a loading of approximately 60 % hydrated alumina, glass fibre 
and zinc borate. 
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4.2. 1. Resin under Normal Transport Conditions (NTC)

The characteristics of the resin originate from [5]; the values taken into account in the
modelling are restated in Table 3.

4.2.2. Resin under Accident Transport Conditions (ATC)

After the thermal test (800 OC for 30 mn), the characteristics of the resin are modified.

Report [5] gives envelope values to be taken into account in the criticality studies; the
modelling adopted is as follows:

- loss of 10 % of the boron over the entire thickness,

- loss of 100 % of the hydrogen over 10 mm of the external surface.

4.3. Characteristics of the boxes

There are two versions of the boxes:
C')

z- version FCC3 for transporting all types of 12 feet, 10 feet and 8 feet rods,
C')

0,, - version FCC4 for transporting all types of 14 feet, 12 feet, 10 feet and 8 feet rods.
U-D

The box consists of a stamped U-shaped metal sheet, closed at both ends and reinforced
with two beams welded in the upper portion of the metal sheet [4].

z The rods are located axially in the centre of the box and the space at the ends is taken up by
z wedges of a length suited to that of the rods.
w

o The box is loaded with full rows of rods and, if necessary, the last row is completed with
inert rods.

IU- The space in the cavity above the rods is filled over its entire length with a system of radial

wedges.

The wedging system ensures the position of the rods in the box and the box in the cavity,
under both normal and accident transport conditions.

In this study, whether under NTC or ATC, the structure of the box is not modelled, only
the minimum guaranteed thickness of the radial wedging, i.e. 85 mm, is taken into account
so as to limit the section presented to the rods, in other words the fissile section. The fissile
section is therefore taken to be equal to 219 mm x 134 mm.
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4.2.1. Resin under Normal Transport Conditions (NTC) 

The characteristics of the resin originate from [5]; the values taken into account in the 
modelling are restated in Table 3. 

4.2.2. Resin under Accident Transport Conditions (ATC) 

After the thermal test (800°C for 30 mn), the characteristics of the resin are modified. 

Report [5] gives envelope values to be taken into account in the criticality studies; the 
modelling adopted is as follows: 

- loss of 10 % of the boron over the entire thickness, 

- loss of 100 % of the hydrogen over 10 mm of the external surface. 

4.3. Characteristics of the boxes 

There are two versions of the boxes: 

- version FCC3 for transporting all types of 12 feet, 10 feet and 8 feet rods, 

- version FCC4 for transporting all types of 14 feet, 12 feet, 10 feet and 8 feet rods . 

The box consists of a stamped U-shaped metal sheet, closed at both ends and reinforced 
with two beams welded in the upper portion of the metal sheet [4]. 

The rods are located axially in the centre of the box and the space at the ends is taken up by 
wedges of a length suited to that of the rods. 

The box is loaded with full rows of rods and, if necessary, the last row is completed with 
inert rods. 

The space in the cavity above the rods is filled over its entire length with a system of radial 
wedges. 

The wedging system ensures the position of the rods in the box and the box in the cavity, 
under both normal and accident transport conditions. 

In this study, whether under NTC or A TC, the structure of the box is not modelled, only 
the minimum guaranteed thickness of the radial wedging, i.e. 85 mm, is taken into account 
so as to limit the section presented to the rods, in other words the fissile section. The fissile 
section is therefore taken to be equal to 219 mm x 134 mm. 
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4.4. Characteristics of the fissile media

The characteristics of the rods are restated in Table 2. Only the fissile height of the rods is
taken into account in the modelling. The ends of the rods (plugs, plenum, shim for the
16x 16 and the 18xl8 designs) are replaced by water.

The dishes and the chamfers of the pellets are not taken into account, the fissile column is
modelled in the form of a cylinder with the maximum diameter of the pellets over the
entire fissile height and the cladding is modelled at its minimum diameter, with no
clearance between the pellet and the cladding. This modelling is conservative, as
demonstrated in report [9], and complies with the guidelines [6].

The material taken into account for the cladding is Zirconium, a material that is
"neutronically transparent" and is therefore conservative, from the safety point of view,
relative to the various cladding materials containing isotopes in the Zirconium alloys.

Enrichment is taken to be equal to 5 % U235 for all types of rods.

<• The density of the pellets is taken to be equal to 100 % of the theoretical density, i.e.
U)
d10.96 g/cm3.
z

The modelling adopted integrates the results of expert appraisal subsequent to the
j.f mechanical tests and the thermal study, i.e.:

U-
- the cross-section of the neutron cavity remains unchanged, i.e. 219 mm x 219 mm,

- the radial wedging maintains a minimum thickness of 85 mm.

z For the purposes of calculating the moderation, the rods are assumed to be distributed
<.• uniformly over the entire available cross-section of the boxes, i.e. 219 mm x 134 mm. The

number of rods will be variable so as to cover all transport configurations, i.e. from a few
rods to a maximum fill determined according to the weight limits.

On account of the above observations, the modelling adopted for verifying the

safety/criticality criteria is as follows:

- the fissile portion of the rods is axially centred in the neutron cavity,

- the rods can be brought together to form 2 groups:

- rods with a diameter of- 10.7 mm: 14x14, 15x15 and 16x16,

- rods with a diameter of-- 9.5 mm: 17x17, 17xl7XL and 18x18.

Both types of rod are modelled at the maximum length, i.e. 4267 mm and, as a
consequence, only FCC4vl, which encompasses FCC3vl, is modelled.
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4.4. Characteristics of the fissile media 

The characteristics of the rods are restated in Table 2. Only the fissile height of the rods is 
taken into account in the modelling. The ends of the rods (plugs, plenum, shim for the 
l6x16 and the l8x18 designs) are replaced by water. 

The dishes and the chamfers of the pellets are not taken into account, the fissile column is 
modelled in the form of a cylinder with the maximum diameter of the pellets over the 
entire fissile height and the cladding is modelled at its minimum diameter, with no 
clearance between the pellet and the cladding. This modelling IS conservative, as 
demonstrated in report [9], and complies with the guidelines [6]. 

The material taken into account for the cladding is Zirconium, a material that is 
"neutronically transparent" and is therefore conservative, from the safety point of view, 
relative to the various cladding materials containing isotopes in the Zirconium alloys. 

Enrichment is taken to be equal to 5 % U235 for all types of rods. 

The density of the pellets is taken to be equal to 100 % of the theoretical density, i.e. 
10.96 g/cm3. 

The modelling adopted integrates the results of expert appraisal subsequent to the 
mechanical tests and the thermal study, i.e.: 

- the cross-section of the neutron cavity remains unchanged, i.e. 219 mm x 219 mm, 

- the radial wedging maintains a minimum thickness of 85 mm. 

For the purposes of calculating the moderation, the rods are assumed to be distributed 
uniformly over the entire available cross-section of the boxes, i.e. 219 mm x 134 mm. The 
number of rods will be variable so as to cover all transport configurations, i.e. from a few 
rods to a maximum fill determined according to the weight limits. 

On account of the above observations, the modelling adopted for verifying the 
safety/criticality criteria is as follows: 

- the fissile portion of the rods is axially centred in the neutron cavity, 

- the rods can be brought together to form 2 groups: 

- rods with a diameter of - 10.7 mm: 14x14, 15x15 and l6x16, 

- rods with a diameterof-9.5 mm: 17x17, 17xl7XLand l8x18. 

Both types of rod are modelled at the maximum length, i.e. 4267 mm and, as a 
consequence, only FCC4vl, which encompasses FCC3vl, is modelled. 
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5. METHODOLOGY AND RESULTS

The methodology used in this study consists of searching the optimum value (in terms of
reactivity) of the moderation ratio (Vm/Vf) for the fissile medium, with a neutron cavity 219 mm
x 134 mm in section, for both rod diameters.

The reactivity is then calculated, for both rod diameters and moderation ratios varying either side
of the optimum, for an individual package and a array of packages in normal transport
configurations (NTC) and accident transport configurations (ATC). In accident configurations,
two variants are studied:

- differential flooding,

- water-filled package.

5.1. Particular non-penalising conditions

During the criticality studies performed at the design stage [9], we studied the impact of
U) different parameters and particular configurations. We demonstrated the absence of any
<, impact and the non-penalising nature of the following particular configurations:
CO

z - mist conditions: no reactivity peak occurs,
U)

o - pellets of minimum diameter: this case is covered by pellets of maximum diameter,
-j
LU

-,impact of the reinforcing ribs on doors: no significant impact on the reactivity in
<"' comparison to the calculations performed without ribs; therefore, the ribs are not

DJ modelled,
z

.z impact of tolerances and geometric shapes: the tolerances of the sheet metal, rounded
,, edges and possible shrinkage during the pouring of the resin do not have a significant

o impact and therefore shall not be taken into account,

partial differential flooding: the case of partially immersed assemblies is covered by the
case of fully immersed assemblies,

partial slipping of the rods: this configuration does not have a significant impact on the
reactivity of the packages. As regards boxes, this case is covered by the calculations at
optimum moderation and with rods of maximum length. A two-dimensional calculation
for the most reactive configuration shows (see 5.4.3 and Figure 11) that it remains
largely subcritical.

The accident configuration in which the neutron cavity is off-centre, thereby coming closer
to the neighbouring packages, is dealt with in report [9], which demonstrates that it has no
significant impact.

Since the above configurations are not penalising, they are not studied further in this
report.
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5. METHODOLOGY AND RESULTS 

The methodology used in this study consists of searching the optimum value (in terms of 
reactivity) of the moderation ratio (Vm/Vf) for the fissile medium, with a neutron cavity 219 mm 
x 134 mm in section, for both rod diameters. 

The reactivity is then calculated, for both rod diameters and moderation ratios varying either side 
of the optimum, for an individual package and a array of packages in normal transport 
configurations (NTC) and accident transport configurations (ATC). In accident configurations, 
two variants are studied: 

- differential flooding, 

- water-filled package. 

5.1. Particular non-penalising conditions 

During the criticality studies performed at the design stage [9], we studied the impact of 
different parameters and particular configurations. We demonstrated the absence of any 
impact and the non-penalising nature of the following particular configurations: 

- mist conditions: no reactivity peak occurs, 

- pellets of minimum diameter: this case is covered by pellets of maximum diameter, 

- impact of the reinforcing ribs on doors: no significant impact on the reactivity in 
comparison to the calculations performed without ribs; therefore, the ribs are not 
modelled, 

- impact of tolerances and geometric shapes: the tolerances of the sheet metal, rounded 
edges and possible shrinkage during the pouring of the resin do not have a significant 
impact and therefore shall not be taken into account, 

- partial differential flooding: the case of partially immersed assemblies is covered by the 
case of fully immersed assemblies, 

- partial slipping of the rods: this configuration does not have a significant impact on the 
reactivity of the packages. As regards boxes, this case is covered by the calculations at 
optimum moderation and with rods of maximum length. A two-dimensional calculation 
for the most reactive configuration shows (see 5.4.3 and Figure 11) that it remains 
largely subcritical. 

The accident configuration in which the neutron cavity is off-centre, thereby coming closer 
to the neighbouring packages, is dealt with in report [9], which demonstrates that it has no 
significant impact. 

Since the above configurations are not penalising, they are not studied further in this 
report. 
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5.2. Optimum moderation ratio

In order to determine the optimum moderation ratio, material buckling (Bim) is calculated
according to the moderation ratios (Vm/Vf) using APOLLO 2.code.

The resulting graphs are shown in Figure 6 according to the moderation ratio (Vm/Vf) and
the number of rods distributed in a section 219x134 (mm x mm). The Vm/Vf value that
gives maximum B'm corresponds to the moderation ratio that would give the maximum
reactivity value.

The maximum material buckling values are obtained respectively for:

- 110 rods (Vm/Vf- 3.7) 9.5 mm in diameter,

- 90 rods (Vm/Vf- 3.5) 10.7 mm in diameter.

5.3. Packages considered individually
C,)
Uw
.< The individual package, whether damaged or not, must be subcritical with total reflection

Cd,
.by a 20-cm layer of water around the containment envelope (articles 677 and 678 of [7]).
z
C',,,,m The subcriticality margin to be observed for the individual package is 5000 pcm: Keff _<
-1 0.95 (appendix VII.38 of [8]), including all uncertainties.W

U-
5.3.1. Individual package under Normal Transport Conditions (NTC)w

U The configuration studied is: the undamaged package (cylindrical modelling) filled with
z
.water and surrounded by a reflector consisting of 20 cm of water; modelling of the
..z package is described in § 4, Figure 1, Figure 3. and Figure 4. The radial wedging system

,,, is modelled as water, the wedge then playing the role of reflector. It is not penalising to
0 model the wedge as empty space, as is shown by the calculations under ATC. The rods

are spread uniformly over in the 219 mm x 134 mm section and the number of rods
varies either side of optimum moderation.

The results of the calculations, are provided in Figure 7 and the maximum Keff values
restated in the table below show that the individual damaged package amply complies
with the subcriticality criterion of Keff _< 0.95, regardless of the number of rods and
their type.
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5.2. Optimum moderation ratio 

In order to determine the optimum moderation ratio, material buckling (B2m) IS calculated 
according to the moderation ratios (Vrn/Vt) using APOLLO 2.code. 

The resulting graphs are shown in Figure 6 according to the moderation ratio (VmNt) and 
the number of rods distributed in a section 219x134 (mm x mm). The VmNf value that 
gives maximum B2m corresponds to the moderation ratio that would give the maximum 
reactivity value. 

The maximum material buckling values are obtained respectively for: 

- - 110 rods (VmNf - 3.7) 9.5 mm in diameter, 

- - 90 rods (Vrn/Vf - 3.5) 10.7 mm in diameter. 

5.3. Packages considered individually 

The individual package, whether damaged or not, must be subcritical with total reflection 
by a 20-cm layer of water around the containment envelope (articles 677 and 678 of[7]). 

The sub criticality margin to be observed for the individual package is 5000 pcm: Keff:::; 
0.95 (appendix VII.38 of [8]), including all uncertainties. 

5.3.1. Individual package under Normal Transport Conditions (NTC) 

The configuration studied is: the undamaged package (cylindrical modelling) filled with 
water and surrounded by a reflector consisting of 20 cm of water; modelling of the 
package is described in § 4, Figure 1, Figure 3. and Figure 4. The radial wedging system 
is modelled as water, the wedge then playing the role of reflector. It is not penalising to 
model the wedge as empty space, as is shown by the calculations under ATe. The rods 
are spread uniformly over in the 219 mm x 134 mm section and the number of rods 
varies either side of optimum moderation. 

The results of the calculations, are provided in Figure 7 and the maximum Keff values 
restated in the table below show that the individual damaged package amply complies 
with the subcriticality criterion of Keff :::; 0.95, regardless of the number of rods and 
their type. 
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Individual package under NTC

Rods - % U235 Keffm.x Vm/Vf Number of rods

10.7 - 5% U235 0.772 3.2 95

9.5 - 5% U235 0.775 3.5 115

5.3.2. Individual Dackaze under Accident Transport Conditions (A TC)

The configuration studied is: the damaged package (rectangular modelling) surrounded
by a reflector consisting of 20 cm of water; modelling of the package is described in § 4.

The space between the cavity and the shell is:

- either filled with water: package in water-filled configuration,

- or empty: package in differential flooding configuration.

The results of the calculations are provided in Figure 8 and the maximum Keff restated
in the table below. They show that the undamaged individual package amply complies
with the subcriticality criterion of Keff < 0.95, whether in the differential drainage or
the water-filled package configuration and regardless of the number of rods transported.

Individual package under ATC
Configuration Number of

Rods - % U235 Wedge Keffmax Vm/Vf
of the package rods

Water Empty 0.696

10.7- 5% U235 Water 0.778 3.2 - 3.5 95 - 90
Differential Empty 0.695
flooding Water 0.773

Water Empty 0.695
9.5 5% U235 Water 0.780 2.9-3.5 130- 115

Differential Empty 0.694

flooding Water 0.776
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Individual package under NTC 

Rods - % U235 Keffmax VmNf Number of rods 

10.7 - 5% U235 0.772 3.2 95 

9.5 - 5% U235 0.775 3.5 115 

5.3.2. Individual package under Accident Transport Conditions (ATC) 

The configuration studied is: the damaged package (rectangular modelling) surrounded 
by a reflector consisting of20 cm of water; modelling of the package is described in § 4. 

The space between the cavity and the shell is: 

- either filled with water: package in water-filled configuration, 

- or empty: package in differential flooding configuration. 

The results of the calculations are provided in Figure 8 and the maximum Keff restated 
in the table below. They show that the undamaged individual package amply complies 
with the subcriticality criterion of Keff < 0.95, whether in the differential drainage or 
the water-filled package configuration and regardless of the number of rods transported. 

Individual packa, e under A TC 
/ Configuration Number of 

Rods - % U235 
of the package 

Wedge Keffmax VmNf 
rods 

Water Empty 0.696 

10.7- 5% U235 
Water 0.778 

3.2 - 3.5 95 - 90 
Differential Empty 0.695 
flooding Water 0.773 

Water 
Empty 0.695 

9.5 5% U235 
Water 0.780 

2.9 - 3.5 130-115 
Differential Empty 0.694 
flooding Water 0.776 
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5.4. An array of packages

An array of packages must remain subcritical, with the array of packages surrounded on all
sides by a 20-cm layer of water (articles 681 and 682 of [7]).

The subcriticality margin to be observed for a plurality of packages is 5000 pcm:
Keff< 0.95 (appendix VII.38 of [8]), including all uncertainties.

5.4.1. Array of packages under Normal Transport Conditions (NTC)

If N is the number of packages to be transported, 5N undamaged packages must be
subcritical without there being anything between the packages (article 681 of [7]).

The configuration studied is an infinite array of undamaged packages (cylindrical
modelling - the modelling of the package is described in § 4). Conditions of total
reflection are applied to all the faces of the package. The space between the cavity and
the shell is:

U) - either full of water: package in water-filled configuration,
od
z0- or empty: package in differential flooding configuration.
Cd)

The results of the calculations are provided in Figure 9 and the maximum Keff restated
"_ in the table below. They show that an infinite array of undamaged packages amply

complies with the subcriticality criterion of Keff < 0.95 even in the case of the
0 differential flooding configuration, and regardless of the number of rods transported.
3z The configuration in which the wedge is modelled as water is the most penalising, as the

a,- wedge plays the role of reflector.
Z< The number N is therefore infinite, regardless of the number of rods transported under
l2 accidental transport conditions.
0

,, infinite array of package under NTC

Rods - % U235 Configuration Wedge Keffmax Vm/Vf Number of
of the package rods

Water Water 0.773
10.7 - 5% U235 2.6-2.8 110-105

Differential Water 0.807
flooding

Water Water 0.775
9.5 - 5% U235 3.1-3.3 125- 120

Differential Water 0.810
I flooding I I
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5.4. An array o/packages 

An array of packages must remain subcritical, with the array of packages surrounded on all 
sides by a 20-cm layer of water (articles 681 and 682 of [7]). 

The subcriticality margin to be observed for a plurality of packages is 5000 pcm: 
Keff:S 0.95 (appendix VI1.38 of[8]), including all uncertainties. 

5.4.1. Array of packages under Normal Transport Conditions (NTC) 

If N is the number of packages to be transported, 5N undamaged packages must be 
subcritical without there being anything between the packages (article 681 of [7]). 

The configuration studied is an infinite array of undamaged packages (cylindrical 
modelling - the modelling of the package is described in § 4). Conditions of total 
reflection are applied to all the faces of the package. The space between the cavity and 
the shell is: 

- either full of water: package in water-filled configuration, 

- or empty: package in differential flooding configuration. 

The results of the calculations are provided in Figure 9 and the maximum Keff restated 
in the table below. They show that an infinite array of undamaged packages amply 
complies with the subcriticality criterion of Keff < 0.95 even in the case of the 
differential flooding configuration, and regardless of the number of rods transported. 
The configuration in which the wedge is modelled as water is the most penalising, as the 
wedge plays the role of reflector. 
The number N is therefore infinite, regardless of the number of rods transported under 
accidental transport conditions. 

infinite array of package under NTC 

Rods - % U235 
Configuration 

Wedge Keffmax Vrn/vf 
Number of 

of the package rods 

Water Water 0.773 
10.7 - 5% U235 2.6 - 2.8 110-105 

Differential 
Water 0.807 

flooding 

Water Water 0.775 
9.5 - 5% U235 3.1-3.3 125 - 120 

Differential 
Water 0.810 

flooding 
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5.4.2. Array of packages under Accident Transport Conditions (A TC)

If N is the number of packages to be transported, 2N damaged packages must be
subcritical, with moderation between the packages (article 681 of [7]).

The configuration studied is: an array of damaged packages (rectangular modelling);
modelling of the package is described in § 4; In this configuration, two variants are
studied:

- the inside of the shell is empty and the fuel is moderated: this is the case of

"differential flooding",

- the inside of the shell is filled with water and the fuel is moderated.

The results of the calculations, are provided in Figure 10 and the maximum Keff values
restated in the table below show that the individual damaged package amply complies
with the subcriticality criterion of Keff < 0.95, with a shell crushed to a realistic extent
(920 mm x 677 mm).

The number N is therefore infinite, regardless of the number of rods transported under
accidental transport conditions.

The differential flooding configuration is a highly penalising configuration that
generates an increase in reactivity relative to the water-filled package.

Cl)

z

U)

0
-j

z

I-I
z
w

infinite array of package under ATC

Rods - % U235 Configuration Wedge Keffmax Vm/Vf Number of
of the package rods
Water Empty 0.696

10.7 - 5% U235 Water 0.776 3.2 95
Differential Empty 0.779
flooding Water 0.822

Water Empty 0.696
Water 0.779 1 -7

- 5% U235 Differential Empty 0.784

1 flooding Water 0.826
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5.4.2. Array of packages under Accident Transport Conditions (ATC) 

If N is the number of packages to be transported, 2N damaged packages must be 
subcritical, with moderation between the packages (article 681 of [7]). 

The configuratipn studied is: an array of damaged packages (rectangular modelling); 
modelling of the package is described in § 4; In this configuration, two variants are 
studied: 

- the inside of the shell is empty and the fuel is moderated: this is the case of 
"differential flooding", 

- the inside of the shell is filled with water and the fuel is moderated. 

The results of the calculations, are provided in Figure 1 0 and the maximum Keff values 
restated in the table below show that the individual damaged package amply complies 
with the subcriticality criterion of Keff:::; 0.95, with a shell crushed to a realistic extent 
(920 mm x 677 mm). 

The number N is therefore infinite, regardless of the number of rods transported under 
accidental transport conditions. 

The differential flooding configuration is a highly penalising configuration that 
generates an increase in reactivity relative to the water-filled package . 

infinite array of packaj!e under A TC 

Rods - % U235 
Configuration 

Wedge Keffmax VmNf 
Number of 

of the package rods 
Water Empty 0.696 

10.7 - 5% U235 
Water 0.776 

3.2 95 
Differential Empty 0.779 
flooding Water 0.822 

Water 
Empty 0.696 

9.5 - 5% U235 
Water 0.779 3.1-3.7 125-110 

Differential Empty 0.784 
flooding Water 0.826 
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5.4.3. Impact of rod slippage

In order to check that slippage of the rods does not have a significant impact, a two-
dimensional calculation was carried out (modelling of a 500 mm long portion of
package with a set of pads and reflection conditions at the ends) for the most reactive
configuration of each type of rods, i.e. an infinite array of packages under ATC and
differential flooding configuration with the radial wedge modelled as water.

The results obtained for the two-dimensional calculation are statistically equivalent to
those of the three-dimensional calculation, as shown in Figure 11.

The calculations are carried out varying the moderation ratio either side of the optimum,
slippage of the rods does not therefore have a significant impact on reactivity.

5.4.4. Impact of the ejection of pellets

The above calculations are carried out with different moderation ratios either side of the
Soptimum. The ejection of pellets would not have a significant effect, since it is the effect

.< of the optimum moderation of the rods that contributes to the maximum reactivity of the
0), infinite network of packages, with margins greater than 10000 pcm.
z

W 5.5. Transport of U0 2-Gd 20 3 rods
-JwDIn the case where rods treated with gadolinium are transported, the package is not studied,

only the reactivity of the rods in an infinite medium, calculated using APOLLO 2 code.

DThe fissile material is a U02-Gd2O3 mixture with the following characteristics:
z

z• - U02 enriched at a maximum of 5 % U235,

o - minimum Gd203 content is 2 % by weight.

The maximum reactivity in an infinite medium is less than 0.8, regardless of the
moderation and the type of rods (10.7 mm or 9.5 mm diameter).

From the criticality concerns, the gadolinium-treated rods can therefore be transported in
any package and in any number..

5.6. Transport of a small quantity of rods without wedging

With regard to transporting a small quantity of rods (less than 10 rods), without any
wedging constraints, the maximum number of rods that can be transported in a package is
determined by the maximum weight of uranium in the form of a sphere, reflected by 20 cm
of water under double loading conditions. The fissile medium takes the form of U02
pellets enriched by a maximum of 5 %, with a density 10.96 g/cm3.
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5.4.3. Impact of rod slippage 

In order to check that slippage of the rods does not have a significant impact, a two
dimensional calculation was carried out (modelling of a 500 mm long portion of 
package with a set of pads and reflection conditions at the ends) for the most reactive 
configuration of each type of rods, i.e. an infinite array of packages under A TC and 
differential flooding configuration with the radial wedge modelled as water. 

The results obtained for the two-dimensional calculation are statistically equivalent to 
those of the three-dimensional calculation, as shown in Figure 11. 

The calculations are carried out varying the moderation ratio either side of the optimum, 
slippage of the rods does not therefore have a significant impact on reactivity. 

5.4.4. Impact ofthe ejection of pellets 

The above calculations are carried out with different moderation ratios either side of the 
optimum. The ejection of pellets would not have a significant effect, since it is the effect 
of the optimum moderation of the rods that contributes to the maximum reactivity of the 
infinite network of packages, with margins greater than 10000 pcm. 

5.5. Transport of UOr Gd20 3 rods 

In the case where rods treated with gadolinium are transported, the package is not studied, 
only the reactivity of the rods in an infinite medium, calculated using APOLLO 2 code. 

The fissile material is a V02-Gd203 mixture with the following characteristics: 

- V02 enriched at a maximum of 5 % U235, 

- minimum Gd203 content is 2 % by weight. 

The maximum reactivity in an infinite medium is less than 0.8, regardless of the 
moderation and the type of rods (10.7 mm or 9.5 mm diameter). 

From the criticality concerns, the gadolinium-treated rods can therefore be transported in 
any package and in any number .. 

5.6. Transport ofa small quantity of rods without wedging 

With regard to transporting a small quantity of rods (less than 10 rods), without any 
wedging constraints, the maximum number of rods that can be transported in a package is 
determined by the maximum weight of uranium in the form ofa sphere, reflected by 20 cm 
of water under double loading conditions. The fissile medium takes the form OfU02 
pellets enriched by a maximum of5 %, with a density 10.96 g/cm3. 
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Spherically shaped unclad rods

Rods - % U235 Weight of U Weight Of U02
double loading WeightofUO2

10.7 - 5% U235 18.6 Kg 21.1 Kg

9.5 - 5% U235 17.6 Kg 20 Kg

A small quantity of rods, without wedging, can be transported while observing, for each
package, the above weights of fissile material. In this case the number N of packages is:

N = 1, i.e. SCI = 50.

C,,

z

0

Li-

C-,

z

II
z
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Spherically shaped unclad rods 

Rods - % U235 

10.7 - 5% U235 

9.5 - 5% U235 

Weight ofU 
double loading 

18.6 Kg 

17.6 Kg 

Weight of U02 

21.1 Kg 

20 Kg 

A small quantity of rods, without wedging, can be transported while observing, for each 
package, the above weights of fissile material. In this case the number N of packages is: 

N = 1, i.e. SCI = 50. 
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6. CONCLUSION

In this study, we have verified that the safety/criticality criteria of FCC3 version 1 and FCC4
version 1 packages are met for the transport of fresh U0 2 fuel rods, the main characteristics of
which are:

- maximum enrichment: 5 % with U235,

- density 10.96 g/cm3 (100 % of the theoretical density),

- nominal diameter 9.5 mm or 10.7 mm,

- any length, slippage therefore possible,

- any number.

Possible particular rods (gadolinium treated rods, depleted uranium rods, stainless steel rods,
<zirconium alloy rods) are covered by U02 rods.
C/)

Z The maximum section, per cavity, for the rods, must be 219 mm x 134 mm, whether under
0

-J

The number N of packages, as defined in articles 681 and 682 of [7], that can be transported
from the point of view of safety/criticality, serves to determine the SAFETY/CRITICALITY
INDEX (SCI), as defined in article 528 of [7], i.e.:

SCI = 50/(min. (NNTC; NATC))

w
2 The number N for the transport of rods, in a section 219 mm x 134 mm, is infinite under NTC
0

and ATC, therefore ISC = 0.

,, Rods with a minimum gadolinium content of 2 % on a support enriched to a maximum of 5% can
be transported, regardless of their number and the type of package used.
A small quantity of rods without wedging can be transported with N = 1 and SCI = 50, provided

that the following weights of fissile material are observed:

- rods with a nominal diameter of 9.5 mm: 20 kg of U02,

- rods with a nominal diameter of 10.7 mm : 21.1 kg of U02.
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6. CONCLUSION 

In this study, we have verified that the safety/criticality criteria of FCC3 version 1 and FCC4 
version 1 packages are met for the transport of fresh U02 fuel rods, the main characteristics of 
which are: 

- maximum enrichment: 5 % with U235, 

- density 10.96 g/cm3 (100 % of the theoretical density), 

- nominal diameter 9.5 mm or 10.7 mm, 

- any length, slippage therefore possible, 

- any number. 

Possible particular rods (gadolinium treated rods, depleted uranium rods, stainless steel rods, 
zirconium alloy rods) are covered by U02 rods . 

The maximum section, per cavity, for the rods, must be 219 mm x 134 mm, whether under 
normal or accident conditions. 

The number N of packages, as defined in articles 681 and 682 of [7], that can be transported 
from the point of view of safety/criticality, serves to determine the SAFETY/CRITICALITY 
INDEX (SCI), as defined in article 528 of [7], i.e.: 

SCI = 50/(min. (NNTC; NATC)) 

The number N for the transport of rods, in a section 219 mm x 134 mm, is infinite under NTC 
and ATC, therefore ISC = O. 

Rods with a minimum gadolinium content of 2 % on a support enriched to a maximum of 5% can 
be transported, regardless of their number and the type of package used. 

A small quantity of rods without wedging can be transported with N = 1 and SCI = 50, provided 
that the following weights of fissile material are observed: 

- rods with a nominal diameter of9.5 rom: 20 kg OfU02, 

- rods with a nominal diameter of 10.7 rom : 21.1 kg OfU02. 
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TABLE 1 : Characteristics of the packages

FCC3vI

FCC4vI

z
(D

0
-j

z

z

0

LL

thickness of sheet 5

Frame height (mm) 226

width (mm) 226

Box-section thickness of lower sheet 3

Neutron cavity cross-section (mm x mm) 219x219

thickness of head plate (mm) 30

thickness of foot plate (mm)
Doors

thickness of internal metal sheet (mm)
thickness of external metal sheet (mm) _______

thickness of central core (mm) 66

Neutron absorbing resin thickness of door (mm) 44

thickness of lower box-section (mm) 44

height (mm) 160

width (mm) 100Pad recess
thickness (mm) 12

pad attachment (mm) 20

Pad width (mm) 50

outside diameter (mm) 1048

Container under NTC shell thickness (mm) 3

clearance between shell and foot (mm) 250

clearance between shell and foot (mm) 80

Damaged container lateral clearance between shell and door (mm) 150
under ATC top clearance between sheet and door (mm)

bottom clearance between shell and box-section (mm) 175
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Frame 

Box-section 

Neutron cavity 

Doors 

Neutron absorbing resin 

Pad recess 

Pad 

Container under NTC 

Damaged container 
under ATC 

TABLE 1: Characteristics of the packages 

thickness of sheet 

height (rom) 

width(rom) 

thickness of lower sheet 

cross-section (mm x rom) 

thickness of head plate (mm) 

thickness of foot plate (mm) 

thickness of internal metal sheet (mm) 

thickness of external metal sheet (mm) 

thickness of central core (mm) 

thickness of door (mm) 

thickness of lower box-section (mm) 

height (rom) 

width (rom) 

thickness (rom) 

pad attachment (mm) 

width (rom) 

outside diameter (rom) 

shell thickness(mm~ 

clearance between shell and foot (mm) 

clearance between shell and foot (mm) 

lateral clearance between shell and door (mm) 
top clearance between sheet and door (mm) 

bottom clearance between shell and box-section (mm) 
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FCC3vl 

FCC4vl 

5 

226 

226 

3 

219x219 

30 

3 

66 

44 

44 

160 

100 

12 

20 

50 

1048 

3 

250 

80 

150 

175 
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TABLE 2: Characteristics of the rods

14x14 "8 foot" 17x17
Type of rods 15x15 16x16 18x1814x14 "10 foot" 17xl7XL

Height of fissile 3048 (10 foot) 33658Hegto isl 08(0fo)3658 427(LadX) 3900 3900
column (mm) 2413 (8 foot) 4267 (XL and XR)

4.56
Max. pellet radius 4.7 4.655 4.102 4.03

(mm)

5.35
Min. cladding 5.34 5.34 4.73 4.73
radius (mm)

(1)

z

Ud)
w
0
-J
w

U-

z

z

w

0

L-
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TABLE 2: Characteristics of the rods 

14x14 "8 foot" 17x17 
Type of rods 15x15 

14x14 "10 foot" 17x17XL 

Height of fissile 3048 (10 foot) 3658 
3658 

column (mm) 2413 (8 foot) 4267 (XL and XR) 

Max. pellet radius 
4.7 4.655 4.102 (mm) 

Min. cladding 
5.34 5.34 4.73 radius (mm) 
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16x16 18x18 

3900 3900 

4.56 
4.03 

5.35 
4.73 
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TABLE 3: Composition of the resin

Element % by weight Number of atoms

(X 1 0
2 4

/cm
3

)

NTC ATC

Throughout Inside 10 mm outside

H 4.65 4.4660 10-2 0

B 2.1 1.8718 10.3 1.6846 10-'

0 45.5 2.7403 10.2

C 27.9 2.2404 10.2

Al 15.5 5.5356 10-3

Zn 4.25 6.2648 104

Si 0.1 3.4309 10-5

The minimum density of the resin under Normal Transport Conditions (NTC) is taken to be
1.6 g/cm3, value derived from the mean measured value of the product, 1.69 g/cm 3, reduced by 3
standard deviations.

The composition of the resin under Accident Transport Conditions (ATC) is obtained by
removing 10 % of the boron atoms and removing the hydrogen atoms for the 10-mm outside
layer.

Cd,

z
C9
LOw
0

z

0
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TABLE 3: Composition of the resin 

Element % by weight Number of atoms 
\ 

(x 1024/cm3) 

NTC ATC 

Throughout Inside 10 mm outside 

H 4.65 4.4660 10-2 0 

B 2.1 1.871810-3 1.6846 10-3 

0 45.5 2.740310-2 

C 27.9 2.240410-2 

Al 15.5 5.535610-3 

Zn 4.25 6.2648 10-4 

Si 0.1 3.4309 10-5 

The minimum density of the resin under Normal Transport Conditions (NTC) is taken to be 
1.6 g/cm\ value derived from the mean measured value of the product, 1.69 g/cm3, reduced by 3 
standard deviations. 

The composition of the resin under Accident Transport Conditions (ATC) is obtained by 
removing 10 % of the boron atoms and removing the hydrogen atoms for the 10-mm outside 
layer. 
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FIGURE 1: Cross-section XY of package under NTC
FCC3vl and FCC4vI
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Rods 

FIGURE I: Cross-section XYofpackage under NTC 
FCC3vl and FCC4vl 

Cross-section at pad Cross-section between pads 

Pad ,lttachmcnt 

Shell under NTC 

Fissile medium Steel Resin under NTC 

Watcr Steel Dimcnsions stated in mm 

NI3: thc two colours of stcel have the same chemical medium 
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FIGURE 2: Cross-section XY of the package under A TC

FCC3vl and FCC4vl
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hydrogen-free resin, 10 mm thick

It.
I-

914

Fissile medium Steel Resin under ATC

Water or empty space Steel Hydrogen-frce resin tunder ATC

NB: the two colours of steel have the same chemical medium Dimensions stated in mm
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FIGURE 2: Cross-section XY of the package under ATC 
FCC3v 1 and FCC4v 1 

y 
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<-
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FIGURE 3: Half cross-section XY at pad,
detail of the neutron cavity under NTC
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FIGURE 3: Half cross-section XY at pad, 
detail of the neutron cavity under NTC 
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FIGURE 4: Cross-section XZ of the neutron cavity under NTC with Y=112
FCC3vJ and FCC4vl
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FIGURE 4: Cross-section XZ of the neutron cavity under NTC with Y=112 
FCC3vl and FCC4vl 
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FIGURE 5: Cross-section XZ of the package
Shell/neutron cavity interface under NTC and A TC
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FIGURE 5: Cross-section XZ of the package 
Shell/neutron cavity interface under NTC and A TC 
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FIGURE 6: Material buckling
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FIGURE 6: Material buckling 
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FIGURE 7: Individual package under NTC
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FIGURE 7: Individual package under NTC 
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FIGURE 8: Individual package under A TC
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FIGURE 8: Individual package under ATC 
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FIGURE 9: Infinite array under NTC
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FIGURE 10: Infinite array under A TC
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FIGURE 11: 2D infinite array under A TC
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1. INTRODUCTION

Fresh U02 fuel assemblies are transported in packages referred to as FCC3 version 2 for 14x14
"8 foot" and 14x 14 "10 foot"design assemblies.

These packages are classified as "Type 1I Fissile Industrial Packages" according to the
recommendations of the IAEA [4] and, as such, their design must guarantee subcriticality for an
individual package and for a plurality of packages under Normal Transport Conditions (NTC)
and Accident Transport Conditions (ATC), in compliance with IAEA guidelines [4].

The design of FCC packages consists in confining the fuel in a volume having a known cross-
section, as small as possible, and ensuring that this geometry is maintained subsequent to
regulatory tests. These tests are performed under Accident Transport Conditions (ATC), which
determine dimensions, namely:

- 9 m drop,

- I m drop onto a 150 cm diameter spike,
-j

C')
0- thermal test at 800 °C for 30 minutes.
z

UAt the design stage, criticality studies were carried out using the APOLLO 1 - MORET III
o calculation diagram, while observing a subcriticality margin of 2000 pcm (Keff < 0.98) for a
.-J

7) plurality of packages. Changing over to the CRISTAL calculation tool and taking IAEA
recommendations [4] and [5] into account lead us to revise the initial studies for the regulatory
configurations. The sensitivity studies carried out in study [9] have not been repeated; their

D• conclusions remain applicable and are restated in § 5.1.

z- The purpose of this study is to verify that the safety-criticality criterion of Keff _< 0.95 is
W observed, including all uncertainties, for the transport of FCC3 version2 containers loaded with
o 14x14 "8 foot" and 14x14 "10 foot" assemblies under NTC and ATC in accordance with IAEA

recommendations [4].

Ul_ Document [8] defines the uncertainties to be applied with regard to the use of the CRISTAL
form for the transport of fresh U02 fuel.
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1. INTRODUCTION 

Fresh U02 fuel assemblies are transported in packages referred to as FCC3 version 2 for 14x 14 
"8 foot" and 14xl4 "10 foot"design assemblies. 

These packages are classified as "Type II Fissile Industrial Packages" according to the 
recommendations of the IAEA [4] and, as such, their design must guarantee subcriticality for an 
individual package and for a plurality of packages under Normal Transport Conditions (NTC) 
and Accident Transport Conditions (ATC), in compliance with IAEA guidelines [4]. 

The design of FCC packages consists in confining the fuel in a volume having a known cross
section, as small as possible, and ensuring that this geometry is maintained subsequent to 
regulatory tests. These tests are performed under Accident Transport Conditions (A TC), which 
determine dimensions, namely: 

- 9 m drop, 

- I m drop onto a 150 cm diaqteter spike, 

- thermal test at 800°C for 30 minutes. 

At the design stage, criticality studies were carried out using the APOLLO I - MORET III 
calculation diagram, while observing a sub criticality margin of 2000 pcm (Keff:::; 0.98) for a 
plurality of packages. Changing over to the CRIST AL calculation tool and taking IAEA 
recommendations [4] and [5] into account lead us to revise the initial studies for the regulatory 
configurations. The sensitivity studies carried out in study [9] have not been repeated; their 
conclusions remain applicable and are restated in § 5.1. 

The purpose of this study is to verify that the safety-criticality criterion of Keff :::; 0.95 is 
observed, including all uncertainties, for the transport of FCC3 version2 containers loaded with 
14xl4 "8 foot" and 14xl4 "10 foot" assemblies under NTC and ATC in accordance with IAEA 
recommendations [4]. 

Document [8] defines the uncertainties to be applied with regard to the use of the CRIST AL 
form for the transport of fresh U02 fuel. 
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2. DEFINITIONS AND CONVENTIONS

To make this report clearer and easier to understand, a list of the definitions and conventions is
provided below:

Frame:

Fabricated structure with an inverted T-shaped cross-section used to support the assemblies
during transport, this sheet-metal structure consists of a vertical core and a lower box section
filled with neutron absorbing resin.

Doors:

Fabricated assembly with an L-shaped cross-section hinged on the frame. This sheet-metal
structure is filled with neutron absorbing resin. On theinner faces of these doors and facing the
assembly grids, there are recesses in which the metal pads used to hold the assemblies during
transport, by clamping onto the grids, are located.

Neutron cavity:

Overall volume delimited by the metal sheets on the inside of the doors, the frame and the head
and foot plates.

C/)
o0
z Co-ordinate system:
LD
C,)
0 The 0 X Y Z three-dimensional reference system is used (Figure 4 and Figure 5), where:

U- origin 0: is a point at the intersection of the plane of vertical symmetry of the neutron cavity
(middle of the core), of the plane of longitudinal symmetry and of the plane that passes

o along the lower face of the metal sheet of the frame.
Z

axis OX: transverse axis, merging with the lower horizontal face of the metal sheet of the
<frame,

0oaxis OY: vertical axis passing along the plane of vertical symmetry of the neutron cavity,

- axis OZ: longitudinal axis.

Fissile section:

Square cross-section (plane XY) representing the fuel assembly with a chemical medium
resulting from a calculation using APOLLO 2 in which the non-fissile components, other than
the fuel rod cladding, are equated with water.

In the case of FCC3v2 packages, under accident conditions, it is the section of the neutron
cavity, increased by the volume of the recesses for the pads.
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2. DEFINITIONS AND CONVENTIONS 

To make this report clearer and easier to understand, a list of the definitions and conventions is 
provided below: 

Frame: 

Fabricated structure with an inverted T-shaped cross-syction used to support the assemblies 
during transport, this sheet-metal structure consists of a vertical core and a lower box section 
filled with neutron absorbing resin. 

Doors: 

Fabricated assembly with an L-shaped cross-section hinged on the frame. This sheet-metal 
structure is filled with neutron absorbing resin. On the.inner faces of these doors and facing the 
assembly grids, there are recesses in which the metal pads used to hold the assemblies during 
transport, by clamping onto the grids, are located. 

Neutron cavity: 

Overall volume delimited by the metal sheets on the inside of the doors, the frame and the head 
and foot plates. 

Co-ordinate system: 

The 0 X Y Z three-dimensional reference system is used (Figure 4 and Figure 5), where: 

- origin 0: is a point at the intersection of the plane of vertical symmetry of the neutron cavity 
(middle of the core), of the plane of longitudinal symmetry and of the plane that passes 
along the lower face of the metal sheet of the frame. 

- axis OX: transverse axis, merging with the lower horizontal face of the metal sheet of the 
frame, 

- axis OY: vertical axis passing along the plane of vertical symmetry of the neutron cavity, 

- axis OZ: longitudinal axis. 

Fissile section: 

Square cross-section (plane XY) representing the fuel assembly with a chemical medium 
resulting from a calculation using APOLLO 2 in which the non-fissile components, other than 
the fuel rod cladding, are equated with water. 

In the case of FCC3v2 packages, under accident conditions, it is the section of the neutron 
cavity, increased by the volume of the recesses for the pads. 
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Moderator radius:

Radius of the moderator portion of an APOLLO 2 fissile cell, representing the fissile medium.
The moderator radius is calculated as follows:

Rmode..to. = (fissile section/(number of rods x pi))"

Differential flooding:

Accident configuration in which only the neutron cavity is immersed in water (density = 1).

Total reflection:

Conditions at the limits (boundary conditions) applied to a computational 3D geometric
configuration and which prevents any neutron leakage.

Array:

UThree-dimensional arrangement of several packages. The array is surrounded by a 20-cm water
,W reflector (articles 681 and 682 of [4]). The array is referred to as "network X x Y x Z" where:

z - X: is the number of packages in direction X,
(.)W - Y: is the number of packages in direction Y,0

- Z: is the number of packages in direction Z,

Infinite array:

z X Y Z array where X, Y and Z are infinite. This array is modelled by applying the conditions for
za total reflection to each of the faces of the package instead of the 20-cm reflector applied to the
<, periphery of a network of finite dimensions.
0
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Moderator radius: 

Radius of the moderator portion of an APOLLO 2 fissile cell, representing the fissile medium. 
The moderator radius is calculated as follows: 

Rmoderator= (fissile sectionl(number of rods x pi)yl2 

Differential flooding: 

Accident configuration in which only the neutron cavity is immersed in water (density = 1). 

Total reflection: 

Conditions at the limits (boundary conditions) applied to a computational 3D geometric 
configuration and which prevents any neutron leakage. 

Array: 

Three-dimensional arrangement of several packages. The array is surrounded by a 20-cm water 
reflector (articles 681 and 682 of[4]). The array is referred to as "network X x Y x Z" where: 

- X: is the number of packages in direction X, 

- Y: is the number of packages in direction Y, 

- Z: is the number of packages in direction Z, 

Infinite array: 

X Y Z array where X, Y and Z are infinite. This array is modelled by applying the conditions for 
total reflection to each of the faces of the package instead of the 20-cm reflector applied to the 
periphery of a network of finite dimensions. 
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3. CODES AND QUALIFICATION

Computation is carried out using:

- CIGALES version v2.0

- APOLLO 2 version 2.4.3

- MORET 4 version 4.A.6

These three codes are part of CRISTAL VO.2 and their use is validated [7].

A brief description of these codes is restated in report [8].

Use of the CRISTAL tool is qualified for the present study by applying an uncertainty of
0.00682 to the Keff calculated according to report [8]. In this report, all the reactivity values
given take this uncertainty into account

w

06
z

U.'

n-
w

z

z
w
0

I-

FF018 R6v. 1

(/) 
W 
...J « 
(/) 

06 
Z 
(!) 
(/) 
w 
o 
...J 
W 
~ 
LL 

~ 
...J 
() 
~ 
Z 
I 

Cl. 
Z « 
w 
~ 

~ 
~ 

~ 
LL 

A W FF/DC/01106 EO 

FRAMATOME ANP REV. A PAGE 9 I 25 

3. CODES AND QUALIFICA TION 

Computation is carried out using: 

- CIGALES version v2.0 

- APOLLO 2 version 2.4.3 

- MORET 4 version 4.A.6 

These three codes are part of CRIST AL VO.2 and their use is validated [7]. 

A brief description of these codes is restated in report [8]. 

Use of the CRISTAL tool is qualified for the present study by applying an uncertainty of 
0.00682 to the Keff calculated according to report [8]. In this report, all the reactivity values 
given take this uncertainty into account 
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4. COMPUTATION AND MODELLING HYPOTHESES

4.1. Characteristics of the package

The characteristics of the FCC3 version 2 package are restated below, and are similar to
those of the FCC3 version 1 package used for transporting 15x 15 and 17x 17 assemblies,
to which report [6] relates.

The package consists of a cylindrical steel shell with a horizontal axis, housing internal
equipment comprising the following main components:

- an inverted T-shaped frame for receiving the assemblies, said "T" being filled with
neutron-absorbing resin,

- two L-shaped doors filled with neutron-absorbing resin, said doors pivoting on axes
linked to the frame and closing on the assemblies or on the rod boxes,

- two steel end plates: a two-part head plate and a foot plate, which serve to close the
U) cavities.-.J
U,

When assembled, the above components form two identical neutron cavities, in which the
(assemblies or the rod boxes to be transported are placed.

_Jo The neutron absorbing resin located inside the doors and the frame limits the interactions
D between the rods, whether they are from the same package or from different packages.

Furthermore, the resin provides thermal protection for the rods during the thermal test.

D_ The only notable differences between version 2 and version 1 are:

_z - the section of the cavity: 202 x 202 (mm x mm) instead of 219 x 219 (mm x mm),
w
0 - the pad recesses: height 142 mm instead of 160 mm, width 4120 mm (the length of the

neutron cavity) instead of 100 mm,

- the thickness of resin in the doors: 61 mm instead of 44 mm and 49 mm at the
longitudinal depression for the pads (resulting in a cavity with an external section
identical to that of version 1).

The main characteristics of the package, taken from drawing [1] are restated in Table 1.

For this study, two-dimensional modelling is adopted, i.e. a 500 mm long portion of
package, including a pad attachment in its centre, and subjected to total reflection
conditions at each end. This therefore amounts to modelling a package of infinite length.
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4. COMPUTATION AND MODELLING HYPOTHESES 

4.1. Characteristics of the package 

The characteristics of the FCC3 version 2 package are restated below, and are similar to 
those of the FCC3 version 1 package used for transporting 15x 15 and 17x 1 7 assemblies, 
to which report [6] relates. 

The package consists of a cylindrical steel shell with a horizontal axis, housing internal 
equipment comprising the following main components: 

- an inverted T -shaped frame for receiving the assemblies, said "T" being filled with 
neutron-absorbing resin, 

- two L-shaped doors filled with neutron-absorbing resin, said doors pivoting on axes 
linked to the frame and closing on the assemblies or on the rod boxes, 

- two steel end plates: a two-part head plate and a foot plate, which serve to close the 
cavities. 

When assembled, the above components form two identical neutron cavities, in which the 
assemblies or the rod boxes to be transported are placed. 

The neutron absorbing resin located inside the doors and the frame limits the interactions 
between the rods, whether they are from the same package or from different packages. 
Furthermore, the resin provides thermal protection for the rods during the thermal test. 

The only notable differences between version 2 and version 1 are: 

- the section of the cavity: 202 x 202 (mm x mm) instead of 219 x 219 (mm x mm), 

- the pad recesses: height 142 mm instead of 160 mm, width 4120 mm (the length of the 
neutron cavity) instead of 100 mm, 

- the thickness of resin in the doors: 61 mm instead of 44 mm and 49 mm at the 
longitudinal depression for the pads (resulting in a cavity with an external section 
identical to that of version 1). 

The main characteristics of the package, taken from drawing [1] are restated in Table 1. 

For this study, two-dimensional modelling is adopted, i.e. a 500 mm long portion of 
package, including a pad attachment in its centre, and subjected to total reflection 
conditions at each end. This therefore amounts to modelling a package of infinite length. 
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4.1.1. Package under Normal Transport Conditions (NTC)

Under normal conditions, the package is cylindrical (see Figure 1) and is modelled as
follows:

- a cylindrical shell with an external diameter of 1048 mm,

- a neutron cavity with an infinite lengh(see Figure 4).

- the recesses for the pads for holding the grids in place are modelled as a depression
in the doors over the entire length of the cavity (see Figure 4),

- attachment of the pads in the resin of the doors is modelled by a steel block located
alongside every 500 mm,

The dimensions taken into account for modelling purposes are given in Figure 1, Figure
2, Figure 3, and Figure 4.

< 4.1.2. Package under Accident Transport Conditions (ATC)
U)

_ The modelling adopted integrates the results of expert appraisal subsequent to the
Wmechanical tests and the thermal study, i.e.:
0
-j D - the neutron cavity is entirely detached from the cradle subsequent to one of the drops
LL

or the thermal test,
-j

Z- the shell is radially crushed by 100 mm on average over the entire length subsequent
Z to the 9 m drop onto a flat surface, with localised crushing reaching a maximum of
Z• 200 mm,
w

0 Therefore, under accident conditions, the package is modelled (see Figure 3) with a
box-shaped steel shell, the dimensions of which are calculated so that it is located
symmetrically about the neutron cavity so as to have identical neutronic interactions
between the packages, irrespective of the faces considered,

We studied a rectangular shell 920 mm x 677 mm: in this case relatively realistic
crushing of the shell, 130 mm wide and 370 mm high, is taken into account, which leads
to clearances between the shell and the cavity of 150 mm laterally and 175 mm
vertically.

The neutron cavity remains dimensionally unchanged relative to the normal conditions,
but the composition of the resin is modified as indicated in § 4.2.2.

4.2. Characteristics of the neutron absorbing resin

It is a polyester resin with a loading of approximately 60 % hydrated alumina, glass fibre
and zinc borate.
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4.1.1. Package under Normal Transport Conditions (NTC) 

Under normal conditions, the package is cylindrical (see Figure I) and is modelled as 
follows: 

- a cylindrical shell with an external diameter of 1048 mm, 

- a neutron cavity with an infinite lengh(see Figure 4). 

- the recesses for the pads for holding the grids in place are modelled as a depression 
in the doors over the entire length of the cavity (see Figure 4), 

- attachment of the pads in the resin of the doors is modelled by a steel block located 
alongside every 500 mm, 

The dimensions taken into account for modelling purposes are given in Figure 1, Figure 
2, Figure 3, and Figure 4. 

4.1.2. Package under Accident Transport Conditions (ATC) 

The modelling adopted integrates the results of expert appraisal subsequent to the 
mechanical tests and the thermal study, i.e.: 

- the neutron cavity is entirely detached from the cradle subsequent to one of the drops 
or the thermal test, 

- the shell is radially crushed by 100 mm on average over the entire length subsequent 
to the 9 m drop onto a flat surface, with localised crushing reaching a maximum of 
200 mm, . 

Therefore, under accident conditions, the package is modelled (see Figure 3) with a 
box-shaped steel shell, the dimensions of which are calculated so that it is located 
symmetrically about the neutron cavity so as to have identical neutronic interactions 
between the packages, irrespective of the faces considered. 

We studied a rectangular shell 920 mm x 677 mm: in this case relatively realistic 
crushing of the shell, 130 mm wide and 370 mm high, is taken into account, which leads 
to clearances between the shell and the cavity of 150 mm laterally and 175 mm 
vertically. 

The neutron cavity remains dimensionally unchanged relative to the normal conditions, 
but the composition of the resin is modified as indicated in § 4.2.2. 

4.2. Characteristics of the neutron absorbing resin 

It is a polyester resin with a loading of approximately 60 % hydrated alumina, glass fibre 
and zinc borate. 
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4.2. ]. Resin under Normal Transport Conditions (NTC)

The characteristics of the resin originate from [2]; the values taken into account in the
modelling are restated in Table 3.

4.2.2. Resin under Accident Transport Conditions (A TC)

After the thermal test (800 °C for 30 mn), the characteristics of the resin are modified.

Report [2] gives envelope values to be taken into account in the criticality studies; the
modelling adopted is as follows:

- loss of 10 % of the boron over the entire thickness,

- loss of 100 % of the hydrogen over 10 mm of the external surface.

4.3. Characteristics of the assemblies
U)

< •The characteristics of the assemblies are restated in Table 2. Only the fissile part of the
U)
0,, rods is taken into account in the two-dimensional modelling.
Z
U)
,,, The assemblies are modelled complete with all rods identical, possible specific rods (rods
0
_, treated with gadolinium, depleted uranium rods, stainless steel rods, zirconium alloy rods)
Dare replaced by U02 rods.

4For the computation of moderation, the rods are assumed to be arranged uniformly over the
Dentire fissile section.z

z The density of the pellets is taken to be equal to 100 % of the theoretical density, i.e.
w 10.96 g/cm3.

The hollows and the bevels of the pellets are not taken into account, the fissile column is
modelled in the form of a cylinder with the maximum diameter of the pellets over the
entire fissile height and the cladding is modelled at its minimum diameter, with no
clearance between the pellet and the cladding. This modelling is conservative, as
demonstrated in report [9], and complies with the guidelines [6].

The material taken into account for the cladding is Zirconium, a material that is
"neutronically transparent" and is therefore conservative, from the safety point of view,
relative to the various cladding materials containing isotopes in the Zirconium alloys.

Enrichment equal to 5 % U 2 3 5
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4.2.1. Resin under Normal Transport Conditions (NTC) 

The characteristics of the resin originate from [2]; the values taken into account in the 
modelling are restated in Table 3. 

4.2.2. Resin under Accident Transport Conditions (ATC) 

After the thermal test (800°C for 30 mn), the characteristics of the resin are modified. 

Report [2] gives envelope values to be taken into account in the criticality studies; the 
modelling adopted is as follows: 

- loss of 10 % of the boron over the entire thickness, 

- loss of 100 % of the hydrogen over 10 mm of the external surface. 

4.3. Characteristics of the assemblies 

The characteristics of the assemblies are restated in Table 2. Only the fissile part of the 
rods is taken into account in the two-dimensional modelling. 

The assemblies are modelled complete with all rods identical, possible specific rods (rods 
treated with gadolinium, depleted uranium rods, stainless steel rods, zirconium alloy rods) 
are replaced by U02 rods. 

For the computation of moderation, the rods are assumed to be arranged uniformly over the 
entire fissile section. 

The density of the pellets is taken to be equal to 100 % of the theoretical density, i.e. 
10.96 glcm3. 

The hollows and the bevels of the pellets are not taken into account, the fissile column is 
modelled in the form of a cylinder with the maximum diameter of the pellets over the 
entire fissile height and the cladding is modelled at its minimum diameter, with no 
clearance between the pellet and the cladding. This modelling IS conservative, as 
demonstrated in report [9], and complies with the guidelines [6]. 

The material taken into account for the cladding is Zirconium, a material that is 
"neutronically transparent" and is therefore conservative, from the safety point of view, 
relative to the various cladding materials containing isotopes in the Zirconium alloys. 

Enrichment equal to 5 % U235 
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4.3. 1. Assembly under Normal Transport Conditions (NTC)

The assembly is modelled as follows:

- the cross-section of the assembly is maintained, the fissile-section is the normal
cross-section of the assembly,

- the assembly is in contact with the frame, which leaves a 5 mm clearance relative to
the doors,

4.3.2. Assembly under Accident Transport Conditions (A TC)

The modelling adopted integrates the results of expert appraisal subsequent to the
mechanical tests and the thermal study, i.e.:

- the cross-section of the neutron cavity remains unchanged,

- the assembly has a compacted cross-section,
C')

- there may be a slight increase in the cross-section of the assembly on the end fuel
stage, at most, in the event of an axial drop.

z

,, On account of the above observations, the modelling adopted for verifying the
.•j safety/criticality criteria is as follows:
wL13

-the cross-section of the assembly is expanded to the cross-section of the neutron
cavity (202 mm x 202 mm) without expanding into the pad recesses.

z However, to verify that the subcriticality of the packages is observed, even with quite
z unrealistic hypotheses, the case of an assembly, of infinite length, expanded to the entire
w, section of the neutron cavity, including the pad recesses is studied.
0

The compacting of the cross-section is not taken into account, since it tends to reduce
the reactivity of the assembly, but the case of a non-expanded assembly is studied to
obtain a very realistic value of the reactivity of the packages.

For the purposes of this report, the three configurations will be identified as follows:

- 197: non-expanded assembly with a 197 x 197 mm cross-section,

- 202: assembly expanded to 202 x 202 mm without penetrating into the pad recesses,
bounding value resulting from the regulatory tests,

- 202 + pads: assembly expanded to 202 x 202 mm and into the pad recesses, a
penalising value taken for information purposes.
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4.3.1. Assembly under Normal Transport Conditions (NTC) 

The assembly is modelled as follows: 

- the cross-section of the assembly is maintained, the fissile' section is the normal 
cross-section of the assembly, 

- the assembly is in contact with the frame, which leaves a 5 mm clearance relative to 
the doors, 

4.3.2. Assembly under Accident Transport Conditions (ATC) 

The modelling adopted integrates the results of expert appraisal subsequent to the 
mechanical tests and the thermal study, i.e.: 

- the cross-section of the neutron cavity remains unchanged, 

- the assembly has a compacted cross-section, 

- there may be a slight increase in the cross-section of the assembly on the end fuel 
stage, at most, in the event of an axial drop. 

On account of the above observations, the modelling adopted for verifying the 
safety/criticality criteria is as follows: 

- the cross-section of the assembly is expanded to the cross-section of the neutron 
cavity (202 mm x 202 mm) without expanding into the pad recesses . 

However, to verify that the subcriticality of the packages is observed, even with quite 
unrealistic hypotheses, the case of an assembly, of infinite length, expanded to the entire 
section of the neutron cavity, including the pad recesses is studied. 

The compacting of the cross-section is not taken into account, since it tends to reduce 
the reactivity of the assembly, but the case of a non-expanded assembly is studied to 
obtain a very realistic value of the reactivity of the packages. 

For the purposes of this report, the three configurations will be identified as follows: 

- 197: non-expanded assembly with a 197 x 197 mm cross-section, 

- 202: assembly expanded to 202 x 202 mm without penetrating into the pad recesses, 
bounding value resulting from the regulatory tests, 

- 202 + pads: assembly expanded to 202 x 202 mm and into the pad recesses, a 
penalising value taken for information purposes. 
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5. METHODOLOGYAND RESULTS

Computation is performed, for each design, for an individual package and a plurality of packages
in normal transport configurations (NTC) and accident transport configurations (ATC). In
accident configurations, two variants are studied:

- differential flooding,

- water-filled package.

5.1. Particular non-penalising conditions

During the criticality studies performed at the design stage [9], we studied the impact of
different parameters and particular configurations. We demonstrated the absence of any
impact and the non-penalising nature of the following particular configurations:

- mist conditions: no reactivity peak occurs,

U- pellets of minimum diameter: this case is covered by pellets of maximum diameter,

Od - impact of the reinforcing ribs on doors: no significant impact on the reactivity in
z comparison to the calculations performed without ribs; therefore, the ribs are not modelled,

,Jo impact of tolerances and geometric shapes: the tolerances of the sheet metal, roundededges and possible shrinkage during the pouring of the resin do not have a significant

impact and therefore shall not be taken into account,

-partial differential flooding: the case of partially immersed assemblies is covered by the
z, case of fully immersed assemblies,
z
<w partial slipping of the rods: this configuration does not have a significant impact on the
o reactivity of the packages.

The accident configuration in which the neutron cavity is off-centre, thereby coming closer
to the neighbouring packages, is dealt with in report [6], which shows that this
configuration does not have a significant impact.

Since the above configurations are not penalising, they are not studied further in this
report.

5.2. Packages considered individually

The individual package, whether damaged or not, must be subcritical with total reflection
by a 20-cm layer of water around the containment envelope (articles 677 and 678 of [4]).

The subcriticality margin to be observed for the individual package is 5000 pcm:
Keff< 0.95 (appendix VII.38 of [5]), including all uncertainties.
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5. METHODOLOGY AND RESULTS 

Computation is performed, for each design, for an individual package and a plurality of packages 
in normal transport configurations (NTC) and accident transport configurations (ATC). In 
accident configurations, two variants are studied: 

- differential flooding, 

- water-filled package. 

5.1. Particular non-penalising conditions 

During the criticality studies performed at the design stage [9], we studied the impact of 
different parameters and particular configurations. We demonstrated the absence of any 
impact and the non-penalising nature of the following particular configurations: 

- mist conditions: no reactivity peak occurs, 

- pellets of minimum diameter: this case is covered by pellets of maximum diameter, 

- impact of the reinforcing ribs on doors: no significant impact on the reactivity in 
comparison to the calculations performed without ribs; therefore, the ribs are not modelled, 

- impact of tolerances and geometric shapes: the tolerances of the sheet metal, rounded 
edges and possible shrinkage during the pouring of the resin do not have a significant 
impact and therefore shall not be taken into account, 

- partial differential flooding: the case of partially immersed assemblies is covered by the 
case of fully immersed assemblies, 

- partial slipping of the rods: this configuration does not have a significant impact on the 
reactivity of the packages. 

The accident configuration in which the neutron cavity is off-centre, thereby coming closer 
to the neighbouring packages, is dealt with in report [6], which shows that this 
configuration does not have a significant impact. 

Since the above configurations are not penalising, they are not studied further in this 
report. 

5.2. Packages considered individually 

The individual package, whether damaged or not, must be sub critical with total reflection 
by a 20-cm layer of water around the containment envelope (articles 677 and 678 of [4]). 

The subcriticality margin to be observed for the individual package is 5000 pcm: 
Keff ~ 0.95 (appendix VII.38 of [5]), including all uncertainties. 
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5.2.1. Individual package under Normal Transport Conditions (NTC)

The configuration studied is: the undamaged two-dimensional package (cylindrical
modelling) filled with water and surrounded by a reflector consisting of 20 cm of water;
modelling of the package is described in § 4, Figure 1, Figure 3. and Figure 4.

The undamaged individual package amply complies with the subcriticality margin of
Keff< 0.95.

5.2.2. Individual package under Accident Transport Conditions (A TC)

The configuration studied is: the damaged two-dimensional package (rectangular
modelling) surrounded by a reflector consisting of 20 cm of water; modelling of the
package is described in § 4.

The space between the cavity and the shell is:

- either filled with water: package in water-filled configuration,

- or empty: package in differential drainage configuration.

The assembly is studied in the 3 configurations described in § 4.3.2.

The results of the calculations, provided in the table below, show that the individual
two-dimensional damaged package amply complies with the subcriticality margin of
Keff < 0.95, whether in the differential flooding or water-filled package configuration,
even when penalising hypotheses on the expansion of the rod array and an infinite
length.

Two-dimensional individual package under ATC

U)

w
-j

U)

z
U)

LiL
W
w
-J

z
rw<

2

0

I-

U-

Water-filled Differentially
Fissile section package flooded package

Keffm-, Keffm.,
197 0.834 0.835
202 0.853 0.871

202 + pads 0.875 0.886
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5.2.1. Individual package under Normal Transport Conditions (NTC) 

The configuration studied is: the undamaged two-dimensional package (cylindrical 
modelling) filled with water and surrounded by a reflector consisting of 20 cm of water; 
modelling of the package is described in § 4, Figure 1, Figure 3. and Figure 4. 

The undamaged individual package amply complies with the subcriticality margin of 
Keff:::: 0.95. 

5.2.2. Individual package under Accident Transport Conditions (ATC) 

The configuration studied is: the damaged two-dimensional package (rectangular 
modelling) surrounded by a reflector consisting of 20 cm of water; modelling of the 
package is described in § 4. 

The space between the cavity and the shell is: 

- either filled with water: package in water-filled configuration, 

- or empty: package in differential drainage configuration. 

The assembly is studied in the 3 configurations described in § 4.3.2. 

The results of the calculations, provided in the table below, show that the individual 
two-dimensional damaged package amply complies with the subcriticality margin of 
Keff:::: 0.95, whether in the differential flooding or water-filled package configuration, 
even when penalising hypotheses on the expansion of the rod array and an infinite 
length. 

Two-dimensional individual package under A TC 

Water-filled Differentially 
Fissile section package flooded package 

Keffm .. Keffmax 

197 0.834 0.835 

202 0.853 0.871 
202 + pads 0.875 0.886 
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5.3. An array of packages

An array of packages must remain subcritical, with the array of packages surrounded on all
sides by a 20-cm layer of water (articles 681 and 682 of [4]).

The subcriticality margin to be observed for an array of packages is 5000 pcm:
Keff< 0.95 (appendix VII.38 of [5]), including all uncertainties.

5.3.1. Array of packages under Normal Transport Conditions (NTC)

If N is the number of packages to be transported, 5N undamaged packages must be
subcritical without there being anything between the packages (article 681 of [4]).

The configuration studied is an infinite array of two-dimensional undamaged packages
(cylindrical modelling - the modelling of the package is described in § 4). Conditions of
total reflection are applied to all the faces of the package. The space between the cavity

nand the shell is:
-j

od .- either full of water: package in water-filled configuration,
z

.O - or empty: package in differential flooding configuration.
_J

Zn The results of the calculations, provided in the table below, show that an infinite array
of two-dimensional undamaged packages amply complies with the subcriticality margin
of Keff < 0.95, even in the differential flooding configuration, which adds a penalty of
about 5000 pcm. The number N is therefore infinite under normal transport conditions.

z

z infinite network of two-dimensional package under NTC
W

0
Water-filled Differentially

Fissile section package flooded package

Keffm,. Keff,.
197 0.826 0.874
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5.3. An array o/packages 

An array of packages must remain subcritical, with the array of packages surrounded on all 
sides by a 20-cm layer of water (articles 681 and 682 of [4 D. 

The subcriticality margin to be observed for an array of packages IS 5000 pcm: 
Keff:::; 0.95 (appendix VI1.38 of[5]), including all uncertainties. 

5.3.1. Array of packages under Normal Transport Conditions (NTC) 

If N is the number of packages to be transported, 5N undamaged packages must be 
subcritical without there being anything between the packages (article 681 of [4]). 

The configuration studied is an infinite array of two-dimensional undamaged packages 
(cylindrical modelling - the modelling of the package is described in § 4). Conditions of 
total reflection are applied to all the faces of the package. The space between the cavity 
and the shell is: 

- either full of water: package in water-filled configuration, 

- or empty: package in differential flooding configuration. 

The results of the calculations, provided in the table below, show that an infinite array 
of two-dimensional undamaged packages amply complies with the subcriticality margin 
of Keff:::; 0.95, even in the differential flooding configura~ion, which adds a penalty of 
about 5000 pcm. The number N is therefore infinite under normal transport conditions. 

infinite network of two-dimensional package under NTC 

Water-filled Differentially 
Fissile section package flooded package 

Keffmax 

197 0.826 0.874 
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5.3.2. Array of packages under Accident Transport Conditions (A TC)

If N is the number of packages to be transported, 2N damaged packages must be
subcritical, with moderation between the packages (article 681 of [4]).

The configuration studied is: an array of two-dimensional damaged parcels (rectangular
modelling); modelling of the package is described in § 4; In this configuration, two
variants are studied:

- the inside of the shell is empty and the fuel is moderated: this is the case of

"differential fooding",

- the inside of the shell is filled with water and the fuel is moderated.

The results of the calculations, provided in the table below, show that an array of two-
dimensional damaged packages complies with the subcriticality margin of Keff < 0.95
with a shell crushed to a realistic extent (920 mm x 677 mm) and even with a very
hypothetical total expansion of the rod array.

The number N is infinite under accident transport conditions.

The differential flooding configuration is a highly penalising configuration that
generates an increase in reactivity of about 6000 pcm relative to the water-filled
package.

infinite network of two-dimensional package under ATC

Water-filled Differentially
Fissile section package flooded package

Keffm, Keffm.,
197 0.835 0.890

202 0.849 0.913
202 + pads 0.870 0.935

5.3.3. Impact of the ejection of pellets

As stated in report [6], during the criticality studies carried out at the design stage, the
possible ejection of pellets inside the neutron cavity was studied.

The conclusions remain valid, since the studies were carried out applying conservative
hypotheses on the expansion of the network over the entire height of the assemblies.

The number of rods per assembly that can eject all their pellets into the cavity is 20
rods.
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5.3.2. Array of packages under Accident Transport Conditions (ATC) 

5.3.3. 

If N is the number of packages to be transported, 2N damaged packages must be 
sub critical, with moderation between the packages (article 681 of [4 D. 

The configuration studied is: an array of two-dimensional damaged parcels (rectangular 
modelling); modelling of the package is described in § 4; In this configuration, two 
variants are studied: 

the inside of the shell is empty and the fuel is moderated: this IS the case of 
"differential fooding", 

- the inside of the shell is filled with water and the fuel is moderated. 

The results of the calculations, provided in the table below, show that an array of two
dimensional damaged packages complies with the subcriticality margin of Keff:::; 0.95 
with a shell crushed to a realistic extent (920 mm x 677 mm) and even with a very 
hypothetical total expansion of the rod array. 

The number N is infinite under accident transport conditions. 

The differential flooding configuration IS a highly penal ising configuration that 
generates an increase in reactivity of about 6000 pcm relative to the water-filled 
package. 

infinite network of two-dimensional package under ATe 

Water-filled Differentially' 
Fissile section package flooded package 

197 0.835 0.890 

202 0.849 0.913 
202 + pads 0.870 0.935 

Impact ofthe ejection of pellets 

As stated in report [6], during the criticality studies carried out at the design stage, the 
possible ejection of pellets inside the neutron cavity was studied. 

The conclusions remain valid, since the studies were carried out applying conservative 
hypotheses on the expansion of the network over the entire height of the assemblies. 

The number of rods per assembly that can eject all their pellets into the cavity is 20 
rods. 
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6. CONCLUSION

In this study, we have verified that the safety/criticality criteria of FCC3 version 2 for the
transport of fresh U02 fuel assemblies:

- 14 x14 "8 foot" enriched to 5 % with U235,

- 14x14 "10 foot" enriched to 5% with U235,

the main characteristics of which are as follows:

- density 10.96 g/cm3 (100 % of the theoretical density),

- full assembly: the missing U02 rods must be replaced with rods treated with gadolinium, rods
containing depleted uranium or a metal material, or solid rods made of a metal material
(materials such as graphite and beryllium are strictly prohibited) so as not to increase
moderation of the assemblies,C,)

<- the uranium can originate from reprocessing, since the U234 and the U236 present in RRU
z are neutron poisons that reduce the reactivity of the assemblies.
C,)

0 The section of the neutron cavity is 202x202 (mm x mm) with two continuous pad recesses
_J,, 142x12 (mm x mm) in section.

The length of the assemblies is only limited by the length of the cavity.

z The longitudinal wedging of the assemblies is not necessary from point of view of criticality.
0..
z
z< The packages can only contain one or two assemblies of the same design and maximum
W
2 denrichment:
0

The transport of assemblies equipped with clusters is covered by this study, since the clusters
contribute a neutron-absorbing poison to the assembly, while reducing the moderation of the
assemblies.

The number N of packages, as defined in articles 681 and 682 of [7], that can be transported
from the point of view of safety/criticality, serves to determine the SAFETY/CRITICALITY
INDEX (SCI), as defined in article 528 of [7], i.e.:

SCI = 50/(min. (NNTC;NATC))

The number N for the transport of 14 x14 "8 foot" and 14 x14 "10 foot" assemblies, is infinite
under NTC and ATC, therefore ISC = 0.
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6. CONCLUSION 

In this study, we have verified that the safety/criticality criteria of FCC3 version 2 for the 
transport offresh U02 fuel assemblies: 

- 14 x14 "8 foot" enriched to 5 % with 1J235, 

- 14x14 "10 foot" enriched to 5 % with U235, 

the main characteristics of which are as follows: 

- density 10.96 g/cm3 (100 % of the theoretical density), 

- full assembly: the missing U02 rods must be replaced with rods treated with gadolinium, rods 
containing depleted uranium or a metal material, or solid rods made of a metal material 
(materials such as graphite and beryllium are strictly prohibited) so as not to increase 
moderation of the assemblies, 

- the uranium can originate from reprocessing, since the U234 and the U236 present in RRU 
are neutron poisons that reduce the reactivity of the assemblies. 

The section of the neutron cavity is 202x202 (mm x mm) with two continuous pad recesses 
l42x12 (mm x mm) in section. 

The length of the assemblies is only limited by the length of the cavity . 

The longitudinal wedging of the assemblies is not necessary from point of view of criticality. 

The packages can only contain one or two assemblies of the same design and maximum 
enrichment: 

The transport of assemblies equipped with clusters is covered by this study, since the clusters 
contribute a neutron-absorbing poison to the assembly, while reducing the moderation of the 
assemblies. 

The number N of packages, as defined in articles 681 and 682 of [7], that can be transported 
from the point of view of safety/criticality, serves to determine the SAFETY/CRITICALITY 
INDEX (SCI), as defined in article 528 of[7], i.e.: 

SCI = 50/(min. (NNTC;-NATC)) 

The number N for the transport of 14 x 14 "8 foot" and 14 x 14 "10 foot" assemblies, is infinite 
under NTC and ATC, therefore ISC = O. 
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TABLE I : Characteristics of the packages

FCC3v1

FCC4vl

thickness of sheet 5

Frame height (mm) 226

width (mm) 226

Box-section thickness of lower sheet 3

cross-section (mm x mm) 202x202Neutron cavityNeutron cavity + 2 pad recesses + 2x(142x12)

thickness of head plate (mm) 30

Doors thickness of foot plate (mm)

thickness of internal metal sheet (mm)

thickness of external metal sheet (mm)

thickness of central core (mm) 66

Neutron absorbing resin thickness of door (mm) 61

thickness of lower box-section (mm) 44

height (mm) 142

Pad recess width (mm) 4120

thickness (mm) 12

pad attachment (mm) 20

Pad width (mm) 50

outside diameter (mm) 1048

Container under NTC shell thickness (mm) 3

clearance between shell and foot (mm) 250

clearance between shell and foot (mm) 80

Damaged container lateral clearance between shell and door (mm) 150
under ATC top clearance between sheet and door (mm)

bottom clearance between shell and box-section (mm) 175
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Frame 

Box-section 

Neutron cavity 

Doors 

Neutron absorbing resin 

Pad recess 

Pad 

Container under NTC 

Damaged container 
under ATC 

TABLE 1: Characteristics of the packages 

thickness of sheet 

height (mm) 

width (mm) 

thickness of lower sheet 

cross-section (mm x mm) 

+ 2 pad recesses 

thickness of head plate (mm) 

thickness of foot plate (mm) 

thickness of internal metal sheet (mm) 

thickness of external metal sheetJmmj 

thickness of central coreJmmj 

thickness of door (mm) 

thickness of lower box-section (mm) 

height (mm) 

width (mm) 

thicknessJmmj 

I pad attachmentJmlTl} 

width (mm) 

outside diameterJmITl} 

shell thicknessJmmj 

clearance between shell and foot (mm) 

clearance between shell and foot (mm) 

lateral clearance between shell and door (mm) 
top clearance between sheet and door (mm) 

bottom clearance between shell and box-section (mm) 
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FCC3vl 

FCC4vl 

5 

226 

226 

3 

202x202 

+ 2xf142xl21 

30 

3 

66 

61 

44 

142 . 

4120 

12 

20 

50 

1048 

3 

250 

80 

150 

175 
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TABLE 2 : Characteristics of the assembliess

14 x14 "8 foot"

Type of assembly 14 x14 "10 foot"

Calculation conditions NTC ATC

Number of rods 179

Height of fissile 2413 (14 x14 "8 foot")
column (mm) 3048 (14 x14 "10 foot")

Max. pellet radius 47
(mm) 4.7

Min. cladding radius 5.34
(mm)

Max. cross-section of 202 x 202
cavity (mm x mm) + 2 pad recesses 142 x 12

Fissile cross-section 197 x 197 202 x 202 2
(mm x mm) + 2x(142x12)

Moderator radius 8.307 8.518 8.867
(mm)
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TABLE 2,' Characteristics of the assembliess 

14 x14 "8 foot" 
Type of assembly 

14 x14 "10 foot" 

Calculation conditions NTC ATC 

Number of rods 179 

Height of fissile 2413 (14 xl4 "8 foot") 

column (mm) 3048 (14 x14 "10 foot") 

Max. pellet radius 
4.7 

(mm) 

Min. cladding radius 
5.34 

(mm) 

Max. cross-section of 202 x 202 
cavity (mm x mm) + 2 pad recesses 142 x 12 

Fissile cross-section 
(mm x mm) 

197 x 197 202 x 202 

Moderator radius 
8.307 8.518 

(mm) 

N° FF/OC/01106 EO 

REV. A PAGE 20 I 25 

202 x 202 

+ 2x(l42x12) 

8.867 
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TABLE 3 : Composition of the resin

The minimum density of the resin under Normal Transport Conditions (NTC) is taken to be
1.6 g/cm3, value derived from the mean measurement of the product, 1.69 g/cm3, reduced by 3
standard deviations.

The composition of the resin under Accident Transport Conditions (ATC) is obtained by
removing 10 % of the boron atoms and removing the hydrogen atoms for the 10-mm outside
layer.

FF018 R~v. 1
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TABLE 3: Composition of the resin 

Element % by weight Number of atoms 

(x 1024/cm3) 

NTC ATC 

Throughout Inside 10 mm outside· 

H 4.65 4.4660 10.2 0 

8 2.1 1.8718 10.3 1.684610.3 

0 45.5 2.7403 10.2 

C 27.9 2.240410.2 

Al 15.5 5.5356 10.3 

Zn 4.25 6.2648104 

Si 0.1 3.4309 10.5 

The minimum density of the resin under Normal Transport Conditions (NTC) is taken to be 
1.6 g/cm3, value derived from the mean measurement of the product, 1.69 g/cm3, reduced by 3 
standard deviations. 

The composition of the resin under Accident Transport Conditions (A TC) is obtained by 
removing 10 % of the boron atoms and removing the hydrogen atoms for the 10-mm outside 
layer. 
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FIGURE 1: Cross-section XY of package under NTC
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FIGURE 1: Cross-section XY of package under NTC 
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FIGURE 2: Cross-section XY of the package under A TC
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FIGURE 2: Cross-section XY of the package under ATC 
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FIGURE 3: Half cross-section XY at pad,
detail of the neutron cavity under NTC
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FIGURE 4: Cross-section XZ of the neutron cavity under A TC
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FIGURE 4: Cross-section XZ o/the neutron cavity under ATC 
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1. INTRODUCTION

The leaching test described below was requested by FRAGEMA (M. LANDRIEU -
TFXT). The FBFC reference is the SAO 95192 dated 10/08/95.

2. TEST DESCRIPTION

The test was carried out in accordance with the IAEA document - TEDOC - 750.

A U0 2 pellet (mass 10.5347 g) was placed in 100 ml of demineralised water for 7 days
during which it was agitated. Pellet fragments (mass 0.3295 g) were subjected to the
same test in the same 100 ml of water. The Uranium content in the solution was
measured after the test together with the gamma activity.

3. RESULTS

U0 2 mass 10.5347 g (1 pellet)
+0.3295 g (fragments)

Volume of water 100 ml
U content in the solution < 20 pg*
Gamma activity < 100 Bq*

*These values are related to the limit of detection of the measuring instruments.

4. CONCLUSION

The test carried out gives values that are related to the limits of detection of the
equipment. It is important to note that in current standard practice, higher-performance
techniques exist but they are not available at the FBFC factory in Romans.

Enclosed: Gamma counting appendix
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1. INTRODUCTION 

The leaching test described below was requested by FRAGEMA (M. LANDRIEU -
TFXT). The FBFC reference is the SAO 95192 dated 10/08/95. 

2. TEST DESCRIPTION 

3. 

4. 

The test was carried out in accordance with the IAEA document - TEDOC - 750. 

A U02 pellet (mass 10.5347 g) was placed in 100 ml of demineralised water for 7 days 
during which it was agitated. Pellet fragments (mass 0.3295 g) were subjected to the 
same test in the same 100 ml of water. The Uranium content in the solution was 
measured after the test together with the gamma activity. 

RESULTS 

U02 mass 10.5347 g (1 pellet) 
+0.3295 g (fragments) 

Volume of water 100 ml 
U content in the solution < 20 I-Ig* 
Gamma activity <100Bq* 

*These values are related to the limit of detection of the measuring instruments. 

CONCLUSION 

The test carried out gives values that are related to the limits of detection of the 
equipment. It is important to note that in current standard practice, higher-performance 
techniques exist but they are not available at the FBFC factory in Romans. 

Enclosed: Gamma counting appendix 
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GAMMA METERING APPENDIX

Phial A: water having contained the REPU pellet (75 ml).

Phial B: natural water (75 ml).

Each of the two phials were analysed by gamma spectrometry with the Canberra
counting channel during a period of 15 hours (54000 s). In both cases, the dead time
was in the region of 0.7%.

The analysis of the resulting spectra was made with the Gamma Vision software:

The type of detector (low energy) and its effectiveness limit the analyses of energies
to below 200 keV.

The results giving the total activity of the phials are:

Phial A: A 6.15 Bq (±0.26 Bq)

Phial B: A 5.79 Bq (±0.23 Bq)

In both cases, small traces of Uranium 235 were found, even though in phial B there
shouldn't have been any.

We can therefore conclude that the activities obtained are below our limits of
detection.

These rates of activity were caused by background noise and possible contamination
of the phials with uranium before the solutions were added.

In order to obtain a result that is consistent with the measurement technique and
instruments, we must add to these values a multiplication factor which we set at 10.
This leads to an activity of 50 Bq/60 Bq for 75 ml. 100 Bq will be deduced for 100 ml.

{:',. 
\' , . 
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Phial A: water having contained the REPU pellet (75 ml). 

Phial 8: natural water (75 ml). 
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Each of the two phials were analysed by gamma spectrometry with the Canberra 
counting channel during a period of 15 hours (54000 s). In both cases, the dead time 
was in the region of 0.7%. 

The analysis of the resulting spectra was made with the Gamma Vision software: 

The type of detector (low energy) and its effectiveness limit the analyses of energies 
to below 200 keV. 

The results giving the total activity of the phials are: . 

Phial A: A 6.15 Bq (±0.26 8q) 

Phial B: A 5.79 Bq (±0.23 8q) 

In both cases, small traces of Uranium 235 were found, even though in phial B there 
shouldn't have been any. 

We can therefore conclude that the activities obtained are below our limits of 
detection. 

These rates of activity were caused by background noise and possible contamination 
of the phials with uranium before the solutions were added. 

In order to obtain a result that is consistent with the measurement technique and 
instruments, we must add to these values a multiplication factor which we set at 10. 
This leads to an activity of 50 Bq/60 Bq for 75 ml. 100 Bq will be deduced for 100 ml. 
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Water dissolving tests.

Pellet mass = 10.5347g

Fragment mass: 0.3295g

Tests in 100 ml of demineralised water.

pH of water = 6.5 +-0.1

Resistivity of water > 10 Megohm.

Duration of test: 7 days. Continuous
agitation.Filtration per filter 0.2 um

TOTAL U DETERMINATION:

BLANK: Sampling 25 ml.
Reading: 0.5 ug

PELLET SOLUTION.: 25 ml.
Reading: 0.8 ug

In our operating conditions, the
minimum determination limit is fixed
at 5 ug. The results are lower than the
determination limit and are not
significantly different. MCR
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! Water dissolving tests. i 
! i 
I Pellet mass = 10.5347g i 

I Fragment mass: 0.3295g I 
\ .\,1 Tests i. j 00 ml of deminerallsed water. I 

I pH of water = 6.5 +-0.1 I 

i Resistivity of water > 10 Megohm. I 
! I 
! Duration of test: 7 days. Continuous I 
i agitation. Filtration per filter 0.2 um I 
~___________________ i 

I TOTAL U DETERMINATION: 

BLANK: Sampling 25 mi. 
Reading: 0.5 ug 

PELLET SOLUTION.: 25 mi. 
Reading: 0.8 ug 
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1. PURPOSE
The purpose of this document is to analyse the mechanical behaviour of an assembly rod subject to
thermal test as described in IAEA regulation. Calculation for the rod temperature evolution comes from
reference 1. This variation is determined irrespective of the cladding material considered.

The risk which is identified and processed here, is that of cladding rupture because of visco-plastic
creep due to the cumulated effect of temperature and internal pressure. This risk is assessed for the
cladding span. The analysis will be limited to that of the hottest rod along the span (temperature
evolution is recapped in Table 1). For reference, the maximum temperature of the second hottest rod
does not exceed 621 °C in the span zone and 640 'C in void volume zone.

The purpose of this analysis is to make sure that the risk is not applicable to usual FRAMATOME ANP
cladding materials.

.0
(2!

2. ROD BEHAVIOUR
U)

C 2.1 General case
(UC

.2) When internal pressure is applied (a function of the temperature of the initial pressurisation of the
rods), a stress field appears in the rod cladding. Because of the temperature increase, an anisotropic

I creep phenomenon may occur. This creep under internal pressure results in an increase of the rod
a diameter and a decrease of the rod length.

U-

This is a two-stage phenomenon. As long as the cumulated strain does not exceed the maximum
-:3 distributed elongation, the thickness of the cladding material remains as is. The diameter increase is
Z compensated by a shortening of the rod. Beyond that, the material's thickness is reached and the
a, weakest point of the cladding is distorted until it reaches the ultimate strain. This results in cladding

z rupture.
uJ
0 The first stage can be modelled since it corresponds to a global cladding phenomenon. The second
1-- stage is more difficult to apprehend since it depends on the cladding's local features. Therefore, the
2• limit that will be considered here is that strain of the material remains within the strain envelope without
9 thinning-down of the cladding.
LU

2.2 Worst-case scenario

For an identical temperature distribution, the case will be all the more unfavourable since initial
pressurisation of the rod will be high and the cladding thickness will be low. This leads to the following
findings: the most conservative case is that of a 17x17 rod pressurised at 32.7 bar absolute.

For each time step, the strain rate is calculated by applying to the whole cladding the hottest point's
temperature as calculated by reference note 1. The internal pressure is also calculated for each time
step based on the mean temperature of the cladding at the hottest point. Integration of the strain rate in
the considered time interval gives the global strain.
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1. PURPOSE 
The purpose of this document is to analyse the mechanical behaviour of an assembly rod subject to 
thermal test as described in IAEA regulation. Calculation for the rod temperature evolution comes from 
reference 1. This variation is determined irrespective of the cladding material considered. 

The risk which is identified and processed here, is that of cladding rupture because of visco-plastic 
creep due to the cumulated effect of temperature and internal pressure. This risk is assessed for the 
cladding span. The analysis will be limited to that of the hottest rod along the span (temperature 
evolution is recapped in Table 1). For reference, the maximum temperature of the second hottest rod 

\ does not exceed 621 °C in the span zone and 640 °C in void volume zone. 

The purpose of this analysis is to make sure that the risk is not applicable to usual FRAMATOME ANP 
cladding materials. 

(5 2. ROD BEHAVIOUR 
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2.1 General case 

When internal pressure is applied (a function of the temperature of the initial pressurisation of the 
rods), a stress field appears in the rod cladding. Because of the temperature increase, an anisotropic 
creep phenomenon may occur. This creep under internal pressure results in an increase of the rod 
diameter and a decrease of the rod length. 

This is a two-stage phenomenon. As long as the cumulated strain does not exceed the maximum 
distributed elongation, the thickness of the cladding material remains as is. The diameter increase is 
compensated by a shortening of the rod. Beyond that, the material's thickness is reached and the 
weakest point of the cladding is distorted until it reaches the ultimate strain. This results in cladding 
rupture. 

The first stage can be modelled since it corresponds to a global cladding phenomenon. The second 
stage is more difficult to apprehend since it depends on the cladding's local features. Therefore, the 
limit that will be considered here is that strain of the material remains within the strain envelope without 
thinning-down of the cladding. 

2.2 Worst-case scenario 

For an identical temperature distribution, the case will be all the more unfavourable since initial 
pressurisation of the rod will be high and the cladding thickness will be low. This leads to the following 
findings: the most conservative case is that of a 17x17 rod pressurised at 32.7 bar absolute. 

For each time step, the strain rate is calculated by applying to the whole cladding the hottest point's 
temperature as calculated by reference note 1. The internal pressure ,is also calculated for each time 
step based on the mean temperature of the cladding at the hottest point. Integration of the strain rate in 
the considered time interval gives the global strain. 
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3. ANALYSIS OF THE RISK OF RUPTURE

A temperature variation calculated in reference note 1 is applied to a minimum thickness rod (e=0.52
mm) initially pressurised to 32.7 bar absolute.

For each time step, the internal pressure of the rod, the resulting stress and the strain speed at the
hottest point of the cladding are calculated, which gives the cumulated strain.

3.1 Zy4 application

U)

M
U)

C:

C:

CD)

U-

z

z

0

u_

Max cladding
Time temperature

(oC)

1003,6 614
1053,6 617
1103,6 619
1153,6 622
1203,6 624
1253,6 627
1303,6 629
1353,6 631
1403,6 633
1453,6 635
1503,6 637
1553,6 639
1603,6 640
1653,6 642
1703,6 644
1753,6 645
1800 647

1802,5 632
1810 623
1860 585
1910 558
1960 537
2010 519

Mean
cladding

temperature
(0C)

593
596
599
601
604
607
609
611
613
615
617
619
621
622
624
626
627
620
612
575
547
526
508

Internal
pressure

(bar)

95
95
95
95
96
96
96
96
96
95
95
95
95
95
94
94
94
93
92
88
85
83
81

0,00008
0,00010
0,00011
0,00013
0,00014
0,00016
0,00017
0,00019
0,00020
0,00022
0,00024
0,00026
0,00027
0,00028
0,00030
0,00031
0,00033
0,00025
0,00014
0,00006
0,00001
0,00000
0,00000

2,1%
2,6%
3,2%
3,8%
4,5%
5,3%
6,2%
7,1%
8,2%
9,3%

10,4%
11,7%
13,1%
14,5%
16,0%
17,5%
19,1%
19,1%
19,2%
19,5%
19,6%
19,6%
19,6%

Strain rate Cumulated
(l/s) strain

For Zy4, the characteristic values for strain limits over 600*C are superior higher than 20 % as regards
the distributed elongation and higher than 40 % as regards the ultimate elongation. Even if cladding
thickness of the hottest rod is at the lower limit of the tolerance, it will not exceed the distributed
elongation limit.

By comparison, the same rod with a nominal cladding thickness will not exceed 14 % of cumulated
elongation.

Therefore, we still face the scenario of distortion of the entire cladding with no thinning-down of the
wall.
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3. ANALYSIS OF THE RISK OF RUPTURE 

A temperature variation calculated in reference note 1 is applied to a minimum thickness rod (e=0.52 
mm) initially pressurised to 32.7 bar absolute. 

For each time step, the internal pressure of the rod, the resulting stress and the strain speed at the 
hottest point of the cladding are calculated, which gives the cumulated strain. 

3.1 Zy4 application 

Max cladding 
Mean 

Internal 
cladding Strain rate Cumulated 

Time temperature 
temperature 

pressure 
(1/s) strain (DC) 

(DC) (bar) 

1003,6 614 593 95 0,00008 2,1% 
1053,6 617 596 95 0,00010 2,6% 
1103,6 619 599 95 0,00011 3,2% 
1153,6 622 601 95 0,00013 3,8% 
1203,6 624 604 96 0,00014 4,5% 
1253,6 627 607 96 0,00016 5,3% 
1303,6 629 609 96 0,00017 6,2% 
1353,6 631 611 96 0,00019 7,1% 
1403,6 633 613 96 0,00020 8,2% 
1453,6 635 615 95 0,00022 9,3% 
1503,6 637 617 95 0,00024 10,4% 
1553,6 639 619 95 0,00026 11,7% 
1603,6 640 621 95 0,00027 13,1% 
1653,6 642 622 95 0,00028 14,5% 
1703,6 644 624 94 0,00030 16,0% 
1753,6 645 626 94 0,00031 17,5% 
1800 647 627 94 0,00033 19,1% 

1802,5 632 620 93 0,00025 19,1% 
1810 623 612 92 0,00014 19,2% 
1860 585 575 88 0,00006 19,5% 
1910 558 547 85 0,00001 19,6% 
1960 537 526 83 0,00000 19,6% 
2010 519 508 81 0,00000 19,6% 

For Zy4, the characteristic values for strain limits over 600DC are superior higher than 20 % as regards 
the distributed elongation and higher than 40 % as regards the ultimate elongation. Even if cladding 
thickness of the hottest rod is at the lower limit of the tolerance, it will not exceed the distributed 
elongation limit. 

By comparison, the same rod with a nominal cladding thickness will not exceed 14 % of cumulated 
elongation. . 

Therefore, we still face the scenario of distortion of the entire cladding with no thinning-down of the 
wall. 
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3.2 M5 TM application

C
0
Mn

0

CU
L)

a-
0

U-

0

zL

Max cladding
Time temperature

(IC)

1003,6 614
1053,6 617
1103,6 619
1153,6 622
1203,6 624
1253,6 627
1303,6 629
1353,6 631
1403,6 633
1453,6 635
1503,6 637
1553,6 639
1603,6 640
1653,6 642
1703,6 644
1753,6 645
1800 647

1802,5 632
1810 623
1860 585
1910 558
1960 537
2010 519

Mean
cladding

temperature
(CC)
593
596
599
601
604
607
609
611
613
615
617
619
621
622
624
626
627
620
612
575
547
526
508

Internal
pressure

(bar)

95
95
95
95
95
96
95
95
95
95
95
95
95
94
94
94
94
92
92
88
85
82
80

0,00009
0,00011
0,00013
0,00014
0,00015
0,00017
0,00019
0,00020
0,00021
0,00023
0,00024
0,00026
0,00027
0,00028
0,00030
0,00031
0,00032
0,00026
0,00016
0,00008
0,00002
0,00000
0,00000

2,4%
3,0%
3,6%
4,3%
5,1%
5,9%
6,9%
7,9%
8,9%

10,1%
11,3%
12,6%
13,9%
15,3%
16,8%
18,4%
19,9%
19,9%
20,0%
20,4%
20,5%
20,5%
20,5%

Strain rate Cumulated
(l/s) strain

For M5TM, the characteristic values for strain limits over 600 TC are higher than 40 % for the distributed
elongation and higher than 80 % for the ultimate elongation. Even if the cladding thickness of the
hottest rod is at the lower limit of the tolerance, it will not exceed the distributed elongation limit.

By comparison, the same rod with a nominal cladding thickness will not exceed 17 % of cumulated
elongation.

Therefore, we still face the scenario of distortion of the entire cladding with no thinning-down of the
wall.

4. FINDINGS

The rod behaviour analysis during thermal test indicates that cladding perforation along the span under
the effect of creep can be ruled out for Zy4 and M5TM. This analysis can be reproduced and applied to
any other zirconium alloy for which it is possible to determine creep strength feature in temperature
when it is subject to the temperature evolution set out in reference 1 and recapped below (Table 1).
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3.2 MSTM application 

Max cladding 
Mean 

Internal 
cladding Strain rate Cumulated 

Time temperature pressure 
(OC) temperature 

(bar) (1/s) strain 
(OC) 

1003,6 614 593 95 0,00009 2,4% 
1053,6 617 596 95 0,00011 3,0% 
1103,6 619 599 95 0,00013 3,6% 
1153,6 622 601 95 0,00014 4,3% 
1203,6 624 604 95 0,00015 5,1% 
1253,6 627 607 96 0,00017 5,9% 
1303,6 629 609 95 0,00019 6,9% 
1353,6 631 611 95 0,00020 7,9% 
1403,6 633 613 95 0,00021 8,9% 
1453,6 635 615 95 0,00023 10,1% 
1503,6 637 617 95 0,00024 11,3% 
1553,6 639 619 95 0,00026 12,6% 
1603,6 640 621 95 0,00027 13,9% 
1653,6 642 622 94 0,00028 15,3% 
1703,6 644 624 94 0,00030 16,8% 
1753,6 645 626 94 0,00031 18,4% 
1800 647 627 94 0,00032 19,9% 

1802,5 632 620 92 0,00026 19,9% 
1810 623 612 92 0,00016 20,0% 
1860 585 575 88 0,00008 20,4% 
1910 558 547 85 0,00002 20,5% 
1960 537 526 82 0,00000 20,5% 
2010 519 508 80 0,00000 20,5% 

For M5™, the characteristic values for strain limits over 600°C are higher than 40 % for the distributed 
elongation and higher than 80 % for the ultimate elongation. Even if the cladding thickness of the 
hottest rod is at the lower limit of the tolerance, it will not exceed the distributed elongation limit. 

By comparison, the same rod with a nominal cladding thickness will not exceed 17 % of cumulated 
elongation. 

Therefore, we still face the scenario of distortion of the entire cladding with no thinning-down of the 
wall. 

4. FINDINGS 

The rod behaviour analysis during thermal test indicates that cladding perforation along the span under 
the effect of creep can be ruled out for Zy4 and M5™. This analysis can be reproduced and applied to 
any other zirconium alloy for which it is possible to determine creep strength feature in temperature 
when it is subject to the temperature evolution set out in reference 1 and recapped below (Table 1). 
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Table 1 - Temperature evolution for the hottest rod during thermal test

Max cladding Mean

Time temperature tpature
(I) temperature

(°C) (°C)

0 70 70
3.6 120 98

53.6 256 230
103.6 350 325
153.6 418 393
203.6 465 441
253.6 498 474C

.0 303.6 520 497
• 353.6 537 513
O 403.6 549 526
0) 453.6 559 536
CU
U) 503.6 567 545
'0 553.6 574 552CO

603.6 -580 558
653.6 586 564

0 703.6 591 569

753.6 595 574
803.6 600 578
853.6 603 582

cc 903.6 607 586
953.6 610 589

z 1003.6 614 593.

a 1053.6 617 596
z 1103.6 619 599

w 1153.6 622 601
1203.6 624 6040 1253.6 627 607

1303.6 629 609
1353.6 631 611

w 1403.6 633 613
1453.6 635 615
1503.6 637 617
1553.6 639 619
1603.6 640 621
1653.6 642 622
1703.6 644 624
1753.6 645 626
1800 647 627

1802.5 632 620
1810 623 612
1860 585 575
1910 558 547
1960 537 526
2010 519 508
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Table 1 - Temperature evolution for the hottest rod during thermal test 

Max cladding 
Mean 

Time temperature 
cladding 

(OC) temperature 
(OC) 

0 70 70 
3.6 120 98 
53.6 256 230 
103.6 350 325 

, 153.6 418 393 
203.6 465 441 
253.6 498 474 
303.6 520 497 
353.6 537 513 
403.6 549 526 
453.6 559 536 
503.6 567 545 
553.6 574 552 
603.6 580 558 
653.6 586 564 
703.6 591 569 
753.6 595 574 
803.6 600 578 
853.6 603 582 
903.6 607 586 
953.6 610 589 
1003.6 614 593 
1053.6 617 596 
1103.6 619 599 
1153.6 622 601 
1203.6 624 604 
1253.6 627 607 
1303.6 629 609 
1353.6 631 611 
1403.6 633 613 
1453.6 635 615 
1503.6 637 617 
1553.6 639 619 
1603.6 640 621 
1653.6 642 622 
1703.6 644 624 
1753.6 645 626 
1800 647 627 

1802.5 632 620 
1810 623 612 
1860 585 575 
1910 558 547 
1960 537 526 
2010 519 508 
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Thermal behaviour of FCC Container PVED DC 04055 EOI

FRAMATOME ANP during thermal test Rev: A 2/33

Abstract

This document presents all the thermal analyses relating to the thermal justification of FCC
transport containers during the regulatory thermal test.

In this respect, computer simulations were carried out to assess the thermal behaviour of the
container under normal and accident transport conditions. The assessment of the thermal
behaviour was performed with the aid using the STAR-CD V3.15 general fluid mechanics
software.

This document indicates the study conditions as well as the results obtained on completion of the
simulations, while observing the regulatory thermal criteria defined by the IAEA (1996 edition [2]).

A 
FRAMATOME ANP 

Thermal behaviour of FCC Container 
during thermal test 

Abstract 

PVED DC 04 055 EO! 

Rev: A 2/33 

This document presents all the thermal analyses relating to the thermal justification of FCC 
transport containers during the regulatory thermal test. 

In this respect, computer simulations were carried out to assess the thermal behaviour of the 
container under normal and accident transport conditions. The assessment of the thermal 
behaviour was performed with the aid using the STAR-CD V3.15 general fluid mechanics 
software. 

This document indicates the study conditions as well as the results ol;>tained on completion of the 
simulations, while observing the regulatory thermal criteria defined by the IAEA (1996 edition [2]). 
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1. PURPOSE

The model of container for transporting fresh U0 2 fuel assemblies (FCC3 and FCC4) developed
by Framatome-ANP must comply with regulatory safety requirements defined by the IAEA with
regard to transport. This container keeps the cylindrical outer shell of the old RCC model but
incorporates new internals, thereby forming a continuous shell for each of the two assemblies.

Verification of the mechanical performances of this model of container was carried out by means
of mechanical tests (cf. references [1] and [6]). Assessment of the thermal performance is carried
out by computation, with the aid of STAR-CD general fluid mechanics software (reference [7]). 2D
and 3D methods are applied.

This document indicates the conditions of the study and the results obtained on completion of the.
simulations, while observing the regulatory thermal criteria defined by the IAEA (1996 edition [2]).

2. AIM OF THE STUDY

The aim of this study is to determine, by computation, the temperature change of all the internals
containing the assemblies, in accordance with the conditions for applying the temperatures as
defined in article 728 of reference [2] (see Appendix 1).

3. SELECTION OF THE MOST SEVERE NETWORK

Initially, a comparative analysis of the various assembly networks likely to be transported, inside
FCC containers is carried out.

The aim of the comparison is to determine the network that will be the most severe in terms of
thermal load (fire) under Accident Transport Conditions (ATC).
The 6 networks considered are as follows:

* FCC3 14x14, 15x15, 17x17

* FCC4 16x16, 17x17, 18x18

This involves making a comparative analysis of the various networks in transport configuration,
i.e. with the assembly located in the internals consisting of the inverted T-shaped cross-section
and protected by the doors attached to the frame.

The comparison is mainly based on geometrical considerations that have a direct influence on:
* the hydraulic effects: clearance in the cavity, clearance between the fuel rods or between

the fuel rods and the door, induced pressure drop, driving head induced by buoyancy
effect;

" the thermal effects: thermal resistance, thermal inertia of the solid structures.

On the basis of the results obtained in the past and described in the previous accreditation files
for FCC3 and FCC4, it appears that one of the fundamental criteria for the thermal loading on the
fuel rods is the convection of hot air entering the cavity of the internals. The hot air enters the
cavity and heats a certain number of fuel rods (first row subjected directly to the hot gas entering
via the frame/door clearance). It is therefore important to compare the different networks in order
to determine which would be the most sensitive to this type of thermal loading.
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fuel rods is the convection of hot air entering the cavity of the internals. The hot air enters the 
cavity and heats a certain number of fuel rods (first row subjected directly to the hot gas entering 
via the frameldoor clearance). It is therefore important to compare the different networks in order 
to determine which would be the most sensitive to this type of thermal loading. 
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A comparative analysis is therefore carried out:
* of the geometry of the various networks (content)
* of the geometry of the various cavities (container)
* of the resulting clearances (container/content, between fuel rods...)
* of the relationships between the thermal loading (heated surface area - door skins and

frame) and thermal inertia (proportional to the weight of fuel transported).

On the basis of these comparisons, the sensitive parameters are highlighted, allowing a
conclusion to be drawn on the selection of the most severe network to be adopted for further
analysis.

Internals

Table 1 above summarises all the parameters relating to the 6 types of network.
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Table 1 above summarises all the parameters relating to the 6 types of network. 
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N'e-twork,. j 14x 4 «15x15 17xI7 lfl1 17x17l. 18x18E
Rod length (mm)

Number of rods

Rod length (feet)

Rod pitch (mm)
Rod outside diameter (mm)

Pitch/diam

Rodl/rod clearance (mm)

Clad thickness

Pellet diameter (mm)

Assembly width (mm)

Forward pressure (gH) Pa

Number of guide tubes

Guide tube OD (mm)
Guide tube ID (mm)

Grid height (mm)
Grid thickness (mm)

Plenum length (mm)

Top clearance cav/assy
Dh (mm)

IJDh (Dh = top clearance
cav/assy)

L = cavity size +/-1 (mm)
Cavity length

Door thickness (mm)

-Door ribthickness (mm).

Frame rib thickness (mm)

Flange recess (mm)

volumeUO 2 (m),

2413
179
8

14,12
10,72
1,317

3,40

0,57
9,31
196

.2,40
16
14
13
30
0,4

-201,5

5

3657,6
204
12

14,3
10,72
1,334

3,58
..0,57

9,31
214
2,60
20
14
13
30
0,4

201,5

4

3657,6
264
12

12,6
9,5

1,326
3,10

0,5
8,2
214
2,60
24
12

11,2
30
0,4

201,5'

4

3900
236
12,7
14,3
10,75

4267,2
264
14

12,6
9,5

1,326

3,10-

3900
300
12,7
12,7

9,5
1,337

3,20

0,68 •. 0,6

9,12 8,2 -
228,11 214 228

7 2,60
20 24 24

13,75 12,45 12,4
12,4 11,45 11,1
30 30 30
0,4 0,4 0,4

201,5 201,5 201,5

5,9 4

40,2

201
4120

25

15

129 x continu x 11

'0,02940

54,5

218
4120
50
25

15

146x54x11
0,05079~

54,5

218
4120
50
25

15

146x54x11

39,7

234
4970
50
25

15

162x54x11
0,06013,

54,5

218
4870

50
25

15

146x93x11

-0,05949

39

234
4970
50
25

15

162x54x11
0,05970 :

Note: "cav/assy" in the above table means cavity/assembly.

Comparative table of networks

First of all, the above table shows that all the networks are quite comparable. However, three
criteria (highlighted in red) indicate that 16x16, 17x17 or 18x18 (FCC4) networks should be
slightly more severe in terms of thermal loading (ATC):

" clearance between rods (for the 16x16 network, clearance = 3.55 mm), this clearance
facilitates the penetration of hot gas into the network and is slightly less than that of the
15x15 network (clearance = 3.58), but the latter has less penalising values for other
parameters (such as driving head induced by buoyancy effects or cavity/rod clearance);

* clearance between the inner skin of the cavity and the upper row of rods, equivalent to
5.9 mm for the 16x16 network. This clearance is slightly less than that of the 18x18
network (clearance = 6mm), but the latter has less penalising values for other parameters
(such as rod/rod clearance),

" driving head induced by buoyancy effects AP =Ap g AH induced by the difference in
density between the hot gases (outside the internals: 800'C) and cold gases inside the
cavity, the difference in height reaching the highest values for the 16x16 and 18x18
networks (AH = 228.1 mm and 228 mm respectively).
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,2 
Number of rods 179 236 264 300 

Rod length ( feet) 8 12 14 12,7 
Rod pitch (mm) 14,12 14,3 12,6 12,7 

Rod outside diameter (mm 10,72 10,72 9,5 9,5 
Pitch/diam 1,317 1,334 1,326 1,337 

Rotl/rod clearance (mm) 3,40 3,58 ·3;10 3,20 

Clad thickness 0,57 .. 0,57 0,5: 
Pellet diameter (mm) 9,31 . 9~31 8,2 

Assembly width (mm) 196 214 214 214 228 
Forward pressure (gH) Pa <2,40. 2,6Q 2,60 2,60 _I. 
Number of guide tubes 16 20 24 20 24 24 
Guide tube OD (mril) 14 14 12 13,75 12,45 12,4 
Guide tube ID (mm) 13 13 11,2 12,4 11,45 11,1 

Grid height (mm) 30 30 30 30 30 30 
Grid thickness (mm) 0,4 0,4 0,4 0,4 0,4 0,4 

Plenum length (mm) 201,5 . 201,5 201,5 . 201,5 201,5 201,5 

Top clearance cav/assy 5 4 4 4 Dh(mm) 

UDh (Dh = top clearance 40,2 54,5 54,5 39,7 54,5 39 cav/assy) 

L :: cavity size +/-1 (mm) 218 218 234 218 234 
. Cavity length 4120 4120 4970 4870 4970 

Door thickness (mm) 50 50 50 50 50 
. Door rib'thickness (mm). 25 25 25 25 25 25 

Frame .rib thickness (mm) 15 15 15 15 15 15 

129 x continu x 11 146x54x11 146x54x11 162x54x11 146x93x11 162x54x11 
":;"~'".-""r.I"··' "i,-"""r"I'~;:~~'':r:o"-~-)''''f, ,~ -:---,~-"~,..,,.. :' . >~" ,cr-.-!":j::~W:'~~<'v"~"·"-"~~·~'- ,.',:-;,./A' <.~' ,"~~~:-':r-'::~t_";_ ",<~':. :'- - t, ~ .~ • 

. ::0:92940' .... ::.°,05079>, ,·0,050~9.:'. ,(Q;b6013:_'·:;;:O~0594~t >~Q~~!9.:8 _.-:_,.,,~A,~' _"'~_"'" ,~ ~ -" N _< ___ , .I...""."_d' __ ~~.'-" ___ "0' , C"J".",., o. __ ·~, _",~~_' _" _____ «. ~,,,,""~~ .. ,., 

Note: "cav/assy" in the above table means cavity/assembly. 

Comparative table of networks 

First of all, the above table shows that all the networks are quite comparable. However, three 
criteria (highlighted in red) indicate that 16x16, 17x17 or 18x18 (FCC4) networks should be 
sligh!ly more severe in terms of thermal loading (ATC): 

• clearance between rods (for the 16x16 network, clearance = 3.55 mm), this clearance 
facilitates the penetration of hot gas into the network and is slightly less than that of the 
15x15 network (clearance = 3.58), but the latter has less penalising values for other 
parameters (such as driving head induced by buoyancy effects or cavity/rod clearance); 

• clearance between the inner skin of the cavity and the upper row of rods, equivalent to 
5.9 mm for the 16x16 network. This clearance is slightly less than that of the 18x18 
network (clearance = 6mm), but the latter has less penalising values for other parameters 
(such as rod/rod clearance), 

• driving head induced by buoyancy effects ~p =~p g ~H induced by the difference in 
density between the hot gases (outside the internals: 800 C C) and cold gases inside the 
cavity, the difference in height reaching the highest values for the 16x16 and 18x18 
networks (~H = 228.1 mm and 228 mm respectively). 
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The comparison of the L/Dh ratios corresponding to the channel formed by the clearance
between the door and the upper portion of the assembly (top clearance cav/assy) also identifies the
16x16 and 18x18 networks as the most critical. In particular, these ratios are lowest for the
networks that have maximum driving head induced by buoyancy effects AP =Ap g AH (16x16 and
18x18 networks), the combination of these two effects resulting in a convective movement that is
more severe in terms of heating the fuel rods.

It can also be seen that, with regard to the plenum area of the fuel rods, the most critical case is
that which has the lowest rod thickness, i.e. 0.5 mm (envelope value) for the 17x17 network (to be
compared with 0.6 mm or 0.68 mm for the 18x18 or 16x16 networks respectively). The fuel rods
corresponding to the 17x17 or 18x18 networks also have a minimum diameter (9.5 mm) that
minimises its thermal inertia.

The weighting given to each of these criteria remains difficult to assess, so the decision was
taken to build three two-dimensional plan view models, representative of the common section of
the 16x16, 17x17 and 18x18 (type FCC4) networks, so as to obtain a finer comparison and
confirm the most penalising configuration. FCC3-type networks, which are covered by FCC4-type
networks, were not studied.

Furthermore, the comparative analysis of the results obtained on these various computerised
models should enable the equivalent behaviour of the different types of assembly transported to
be demonstrated and the incidence of the geometric parameters, such as the pitch of the fuel rod
network, the rod diameter, the cladding thickness, the clearances inside the cavity and the size of
the cavity, to be assessed in greater detail and accuracy.

4. HYPOTHESES

4.1 Taking the effects of the mechanical tests into account (clearances...)

The thermal test, as defined by the regulations, must follow the mechanical tests so that the full
set of tests is the most damaging for the package.

Subsequent to the mechanical tests, the fuel cladding had not ruptured.

However, these mechanical tests, performed on a life-size specimen of the container resulted in:

* a reduction of the clearance between the cladding of the fuel assemblies (compaction),

* the perforation of the external shell,

* the opening or the closing of a few clearances between the doors and the frame.

A preliminary study [4] showed that the compaction of the assemblies subsequent to the
mechanical tests is a favourable parameter with regard to the thermal resistance of the package.

After the container had been dropped onto a spike, expert appraisal disclosed a small perforation
in the shell. Such perforation could lead to the ingress of flames as far as the internals.
Therefore, adopting a very conservative standpoint, the shell is not taken into consideration
during the fire phase (application of the fire conditions to the entire outer skin of the internals).
However, during the cooling phase, in order to minimise the thermal losses, the presence of the
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shell is taken into account (equivalent thermal resistance, as a result of which the cooling phase
is slowed), but its thermal inertia during the cooling phase is not taken into consideration.

Figure 1 shows the changes in the frame/door clearances measured on the specimen FCC
subsequent to the mechanical test. The nominal frame/door clearances are 5 mm. The readings
show a maximum increase of 2 mm in the clearances along 1 m sections. The increase occurs
on one of the frame/door clearances (zone "C" in figure 1), whereas the clearance diagonally
opposite (zone "D" in figure 1) tends to close slightly. Adopting a conservative standpoint, the
frame/door clearances taken into consideration in the calculations are as follows:

* Frame/door clearance zone "C" = 7 mm (5 mm nominal plus an increase of 2 mm arising

from deformation caused by dropping the container)

" Nominal maximum frame/door clearance zone "D" = 5 mm

These clearances are assumed to extend along the entire length of the internals (severe
assumptions).

4.2 Domain and structures taken into consideration

The domain considered for modelling purposes incorporates:

" The frame and the doors of the internals (steel structures and resin)

" The assembly consisting of a network of Zircaloy fuel rods containing the fissile material
(U02).

" The air contained in the cavity of the internals.

The outer shell is not explicitly modelled (cf. hypothesis in § 4.1 above).

4.3 Position of container subsequent to drop

Subsequent to being dropped, the container is assumed to be in a position such that:

* its axis is horizontal,

* it has rotated by 450 about said axis, relative to the transport position.

A position such that the axis is horizontal is the most unfavourable, as inclination of the axis
would allow the hot air to accumulate in the Upper section of the package. Under such
circumstances, the flow of heat would not spread over the fuel rods closest to the frame/door
clearances but over a greater number of rods, thereby limiting the maximum cladding
temperature. Moreover, the entire length of the rod would not be heated if the axis were inclined.

450 rotation leads to the most unfavourable position, as convection is induced by the difference in

density due to the air temperatures. Gravity dictates the direction in which the convective flows
spread. 450 inclination allows the difference in driving head induced by buoyancy effects to be
maximised.
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shell is taken into account (equivalent thermal resistance, as a result of which the cooling phase 
is slowed), but its thermal inertia during the cooling phase is not taken into consideration. 

Figure 1 shows the changes in the frame/door clearances measured on the specimen FCC 
subsequent to the mechanical test. The nominal frame/door clearances are 5 mm. The readings 
show a maximum increase of 2 mm in the clearances along 1 m sections. The increase occurs 
on one of the frame/door clearances (zone "C" in figure 1), whereas the clearance diagonally 
opposite (zone "D" in figure 1) tends to close slightly. Adopting a conservative standpoint, the 
frame/door clearances taken into consideration in the calculations are as follows: 

• Frame/door clearance zone "C" = 7 mm (5 mm nominal plus an increase of 2 mm arising 
from deformation caused by dropping the container) 

• Nominal maximum frame/door clearance zone "D" = 5 mm 

These clearances are assumed to extend along the entire length of the internals (severe 
assu m ptions). 

4.2 Domain and structures taken into consideration 

The domain considered for modelling purposes incorporates: 

• The frame and the doors of the internals (steel structures and resin) 

• The assembly consisting of a network of Zircaloy fuel rods containing the fissile material 
(U02). 

• The air contained in the cavity of the internals. 

The outer shell is not explicitly modelled (cf. hypothesis in § 4.1 above). 

4.3 Position of container subsequent to drop 

Subsequent to being dropped, the container is assumed to be in a position such that: 

• its axis is horizontal, 

• it has rotated by 45° about said axis, relative to the transport position. 

A position such that the axis is horizontal is the most unfavourable, as inclination of the axis 
would allow the hot air to accumulate in the upper section of the package. Under such 
circumstances, the flow of heat would not spread over the fuel rods closest to the frame/door 
clearances but over a greater number of rods, thereby limiting the maximum cladding 
temperature. Moreover, the entire length of the rod would not be heated if the axis were inclined. 

45° rotation leads to the most unfavourable position, as convection is induced by the difference in 
density due to the air temperatures. Gravity dictates the direction in which the convective flows 
spread. 45° inclination allows the difference in driving head induced by buoyancy effects to be 
maximised. 
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5. TWO-DIMENSIONAL MODELLING OF FCC4 16x16, 17x17 AND 18x18
NETWORKS

The 16x16, 17x17 and 18x18 networks of the FCC4 container model are modelled so as to be
able to calculate the thermal effects arising from the convection of the air inside the cavity
containing the assembly, from thermal radiation and thermal conduction.

The geometry is defined by the assembly drawing for the packaging 229 K 0400 (17x17) and 229
K 0500 (16x16 and 18x18) and the assembly drawings of the package and the internals 229 K
0402 and 229 K 0502 (see Appendix 2).

5.1 The fuel rods

The fuel rods of each assembly are finely modelled to determine accurately the temperatures
obtained during the thermal test. Each rod is represented by several cells allowing the
temperature gradients assessments within the fuel.

For the calculation of thermal radiation, cladding outer faces emissivity is prescribed to 0.6. This
mean value takes into account the surfaces oxidation during the fire (emissivity of new cladding
being approximately 0.3 and that of a surface blackened by soot 0.8 at the minimum). A
sensitivity analysis of this parameter is performed by means of an additional calculation
(hypothesis of an emissivity of 0.8 for the outer faces of the cladding) to assess the effect of this
hypothesis (cf. § 6.1).

The helium layer separating the fuel pellets from their cladding is represented by a thermal
resistance equivalent to the pellet/cladding interface: thermal resistance R=clearanceHeiium/XHeium
(4 E-4 < R <5 E-4 m2K/W, according to the type of network). In the helium layer, the radiation
exchange coefficient is very small relative to the conduction exchange coefficient; radiation is
therefore ignored in this section.

5.2 The door, the frame and the air in the cavity

Due to symmetry, only half of the internals are represented. The frame, the door, the steel sheets
surrounding the resin and the clearances between the door and the frame are modelled.

For the thermal radiation calculation, the emissivity of the inner walls of the door and the frame
are prescribedto 0.6 (oxidation of the surfaces during the fire is taken into account).
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5. TWO-DIMENSIONAL MODELLING OF FCC416x16, 17x17 AND 18x18 
NETWORKS 

The 16x16, 17x17 and 18x18 networks of the FCC4 container model are modelled so as to be 
able to calculate the thermal effects arising from the convection of the air inside the cavity 
containing the assembly, from thermal radiation and thermal conduction. 

The geometry is defined by the assembly drawing for the packaging 229 K 0400 (17x17) and 229 
K 0500 (16x16 and 18x18) and the assembly drawings of the package and the internals 229 K 
0402 and 229 K 0502 (see Appendix 2). 

5.1 The fuel rods 

The fuel rods of each assembly are finely modelled to determine accurately the temperatures 
obtained during the thermal test. Each rod is represented by several cells allowing the 
temperature gradients assessments within the fuel. 

For the calculation of thermal radiation, cladding outer faces emissivity is prescribed to 0.6. This 
mean value takes into account the surfaces oxidation during the fire (emissivity of new cladding 
being approximately 0.3 and that of a surface blackened by soot 0.8 at the minimum). A 
sensitivity analysis of this parameter is performed by means of an additional calculation 
(hypothesis of an emissivity of 0.8 for the outer faces of the cladding) to assess the effect of this 
hypothesis (cf. § 6.1). 

The helium layer separating the fuel pellets from their cladding is represented by a thermal 
resistance equivalent to the pellet/cladding interface: thermal resistance R=clearanceHelium/A.Helium 
(4 E-4 < R <5 E-4 m2K/W, according to the type of network). In the helium layer, the radiation 
exchange coefficient is very small relative to the conduction exchange coefficient; radiation is 
therefore ignored in this section. 

5.2 The door, the frame and the air in the cavity 

Due to symmetry, only half of the internals are represented. The frame, the door, the steel sheets 
surrounding the resin and the clearances between the door and the frame are modelled. 

For the thermal radiation calculation, the emissivity of the inner walls of the door and the frame 
are prescribedto 0.6 (oxidation of the surfaces during the fire is taken into account). 
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In order to account for the pressure drop induced by the entry or exit of the hot air entering or
leaving the cavity by the frame/door clearances, the domain representing the air is extended
beyond the cavity.
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This additional channel represents the air surrounding the cavity and closes the flow loop.
Specific boundary conditions are applied to the walls of this channel outside the internals so as to
eliminate the regular frictional pressure drop in this external zone (slippery walls). The mesh size
is adapted so as to limit the velocity in the channel, thereby limiting any pressure drop induced by
direction changes.

The main objective of this modelling is to take account for the singular pressure drop on entry to
and exit from the cavity of the internals.

In order to assess the specific pressure drop obtained with such modelling of the frame/door
clearances, an additional local model providing a fine representation of the frame/door clearance
is used and calculations are performed for the purposes of comparison.

The model, the results obtained and the comparisons are presented in Appendix 3.

The results show that a slight underestimation of the pressure drop is obtained on the 2D model
of the container, which is envelope with regard to the temperature rise of the fuel rods. Excessive
pressure drop at the frame/door clearance would have the effect of reducing the incoming hot air
flow, thereby slowing the spread by convection of the hot air front in the cavity.

5.3 The resin

The doors and the frame are made of sheet steel supported by stiffeners; the cavities thus formed
are filled with resin. In the modelling, it is considered that the fire does not deteriorate the resin.
This is a severe assumption, since the consumed resin would be replaced by air and, the thermal
conductivity of air being far lower than that of resin, the package would then be better insulated.
The characteristics of the resin are defined in reference [3].
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In order to account for the pressure drop induced by the entry or exit of the hot air entering or 
leaving the cavity by the frame/door clearances, the domain representing the air is extended 
beyond the cavity. 
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This additional channel represents the air surrounding the cavity and closes the flow loop. 
Specific boundary conditions are applied to the walls of this channel outside the internals so as to 
eliminate the regular frictional pressure drop in this external zone (slippery walls). The mesh size 
is adapted so as to limit the velocity in the channel, thereby limiting any pressure drop induced by 
direction changes. 

The main objective of this modelling is to take account for the singular pressure drop on entry to 
and exit from the cavity of the internals. 

In order to assess the specific pressure drop obtained with such modelling of the frame/door 
clearances, an additional local model providing a fine representation of the frame/door clearance 
is used and calculations are performed for the purposes of comparison. 

Themodel, the results obtained and the comparisons are presented in Appendix 3. 

The results show that a slight underestimation of the pressure drop is obtained on the 2D model 
of the container, which is envelope with regard to the temperature rise of the fuel rods. Excessive 
pressure drop at the frame/door clearance would have the effect of reducing the incoming hot air 
flow, thereby slowing the spread by convection of the hot air front in the cavity. 

5.3 The resin 

The doors and the frame are made of sheet steel supported by stiffeners; the cavities thus formed 
are filled with resin. In the modelling, it is considered that the fire does not deteriorate the resin. 
This is a severe assumption, since the consumed resin would be replaced by air and, the thermal 
conductivity of air being far lower than that of resin, the package would then be better insulated. 
The characteristics of the resin are defined in reference [3]. 
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5.4 Meshing of 16x16, 17x17 and 18x18 networks

Three 2D meshes, corresponding respectively to each of the 16x16, 17x17 and 18x18 networks,
are prepared. Figures 2 to 4 show the meshes established. Details of the meshes are also shown
in Appendix 3.

5.5 Materials properties

For all the calculations, the physical properties of the materials (conductivity, air viscosity, density)
are taken as varying with temperature. For resin, the properties retained are those corresponding
to a temperature of 160' C. With regard to the specific heat, (Cp), according to each case, the
calculations were performed either with or without temperature dependence. In particular, it
should be noted that the specific heat of the respective materials tends to increase with
temperature, and the calculations carried out with the constant Cp option are consequently
penalising, as they lead to a more intense rise in temperature of the material (in such cases, the
specific heat at low temperature was adopted). Tables 1 and 2 summarise the physical properties
of the materials adopted.

5.6 INITIAL CONDITIONS

In compliance with the regulations for the transport of radioactive materials (cf. article 728 of
reference [2]), the specimen must initially be at thermal equilibrium at an ambient temperature of
38 0C, adopting a solar flux of 400 W/m 2 for 12 hours per day as the conditions of sunshine (see
extract of the regulations in Appendix 1).

The initial conditions therefore comply with regulatory requirements.

In the interests of conservatism, the outer shell of the container is not modelled in the model
chosen. Solar radiation should apply directly to it.

To remain conservative, the equilibrium temperature of the outer shell is assessed:

* in steady state,

* adopting the hypothesis of an incident solar flux of 400 W/m 2,

* with the outer surface of the shell cooled by natural convection and radiation with an
infinite medium considered to be at 38 'C (ambient air surrounding the package),

* with the inner face of shell assumed to be adiabatic.

The equilibrium temperature obtained is 78 'C. In the interests of conservatism, this value is
adopted and applied as the initial temperature for all structures representing the internals. This is
a penalising hypothesis since, in reality, only half the circumference of the outer shell is
subjected to solar flux, whereas the remainder acts as a cooling fin, which would tend to cool the
package, and the thermal stratification that should occur within the domain inside the outer shell
of the container is also ignored.
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5.4 Meshing of 16x16, 17x17 and 18x18 networks 

Three 2D meshes, corresponding respectively to each of the 16x16, 17x17 and 18x18 networks, 
are prepared. Figures 2 to 4 show the meshes established. Details of the meshes are also shown 
in Appendix 3. 

5.5 Materials properties 

For all the calculations, the physical properties of the materials (conductivity, air viscosity, density) 
are taken as varying with temperature. For resin, the properties retained are those corresponding 
to a temperature of 160° C. With regard to the specific heat, (Cp), according to each case, the 
calculations were performed either with or without temperature dependence. In particular, it 
should be noted that the specific heat of the respective materials tends to increase with 
temperature, and the calculations carried out with the constant Cp option are consequently 
penalising, as they lead to a more intense rise in temperature of the material (in such cases, the 
specific heat at low temperature was adopted). Tables 1 and 2 summarise the physical properties 
of the materials adopted. 

5.6 INITIAL CONDITIONS 

In compliance with the regulations for the transport of radioactive materials (cf. article 728 of 
reference [2]), the specimen must initially be at thermal equilibrium at an ambient temperature of 
38°C, adopting a solar flux of 400 W/m2 for 12 hours per day as the conditions of sunshine (see 
extract of the regulations in Appendix 1). 

The initial conditions therefore comply with regulatory requirements. 

In the interests of conservatism, the outer shell of the container is not modelled in the model 
chosen. Solar radiation should apply directly to it. 

To remain conservative, the equilibrium temperature of the outer shell is assessed: 

• in steady state, 

• adopting the hypothesis of an incident solar flux of 400 W/m2
, 

• with the outer surface of the shell cooled by natural convection and radiation with an 
infinite medium considered to be at 38°C (ambient air surrounding the package), 

• with the inner face of shell assumed to be adiabatic. 

The equilibrium temperature obtained ·is 78°C. In the interests of conservatism, this value is 
adopted and applied as the initial temperature for all structures representing the internals. This is 
a penalising hypothesis since, in reality, only half the circumference of the outer shell is 
subjected to solar flux, whereas the remainder acts as a cooling fin, which would tend to cool the 
package, and the thermal stratification that should occur within the domain inside the outer shell 
of the container is also ignored. 
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5.7 FIRE PHASE

For the fire phase, flames at a temperature of 800 'C with an emissivity of 0.9 are prescribed over
all the exposed outer walls of the model. The absorption coefficient of the walls, which takes the
presence of soot on the surfaces into account, is assumed to be equal to 0.8. The convective
exchange coefficient between the flames and the walls is taken to be 10 W/m 2K.

These boundary conditions correspond to those defined by the IAEA regulations (reference [2]).

5.8 COOLING PHASE

The outer shell of the container was not modelled leading to the severe assumption of direct
contact between the faces of the internals and the flames at 800 °C during the fire phase.
However, this shell has an influence on the slowing of the cooling of the package (reduction of the
natural convection effects around the package, insulating effect of the air contained between the
package and the shell, heat transfer by radiation between the inner faces of the shell and the
outer faces of the internals).

Under these conditions, thermal resistance equivalent to the above-mentioned phenomena is
incorporated in the model for the cooling phase. The method for calculating the equivalent
resistance is described below:

(.• shell of
Internals container Outside environment

rc hre

4 .Ta . hce 0

hcp hcc I
Tp Tc Te

The exchanges by radiation and convection are considered:.

" Convection air/internals: hcp

" Convection air/outer shell: hcc

* Convection outer shell/outside air: hce

* Radiation internals/outer shell: hrc

" Radiation outer shell/outside environment: hre

The air temperature Ta contained between the internals and the outer container shell is not
considered to be 78 °C but, as an envelope value, a weighted average (i.e. by the convective
flows) between the temperature of the internals element and the element outer shell (in this
model, an outer shell temperature is associated with each internals element).
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For the fire phase, flames at a temperature of 800 °C with an emissivity of 0.9 are prescribed over 
all the exposed outer walls of the model. The absorption coefficient of the walls, which takes the 
presence of soot on the surfaces into account, is assumed to be equal to 0.8. The convective 
exchange coefficient between the flames and the walls is taken to be 10 W/m2K. 

These boundary conditions correspond to those defined by the IAEA regulations (reference [2]). 

5.8 COOLING PHASE 

The outer shell of the container was not modelled leading to the severe assumption of direct 
contact between the faces of the internals and the flames at 800 °C during the fire phase. 
However, this shell has an influence on the slowing of the cooling of the package (reduction of the 
natural convection effects around the package, insulating effect of the air contained between the 
package and the shell, heat transfer by radiation between the inner faces of the shell and the 
outer faces of the internals). 

Under these conditions, thermal resistance equivalent to the above-mentioned phenomena is 
incorporated in the model for the cooling phase. The method for calculating the equivalent· 
resistance is described below: 
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The exchanges by radiation and convection are considered:. 

• Convection air/internals: hcp 

• Convection air/outer shell: hcc 

• Convection outer shell/outside air: hce 

• Radiation internals/outer shell: hrc 

• Radiation outer shell/outside environment: hre 

The air temperature Ta contained between the internals and the outer container shell is not 
considered to be 78°C but, as an envelope value, a weighted average (Le. by the convective 
flows) between the temperature of the internals element and the element outer shell (in this 
model, an outer shell temperature is associated with each internals element). 
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hcp, hcc and hce are calculated on the basis of the correlation: Nu = 0.13 Ra 113, the properties of
the fluid being assessed respectively at ((Tp+Ta)/2, (Ta+Tc)/2, (Tc+Te)/2)

hrc = K co (Tp 2+Tc 2)(Tp+Tc), where K is the coefficient of radiative coupling between the internals
and the outer shell. Two equivalent concentric circles are assumed, K therefore has the following
value:

K= 1/[ 1/c +(l/E - 1) (rp/rc) ] where E = 0.6 and rp/rc = 0.57

Hre = E a0 (Tp2+Tc 2)(Tp+Tc)

Tc and Ta are assessed at the previous iteration (non-linear process).

The lid inertia is not incorporated in this calculation, but an estimate shows that the lid, cooling on
a single face in the open air, would go from 800 to 400'C in approximately 2 min 30 and does not
therefore constitute the phenomenon limiting the cooling of the whole.

Solar radiation is taken into account during this phase in the same way as for the initial
conditions. Since the shell has been pierced, air at a temperature of 78 °C can enter the package.

It is assumed that the temperature of 800 'C is applied almost instantaneously at the beginning of
the fire phase, and the air entering at the beginning of the cooling phase is at 78 °C.

6. 2D CALCULATIONS

6.1 Configurations adopted

The table below summarises the various calculations performed on 16x16, 17x17 and 18x18
networks.

16x16 17x17 18x18116x6 17x1718x18
Ciornnnisection Plem rzone

A 2D Co constant, clearances T7 B5. clad ZY4. emissivitv = 0.6 X X
B 2D Cp variable X X X

C 2D clad M5 X
D 2D emissivity = 0.8 X

Case A: In this case, the calculations are performed adopting the hypothesis that the specific
heat of the respective materials is independent of temperature, the values adopted being those at
low temperature. The frame/door clearances are those where the hot gas enters (upper section)
and exits (lower section)' the cavity of the internals, i.e. 7 mm and 5 mm respectively. The
cladding is made of Zircaloy and the emissivity of the inner walls of the cavity or the outer
surfaces of the cladding is 0.6.

Cases B, C and D: In these three cases, all other parameters being equal, the variables shown in
bold characters allow the differences relative to case A to be distinguished.

. Case B: Cp of the materials = f(T),

0 Case C: Zircaloy cladding replaced with M5 cladding,
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hcp, hcc and hce are calculated on the basis of the correlation: Nu = 0.13 Ra 1/3, the properties of 
the fluid being assessed respectively at ((Tp+ Ta)/2, (Ta+ Tc)/2, (Tc+ Te)/2) 

hrc = K ao (Tp2+ Tc2)(Tp+ Tc), where K is the coefficient of radiative coupling between the internals 
and the outer shell. Two equivalent concentric circles are assumed, K therefore has the following 
value: 

K= 1/[ 1h: +(11E - 1) (rp/rc) 1 where E = 0.6 and rp/rc = 0.57 

Hre = E ao (Tp2+ Tc2)(Tp+ Tc) 

Tc and Ta are assessed at the previous iteration (non-linear process). 

The lid inertia is not incorporated in this calculation, but an estimate shows that the lid, cooling on 
a single face in the open air, would go from 800 to 400°C in approximately 2 min 30 and does not 
therefore constitute the phenomenon limiting the cooling of the whole. 

Solar radiation is taken into account during this phase in the same way as for the initial 
conditions. Since the shell has been pierced, air at a temperature of 78°C can enter the package. 

It is assumed that the temperature of 800°C is applied almost instantaneously at the beginning of 
the fire phase, and the air entering at the beginning of the cooling phase is at 78°C. 

6. 20 CALCULATIONS 

6.1 Configurations adopted 

The table below summarises the various calculations performed on 16x16, 17x17 and 18x18 
networks. 

A r,n~~~~~~~~~C~la~d7ZY~4l.e=m~i$~iV~iW~=~O~.6:-~~~~~~~ 
B 20 Cp variable 
C 20 clad M5 
o 20 em· = 0.8 

x 
X 

X X X 

Case A: In this case, the calculations are performed adopting the hypothesis that the specific 
heat of the respective materials is independent of temperature, the values adopted being those at 
low temperature. The frame/door clearances are those where the hot gas enters (upper section) 
and exits (lower section)" the cavity of the internals, i.e. 7 mm and 5 mm respectively. The 
cladding is made of Zircaloy and the emissivity of the inner walls of the cavity or the outer 
surfaces of the cladding is 0.6. 

Cases B, C and D: In these three cases, all other parameters being equal, the variables shown in 
bold characters allow the differences relative to case A to be distinguished. 

• Case B: Cp of the materials = f(T), 

• Case C: Zircaloy cladding replaced with M5 cladding, 
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* Case D: emissivity of the inner walls of the cavity and the outer surfaces of the cladding

= 0.8.

The various calculations allow the influence analysis of:

* the geometry of the assembly contained in the internals (network pitch, cladding
diameters, clearances within the cavity...),

* the physical properties of the materials considered (specific heat Cp assumed constant or
variable with the temperature, emissivity E of the cladding material depending on the level
of oxidation subsequent to being maintained at temperature, emissivity possibly varying
from a mean value of 0.6 to a maximum value of 0.8.

" the cross-section considered for 2D modelling (common fuel rod section or plenum zone,
given that, in comparison to the common section of the cladding the thermal inertia of the.
plenum zone is relatively low, as the fissile material is only present in the common section
of the fuel rods).

By comparing the results, it is possible to determine the most penalising configuration to be
adopted for the assessment of the thermal damage on the fuel cladding.

6.2 Results

All the results associated with these various cases are presented in Appendix 4.

A comparison of the results discloses the following:

" The 17x17 network is the most penalising in terms of the increase in cladding
temperature, due not only to its lower thermal inertia (minimum cladding diameter and
thickness), but also to the proximity of the outer rows to the frame/door clearance.

" When the variation in specific heat Cp with the temperature is taken into account (nearly
30 to 40 % increase between 20 and 600 °C), this leads to a significant reduction in the
maximum temperature of the cladding,

* The behaviour of M5 material is close to that of Zircaloy (a difference in temperature of
around one degree, as a consequence of similar physical properties at temperatures
around 600 'C). It can also be seen that the difference that could occur is largely
attenuated by the high inertia of the U0 2 in contact with the cladding. The cladding
material does not therefore have any impact on the results,

" The emissivity taken into consideration in the calculations is 0.6. The radiative flux is
proportional to T4 (T in degrees Kelvin); the influence of the emissivity on the radiative flux
is therefore relatively low at low temperatures and preponderant at high temperatures.
High temperature levels are reached after a period during which the material oxidises. An
emissivity value of 0.8 could therefore be adopted. All other parameters being equal, an
emissivity 6=0.8 gives a maximum cladding temperature that is 7 degrees lower at the end
of the fire phase. The value of E=0.6 is therefore adopted for the reference calculation,
with the knowledge that c=0.8 allows margins to be established.
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• Case D: emissivity of the inner walls of the cavity and the outer surfaces of the cladding 
= 0.8. 

The various calculations allow the influence analysis of: 

• the geometry of the assembly contained in the internals (network pitch, cladding 
diameters, clearances within the cavity ... ), 

• the physical properties of the materials considered (specific heat Cp assumed constant or 
variable with the temperature, emissivity £ of the cladding material depending on the level 
of oxidation subsequent to being maintained at temperature, emissivity possibly varying 
from a mean value of 0.6 to a maximum value of 0.8. 

• the cross-section considered for 2D modelling (common fuel rod section or plenum zone, 
given that, in comparison to the common section of the cladding the thermal inertia of the. 
plenum zone is relatively low, as the fissile material is only present in the common section 
of the fuel rods). 

By comparing the results, it is possible to determine the most penalising configuration to be 
adopted for the assessment of the thermal damage on the fuel cladding. 

6.2 Results 

All the results associated with these various cases are presented in Appendix 4. 

A comparison of the results discloses the following: 

• The 17x17 network is the most penalising in terms of the increase in cladding 
temperature, due not only to its lower thermal inertia (minimum cladding diameter and 
thickness), but also to the proximity of the outer rows to the frame/door clearance. 

• When the variation in specific heat Cp with the temperature is taken into account (nearly 
30 to 40 % increase between 20 and 600°C), this leads to a significant reduction in the 
maximum temperature of the cladding, 

• The behaviour of M5 material is close to that of Zircaloy (a difference in temperature of 
around one degree, as a consequence of similar physical properties at temperatures 
around 600°C). It can also be seen that the difference that could occur is largely 
attenuated by the high inertia of the U02 in contact with the cladding. The cladding 
material does not therefore have any impact on the results, 

• The emissivity taken into consideration in the calculations is 0.6. The radiative flux is 
proportional to T4 (T in degrees Kelvin); the influence of the emissivity on the radiative flux 
is therefore relatively low at low temperatures and preponderant at high temperatures. 
High temperature levels are reached after a period during which the material oxidises. An 
emissivity value of 0.8 could therefore be adopted. All other parameters being equal, an 
emissivity £=0.8 gives a maximum cladding temperature that is 7 degrees lower at the end 
of the fire phase. The value of £=0.6 is therefore adopted for the reference calculation, 
with the knowledge that £=0.8 allows margins to be established. 
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7. Modelling of a 3D section - analysis of the effects of the stiffeners
in the door and the frame

In order to assess the influence of the thermal bridges created by the presence of stiffeners in the
door and the frame, a model representing a three-dimensional section of the container is
established. The model explicitly incorporates the structural elements of the internals such as the
door and frame stiffeners, the grid-retaining pads, the assembly grids and the pad-retaining
screws.

7.1 3D model established

The symmetries that can be used lead to the adoption of the section shown below:

c-c

- J

The numerical 3D model established is based on the same principle as the one adopted for the
2D model described above. The characteristics of the additional 3D elements taken into account
are:

. Frame stiffener (stainless steel material)

o width 15 mm,
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door and the frame, a model representing a three-dimensional section of the container is 
established. The model explicitly incorporates the structural elements of the internals such as the 
door and frame stiffeners, the grid-retaining pads, the assembly grids and the pad-retaining 
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The numerical 3D model established is based on the same principle as the one adopted for the 
2D model described above. The characteristics of the additional 3D elements taken into account 
are: 

• Frame stiffener (stainless steel material) 

o width 15 mm, 
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o thickness of sole plates 4 mm,

o 4, 5 and 6 mm thick braces,

* Door stiffener (stainless steel material)

o width 25 mm,

o thickness of sole plates 4 mm,

o 4 and 5 mm thick braces,

o pad shaft passage reinforcement 30 mm,

In the model of the adopted section, a plane of symmetry bisects the door stiffener;
therefore only half the width of the stiffener is taken into account (i.e. 25/2=12.5 mm)

* retaining pad (bisected by a plane of symmetry, stainless steel material)

o dimensions 176 mm x 50 mm xlO mm

o pad locking shaft 4 M12

* fuel rod spacing grid (Zircaloy material)

o thickness 0.4 mm

o grid height 30 mm

The above-mentioned stainless steel or Zircaloy structures are taken from reference drawings
[10] to [12]. It should be noted that the oblique braces joining the upper and lower sole plates of
the stiffeners are represented approximately by right-angled braces of the same straight cross-
section.

This approximation is slightly penalising during the fire phase, as it keeps the section heat flux
through the door of the internals while underestimating the thermal inertia and resistance of the
stiffeners. This results in a more rapid rise in the temperature of the inner skin of the door and,
consequently, an increase in the temperature of the fuel rods within the cavity. The solid
protuberant structures, such as the hinge pins and hinge seats of the doors are ignored. These
two approximations are conservative with regard to the temperature rise of the fuel cladding
within the cavity.

The 3D model established represents the FCC 4 16x16 network.

Considering the long calculation time required for computerised 3D transient simulation, the
establishment of this model was anticipated well before the comparative results on the 2D models
of the three types of network were obtained. However, considering the similarity of the design of
the various networks, the behaviour arising from local 3D effects can be extrapolated for the
different types of network.

The details of the 3D meshing established are presented in figures 5 to 7 and in Appendix 5.
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o thickness of sole plates 4 mm, 

o 4, 5 and 6 mm thick braces, 

• Door stiffener (stainless steel material) 

o width 25 mm, 

o thickness of sole plates 4 mm, 

o 4 and 5 mm thick braces, 

o pad shaft passage reinforcement 30 mm, 

In the model of the adopted section, a plane of symmetry bisects the door stiffener; 
therefore only half the width of the stiffener is taken into account (i.e. 25/2=12.5 mm) 

• retaining pad (bisected by a plane of symmetry, stainless steel material) 

o dimensions 176 mm x 50 mm x1 0 mm 

o pad locking shaft ~ M12 

• fuel rod spacing grid (Zircaloy material) 

o thickness 0.4 mm 

o grid height 30 mm 

The above-mentioned stainless steel or Zircaloy structures are taken from reference drawings 
[10] to [12]. It should be noted t~at the oblique braces joining the upper and lower sole plates of 
the stiffeners are represented approximately by right-angled braces of the same straight cross
section. 

This approximation is slightly penalising during the fire phase, as it keeps the section heat flux 
through the door of the internals while underestimating the thermal inertia and resistance of the 
stiffeners. This results in a more rapid rise in the temperature of the inner skin of the door and, 
consequently, an increase in the temperature of the fuel rods within the cavity. The solid 
protuberant structures, such as the hinge pins and hinge seats of the doors are ignored. These 
two approximations are conservative with regard to the temperature rise of the fuel cladding 
within the cavity. 

The 3D model established represents the FCC 4 16x16 network. 

Considering the long calculation time required for computerised 3D transient simulation, the 
establishment of this model was anticipated well before the comparative results on the 2D models 
of the three types of network were obtained. However, considering the similarity of the design of 
the various networks, the behaviour arising from local 3D effects can be extrapolated for the 
different types of network. 

The details of the 3D meshing established are presented in figures 5 to 7 and in Appendix 5. 
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7.2 Results of the 3D model

The temperature behaviour of the rods remains similar to the results obtained using the 2D
approach. It should be noted, however, that the presence of the door and frame stiffeners as well
as that of the grids and the retaining pads leads to a delay in the increase in average temperature
of the rods. At the clearance between the frame and the door, the grid plays the role of deflector
and causes a cold spot to appear locally on the rod. The rods closest to the frame/door clearance
are less stressed to the detriment of the neighbouring rods. The thermal inertia of the door and
frame stiffeners compensates for the thermal bridges they create.

The results of the 3D model are presented in Appendix 5.

Figure A5-12 allows comparison of the curves representing the change in maximum and mean
cladding temperature on the 2D and 3D models for the 16x16 network to be compared. The
curves indicate the change in the maximum and mean temperatures over the course of the
transient. The temperatures observed are lower on the 3D model. At the end of the fire phase, the
mean and maximum temperatures of the most stressed cladding are as follows:

" 3D - Tmax = 642.8 'C, Tav = 624.2 °C,

* 2D - Tmax = 648.5°C, Tav = 638.8 'C.

8. Reference case to be considered for the analysis of the thermal
behaviour of cladding

The comparison of the various 2D cases shows that the 17x17. assembly network is the most
penalising. The comparison of the 2D and 3D approaches carried out on the 16x16 network also
shows the attenuation of the increase in temperature of the fuel rods when the presence of the
door and frame stiffeners is taken into consideration. The thermal inertia of the door or pad
stiffeners compensates the thermal bridges they create. At the end of the fire phase, the
maximum fuel rod temperature obtained on the 3D model is 5 to 6 degrees lower than the
temperature obtained on the 2D model. The attenuation obtained considering the average of the
temperatures of the most stressed cladding is 14 °C.

Consequently, the reference case taken into consideration for the analysis of the thermal damage
to the fuel rods is the 2D 17x17 case (case B in the table in § 6) to which a weighting relating to
the 3D effect is applied.

The weighting is deduced from the temperature differences from the 2D and 3D calculations
carried out on the 16x16 network. Linear shifts are applied, as a function of the temperature level,
for the maximum or mean cladding temperatures:

* Tref max = T2D17x17max - fl (T2D17x17max)

* Tref av= T2D17x17av - f2(T2D17x17av)

The functions fl (T) and f2(T) are linear functions that depend on the cladding temperature:

* At the initial instant, fl and f2 are nil,

* At the end of the fire phase fl = 5.6°C and f2 = 14°C.
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The temperature behaviour of the rods remains similar to the results obtained using the 20 
approach. It should be noted, however, that the presence of the door and frame stiffeners as well 
as that of the grids and the retaining pads leads to a delay in the increase in average temperature 
of the rods. At the clearance between the frame and the door, the grid plays the role of deflector 
and causes a cold spot to appear locally on the rod. The rods closest to the frame/door clearance 
are less stressed to the detriment of the neighbouring rods. The thermal inertia of the door and 
frame stiffeners compensates for the thermal bridges they create. 

The results of the 30 model are presented in Appendix 5. 

Figure A5-12 allows comparison of the curves representing the change in maximum and mean 
cladding temperature on the 20 and 30 models for the 16x16 network to be compared. The 
curves indicate the change in the maximum and mean temperatures over the course of the 
transient. The temperatures observed are lower on the 30 model. At the end of the fire phase, the 
mean and maximum temperatures of the most stressed cladding are as follows: 

• 30 - Tmax = 642.8 °C, Tav = 624.2 °C, 

• 20 - Tmax = 648SC, Tav = 638.8 °C. 

8. Reference case to be considered for the analysis of the thermal 
behaviour of cladding 

The comparison of the various 20 cases shows that the 17x17 assembly network is the most 
penalising. The comparison of the 20 and 30 approaches carried out on the 16x16 network also 
shows the attenuation of the increase in temperature of the fuel rods when the presence of the 
door and frame stiffeners is taken into consideration. The thermal inertia of the door or pad 
stiffeners compensates the thermal bridges they create. At the end of the fire phase, the 
maximum fuel rod temperature obtained on the 30 model is 5 to 6 degrees lower than the 
temperature obtained on the 20 model. The attenuation obtained considering the average of the 
temperatures of the most stressed cladding is 14°C. 

Consequently, the reference case taken into consideration for the analysis of the thermal damage 
to the fuel rods is the 20 17x17 case (case B in the table in § 6) to which a weighting relating to 
the 30 effect is applied. 

The weighting is deduced from the temperature differences from the 20 and 30 calculations 
carried out on the 16x16 network. Linear shifts are applied, as a function of the temperature level, 
for the maximum or mean cladding temperatures: 

• Tref max = T 2D17x17max - f1 (T 2D17x17max) 

• Tref av= T 2D17x17av - f2(T 2D17x17av) 

The functions f1 (T) and f2(T) are linear functions that depend on the cladding temperature: 

• At the initial instant, f1 and f2 are nil, 

• At the end of the fire phase f1 = 5.6°C and f2 = 14°C. 
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During the cooling phase, the difference arising from the 3D effect is minimal, cooling of the
critical rod is rapid, due to the effect of the stopped hot air flow entering the cavity, thermal
radiation towards the walls of the cavity that is relatively cooler than the cladding, and then the
entry of fresh air through the frame/door clearance. The curve derived from the 2D 17x17
calculation is kept for the cooling phase,

The curves plotted on the graph below show the change in maximum and mean temperatures
adopted as reference results:

Reference clad temp. (basis 2D 17x17 + weighting for 3D)
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The graph is representative of the cladding closest to the frame/door clearance (cladding 1), the
temperature of the neighbouring cladding (cladding 2) remains cooler (difference of 31 °C
obtained after 1800 seconds).

9. JUSTIFICATION OF THE CONSERVATIVE NATURE OF THE
REFERENCE CASE

All the calculations carried out served to define an envelope reference case covering the various
container configurations (14x14, 15x15, 16x16, 17x17 and 18x18 networks of FCC3 and FCC4
containers). The curve established for the change in maximum cladding temperature is envelope
in nature, as justified by the following arguments:
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During the cooling phase, the difference arising from the 3D effect is minimal, cooling of the 
critical rod is rapid, due to the effect of the stopped hot air flow entering the cavity, thermal 
radiation towards the walls of the cavity that is relatively cooler than the cladding, and then the 
entry of fresh air through the frame/door clearance. The curve derived from the 20 17x17 
calculation is kept for the cooling phase,. 

The curves plotted on the graph below show the change in maximum and mean temperatures 
adopted as reference results: 
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The graph is representative of the cladding closest to the frame/door clearance (cladding 1), the 
temperature of the neighbouring cladding (cladding 2) remains cooler (difference of 31°C 
obtained after 1800 seconds). 

9. JUSTIFICATION OF THE CONSERVATIVE NATURE OF THE 
REFERENCE CASE 

All the calculations carried out served to define an envelope reference case covering the various 
container configurations (14x14, 15x15, 16x16, 17x17 and 18x18 networks of FCC3 and FCC4 
containers). The curve established for the change in maximum cladding temperature is envelope 
in nature, as justified by the following arguments: 
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* A frame/door clearance of 7 mm in the zone where the hot gases enter the cavity,

extending along the entire length of the internals, is taken into consideration,

" The fire conditions are applied directly and over the entire outer skin of the internals,

* The outer lid does not play a protective role during the fire phase, but it is nevertheless
taken into account during the cooling phase,

" Emissivity = 0.6 for the surfaces of structures inside the cavity of the internals (inner walls
and cladding) and greater emissivity values can be applied for oxidised surfaces (E = 0.8),

* The network is considered with its nominal dimensions. Contrary to what was observed
subsequent to the mechanical tests, it is assumed that the assembly contained in the
cavity has not been distorted (non-compacted) by the effects of the drop. If compacting
were taken into account, this would probably lead to a lower cladding temperature, as it
would limit the entry of hot air into the network.

* The resin contained in the doors and the frame is considered to be an inert, stable
material, the thermal properties of which remain unchanged (the increase in the insulative
properties, caused by surface calcination effects, and the endothermic reaction are not
taken into account).

10. SENSITIVITY STUDIES
Appendices 6 and 7 show two sensitivity studies relative to the reference case defined in § 8

above, for specific geometric zones of the assembly:

" local 2D calculation of the fuel rod plenum zone,

" local 3D calculation of the end zone of the internals.

In the plenum zone, which contains no fuel pellets, the maximum temperature obtained is
significantly higher for 2 fuel rods (+16 °C).

This calculation is conservative in several respects:

" The spring located in the plenum is not taken into account (thermal inertia minimised)

" The 3D effect caused by the proximity of the assembly head and the end plate of the
internals is not taken into account.

For the end zone of the internals, the effects of the temperature rise of the end plate on the fuel
cladding are assessed applying penalising hypotheses. The results show that the temperature
rise of the end plate does not have an unfavourable effect on the fuel cladding. The maximum
temperatures observed at the foot of the assembly remain below the maximum cladding
temperatures. In particular, this is justified by the combination of the thermal inertia of the solid
structures at the end of the internals and the screening effect caused by the foot of the assembly.

An explicit accounting for the internals end plate Would therefore have the effect of reducing the
envelope temperature of the fuel rod, as described in § 8 above.
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• A frame/door clearance of 7 mm in the zone where the hot gases enter the cavity, 
extending along the entire length of the internals, is taken into consideration, 

• The fire conditions are applied directly and over the entire outer skin of the internals, 

• The outer lid does not playa protective role during the fire phase, but it is nevertheless 
taken into account during the cooling phase, 

• Emissivity = 0.6 for the surfaces of structures inside the cavity of the internals (inner walls 
and cladding) and greater emissivity values can be applied for oxidised surfaces (£ = 0.8), 

• The network is considered with its nominal dimensions. Contrary to what was observed 
subsequent to the mechanical tests, it is assumed that the assembly contained in the 
cavity has not been distorted (non-compacted) by the effects of the drop. If compacting 
were taken into account, this would probably lead to a lower cladding temperature, as it 
would limit the entry of hot air into the network. 

• The resin contained in the doors and the frame is considered to be an inert, stable 
material, the thermal properties of which remain unchanged (the increase in the insulative 
properties, caused by surface calcination effects, and the endothermic reaction are not 
taken into account). 

10. SENSITIVITY STUDIES 

Appendices 6 and 7 show two sensitivity studies relative to the reference case defined in § 8 
above, for specific geometric zones of the assembly: 

• local 2D calculation of the fuel rod plenum zone, 

• local 3D calculation of the end zone of the internals. 

In the plenum zone, which contains no fuel pellets, the maximum temperature obtained is 
significantly higher for 2 fuel rods (+16 °C). 

This calculation is conservative in several respects: 

• The spring located in the plenum is not taken into account (thermal inertia minimised) 

• The 3D effect caused by the proximity of the assembly head and the end plate of the 
internals is not taken into account. 

For the end zone of the internals, the effects of the temperature rise of the end plate on the fuel 
cladding are assessed applying penalising hypotheses. The results show that the temperature 
rise of the end plate does not have an unfavourable effect on the fuel cladding. The maximum 
temperatures observed at the foot of the assembly remain below the maximum cladding 
temperatures. In particular, this is justified by the combination of the thermal inertia of the solid 
structures at the end of the internals and the screening effect caused by the foot of the assembly. 

An explicit accounting for the internals end plate would therefore have the effect of reducing the 
envelope temperature of the fuel rod, as described in § 8 above. 



A Thermal behaviour of FCC Container PVED DC 04 055 EO/

FRAMATOME ANP during thermal test Rev: A 24/33

11. CONCLUSION

2D and 3D analyses were carried out to verify the thermal behaviour of FCC containers in Normal
Transport Configuration and Accident Transport Configuration, in compliance with the regulatory
safety requirements defined by the IAEA with regard to transport.

In Normal Transport Configuration, an envelope approach to the assembly temperatures shows
that the maximum temperature of the assemblies remains below 78 'C.

In Accident Transport Configuration, 2D and 3D numerical models are established to assess the
change in temperatures throughout the internals containing the assemblies.

Firstly, the various assembly networks in transport configuration are compared analytically.
Secondly, the three most sensitive networks are calculated using 2D numerical models (16x16,
17x17 and 18x18 networks). -

Comparative analysis of the results obtained on the various models shows that the different types
of assembly transported have equivalent behaviour and allows a detailed and accurate
appreciation of the influence of geometric parameters such as the pitch of the fuel rod network,
the fuel rod diameter, the cladding thicknesses, the clearances in the cavity and the size of the
cavity. It is apparent from the comparative analysis that the 17x17 network is the most sensitive
network. The critical parameters of the 17x17 network highlighted by the numerical computation
are the diameter of the cladding, the thickness of the cladding and the proximity of the cladding to
the frame/door clearance.

In parallel, a 3D model was established for a container section, in order to analyse the local
effects caused by the thermal bridges of the frame stiffeners and the presence in the internals of
the assembly grids and the assembly retaining pads.

A reference curve describing the change in cladding temperatures was established on the basis
of the 2D 17x17 results. The curve derived from the 2D 17x17 model was weighted in order to
take into account the 3D effects caused by the presence of the door and frame stiffeners, the
retaining pads and the grids. The weighting adopted was deduced from the comparison of the 2D
and 3D results obtained on the 16x16 network.

This study also covers the case of the fuel rod channels, which play a protective role relative to
the fuel rods. The fuel rod network is compacted and protected from convection and radiation by
the sheet metal and the reinforcements making up the channel structure.
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20 and 30 analyses were carried out to verify the thermal behaviour of FCC containers in Normal 
Transport Configuration and Accident Transport Configuration, in compliance with the regulatory 
safety requirements defined by the IAEA with regard to transport. 

In Normal Transport Configuration, an envelope approach to the assembly temperatures shows 
that the maximum temperature of the assemblies remains below 78°C. 

In Accident Transport Configuration, 20 and 30 numerical models are established to assess the 
change in temperatures throughout the internals containing the assemblies. 

Firstly, the various assembly networks in transport configuration are compared an.alytically. 
Secondly, the three most sensitive networks are calculated using 20 numerical models (16x16, 
17x17 and 18x18 networkS). 

Comparative analYSis of the results obtained on the various models shows that the different types 
of assembly transported have equivalent behaviour and allows a detailed and accurate 
appreciation of the influence of geometric parameters such as the pitch of the fuel rod network, 
the fuel rod diameter, the cladding thicknesses, the clearances in the cavity and the size of the 
cavity. It is apparent from the comparative analysis that the 17x17 network is the most sensitive 
network. The critical parameters of the 17x17 network highlighted by the numerical computation 
are the diameter of the cladding, the thickness of the cladding and the proximity of the cladding to 
the frame/door clearance. 

In parallel, a 30 model was established for a container section, in order to analyse the local 
effects caused by the thermal bridges of the frame stiffeners and the presence in the internals of 
the assembly grids and the assembly retaining pads. 

A reference curve describing the change in cladding temperatures was established on the basis 
of the 20 17x17 results. The curve derived from the 20 17x17 model was weighted in order to 
take into account the 30 effects caused by the presence of the door and frame stiffeners, the 
retaining pads and the grids. The weighting adopted was deduced from the comparison of the 20 
and 30 results obtained on the 16x16 network. 

This study also covers the case of the fuel rod channels, which playa protective role relative to 
the fuel rods. The fuel rod network is compacted and protected from convection and radiation by 
the sheet metal and the reinforcements making up the channel structure. 
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Table 1

Physical properties of the materials

Thermal

Density conductivity Specific heat

M5 T 'C p (Kg/m3) X (W/mK) Cp (J/Kg/K)

20 6500 17.5 276.2
200 6500 17.5 304.8
400 6500 18.4 336.6
600 6500 20.2 368.5
800 6500 23.0 400.3

Zy4 T 0C p (Kg/m3) X (W/mK) Cp (J/Kg/K)

20 6500 12.5 313.4
200 6500 14.5 329.0
400 6500 16.6 346.3
600 6500 19.5 363.0
800 6500 22.7 363.0

.. U02.. T C (Kg/m3) X (W/mK) Cp (J/Kg/K)

20 10960 9.9 234.6
200 10960 7.1 277.8

•, 400 10960 5.5 302.8
600 10960 4.4 314.8
800 10960 3.7 320.1

• ;Resin!•ii p (Kg/m3) 2, (W/mK) Cp (J/Kg/K)

,, 1690 0.75 1450

4Stainlesssteel (4s) T C p (Kg/m3) X (W/mK) Cp (J/Kg/K)

20 7800 14.71 470
200 7800 17.30 508
400 7800 19.93 550
600 7800 22.20 592
800 7800 24.03 637
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Physical properties of the materials 

Thermal 

M5 TOG 
20 6500 17.5 

200 6500 17.5 
400 6500 1B.4 
600 6500 20.2 
BOO 6500 23.0 400.3 

Zy4 TOG p (Kg/m3) A (W/mK) Cp (J/Kg/K) 

20 6500 12.5 313.4 
200 6500 14.5 329.0 
400 6500 16.6 346.3 
600 6500 19.5 363.0 
BOO 6500 22.7 363.0 

7.1 277.B 
5.5 302.B 
4.4 314.B 

BOO 10960 3.7 320.1 

p (Kg/m3) A (W/mK) Cp (J/Kg/K) 

1690 0.75 1450 

TOG p (Kg/m3) A (W/mK) Cp (J/Kg/K) 

20 7BOO 14.71 470 
200 7BOO 17.30 50B 
400 7BOO 19.93 550 
600 7BOO 22.20 592 
BOO 7BOO 24.03 637 
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Table 2

Physical properties of the materials (continued)

Thermal
Density conductivity S ecific heat

Helium p (Kg/m3) X (W/mK) Cp (J/Kg/K)

5.64 0.28 5190

39 bar and 300 0C 3.24 0.245 5190
60bar and 600°C 3.28 0.33 5190

Dynamic
viscosity

Air T °C X (W/mK) Cp (J/Kg/K) .t (Pa.s)
20 Ideal gas 0.0256 1006 1.82351 E-05

200 Ideal gas 0.0385 1006 2.60537E-05
400 Ideal gas 0.0507 1006 3.308E-05
600 Ideal gas 0.0617 1006 3.90243E-05
800 Ideal gas 0.0814 1006 4.42819E-05

Molecular weight of air = 28.96 g/mole
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Table 2 

Physical properties of the materials (continued) 

Thermal Dynamic 
Density conductivity Specific heat viscosity 

Helium p (Kg/m3) )"(W/mK) cp (J/Kg/K) 

5.64 0.28 5190 

39 bar and 300·C 3.24 0.245 5190 

so bar and soo·e 3.28 0.33 5190 

Air TOC ")"'(W/mK) Cp (J/Kg/K) Il (Pa.s) 
20 Ideal gas 0.0256 1006 1.82351 E-05 

200 Ideal gas 0.0385 1006 2.60537E-05 
400 Ideal gas 0.0507 1006 3.308E-05 
600 Ideal gas 0.0617 1006 3.90243E-05 
800 Ideal gas 0.0814 1006 4.42819E-05 

, 

Molecular weight of air = 28.96 glmole 
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Change in frame/door clearances after dropping the container
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Figure 1 . 

Change in frame/door clearances after dropping the container 
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Figure 2

2D model of 16x16 network
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Figure 3

2D model of 17x17 network
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20 model of 17x17 network 
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Figure 4

2D model of 18x18 network
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20 model of 18x18 network 
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Figure 5

3D model of 16x16 network
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Figure 6

3D model of 16x16 network
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Figure 7
3D model of 16x16 network
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IAEA Article 728, 1996 edition

728. Thermal test: the specimen shall be in thermal equilibrium under conditions of an
ambient temperature of 38 'C, subject to the solar insolation conditions specified in Table XI
and subject to the design maximum rate of internal heat generation within the package from
the radioactive contents. Alternatively, any of these parameters are allowed to have different
values prior to and during the tests, providing due account is taken of them in the subsequent
assessment of package response.

The thermal test shall then consist of:

(a) Exposure of a specimen fro a period of 30 minutes to a thermal environment which
provides a heat flux at least equivalent to that of a hydrocarbon fuel/air fire in
sufficiently quiescent ambient conditions to give a minimum average flame
emissivity coefficient of 0.9 and an average temperature of at least 800 °C, fully
engulfing the specimen, with a surface absorbtivity coefficient of 0.8 or that value
which the package may be demonstrated to possess if exposed to the fire
specified, followed by;

(b) Exposure of the specimen to an ambient temperature of 38 0C, subject to the solar
insolation conditions specified in Table XI and subject to the design maximum rate
of internal heat generation within the package by the radioactive contents for a
sufficient period to ensure that temperatures in the specimen are everywhere
decreasing and/or are approaching initial steady state conditions. Alternatively, any
of these parameters are allowed to have different values following cessation of
heating, providing due account is taken of them in the subsequent assessment of
package response.

During and following the test the specimen shall not be artificially cooled and any combustion of

materials of the specimen shall be permitted to proceed naturally.

TABLE XI: INSOLATION DATA

Case Form and location of surface Insolation for
12 hours per

1 _ Flat surfaces trnsor hz lW/mf_

1 Flat surfaces transported horizontally - downward facing 0

2 Flat surfaces transported horizontally - upward facing 800

3 Surfaces transported vertically 200a

4 Other downward facing (not horizontal) surfaces 200a

5 All other surfaces 400a

a Alternatively, a sine function may be used, with an absorption coefficient adopted
and the effects of possible reflection from neighbouring objects neglected.
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IAEA Article 728, 1996 edition 

728. Thermal test: the specimen shall be in thermal equilibrium under conditions of an 
ambient temperature of 38°C, subject to the solar insolation conditions specified in Table XI 
and subject to the design maximum rate of internal heat generation within the package from 
the radioactive contents. Alternatively, any of these parameters are allowed to have different 
values prior to and during the tests, providing due account is taken of them in the subsequent 
assessment of package response. 

The thermal test shall then consist of: 

(a) Exposure of a specimen fro a period of 30 minutes to a thermal environment which 
provides a heat flux at least equivalent to that of a hydrocarbon fuel/air fire in 
sufficiently quiescent ambient conditions to give a minimum average flame 
emissivity coefficient of 0.9 and an average temperature of at least 800°C, fully 
engulfing the specimen, with a surface absorbtivity coefficient of 0.8 or that value 
which the package may be demonstrated to possess if exposed to the fire 
specified, followed by; 

(b) Exposure of the specimen to an ambient temperature of 38°C, subject to the solar 
insolation conditions specified in Table XI and subject to the design maximum rate 
of internal heat generation within the package by the radioactive contents for a 
sufficient period to ensure that temperatures in the specimen are everywhere 
decreasing and/or are approaching initial steady state conditions. Alternatively, any 
of these parameters are allowed to have different values following cessation of 
heating, providing due account is taken of them in the subsequent assessment of 
package response. 

During and following the test the specimen shall not be artificially cooled and any combustion of 
materials of the specimen shall be permitted to proceed naturally. 

TABLE XI: INSOLATION DATA 

Case Form and location of surface Insolation for 
12 hours per 

_ ... ________ . _________ . _________ . ____ .... _________ ._' ____ .rJ..~.Y.j'!Ylr!}~L __ 

1 

2 

3 

4 

5 

a 

Flat surfaces transported horizontally - downward facing 

Flat surfaces transported horizontally - upward facing 

Surfaces transported vertically 

Other downward facing (not horizontal) surfaces 

All other surfaces 

o 

800 

Alternatively, a sine function may be used, with an absorption coefficient adopted 
and the effects of possible reflection from neighbouring objects neglected. 
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Appendix 3

Detailed model of the frame/door clearance (7 mm clearance) -
induced pressure drop/comparative analysis
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A singular pressure drop occurs at the frame/door clearance as a result of the restriction in cross-
section of the zone where the hot gas enters or exits the cavity of the internals. 2D modelling of
the internals in Accident Transport Configuration explicitly takes account of this restriction in
cross-section.

The aim of this appendix is to assess the relevance of the singular pressure drop obtained with
such modelling of the frame/door clearances. A local model providing a detailed representation of
the frame/door clearance was drawn up and calculations carried out for the purposes of
comparison.

The model drawn up represents the stream of air passing between the frame and the door at the
7 mm clearance. The radii of the frame and door edges are taken into account. The figure below
shows the meshing applied.

...........0 4

Local model of the
entry zone to assess
the singular pressure
drop coefficient, for
the purposes of
comparison

Evaluation of the entry zone spe

A boundary condition relating to the velocity imposed on entry is defined so as to obtain a mean
velocity of 1 m/s at the restriction in cross-section. A condition of free exit is defined at the end
opposite the entrance. The calculations are carried out assuming a steady laminar state and the
physical characteristics of air at 800 °C.
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A singular pressure drop occurs at the frame/door clearance as a result of the restriction in cross
section of the zone where the hot gas enters or exits the cavity of the internals. 2D modelling of 
the internals in Accident Transport Configuration explicitly takes account of this restriction in 
cross-section. 

The aim of this appendix is to assess the relevance of the singular pressure drop obtained with 
such modelling of the frame/door clearances. A local model providing a detailed representation of 
the frame/door clearance was drawn up and calculations carried out for the purposes of 
comparison. 

The model drawn up represents the stream of air passing between the frame and the door at the 
7 mm clearance. The radii of the frame and door edges are taken into account. The figure below 
shows the meshing applied. 
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A boundary condition relating to the velocity imposed on entry is defined so as to obtain a mean 
velocity of 1 m/s at the restriction in cross-section. A condition of free exit is defined at the end 
opposite the entrance. The calculations are carried out assuming a steady laminar state and the 
physical characteristics of air at 800°C. 



The figures below show the velocity and pressure fields obtained.
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The pressure drop coefficient is assessed on the basis of the results:

* Pressure drop coefficient obtained on the local detailed 2D model: ksi = 1.3

The head loss is also assessed on the basis of the results obtained on the overall 2D model of
the internals.

0 Pressure drop coefficient obtained on the 2D model of the 16x16 network: ksi =1.22

Finally, as a comparison, the head loss is also assessed analytically according to an approach
using Idel 'cik, as shown in figure 4.11 (diaphragm). In the latter case, the coefficient ksi obtained
is close to 1.2. The level of uncertainty nevertheless remains significant with the Idel 'cik method,
since figure 4.11 relating to the diaphragms is not precisely representative of the true
configuration of the frame/door clearance.

The results show a slight underestimation of the pressure drop obtained on the 2D model of the
container, which is envelope relative to the temperature rise of the fuel rods. Excessive pressure
drop at the frame/door clearance would have the effect of reducing the velocities of the incoming
hot air, thereby slowing the spread by convection of the hot air front in the cavity.
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The pressure drop coefficient is assessed on the basis of the results: 

• Pressure drop coefficient obtained on the local detailed 20 model: ksi = 1.3 

The head loss is also assessed on the basis of the results obtained on the overall 20 model of 
the internals. 

• Pressure drop coefficient obtained on the 20 model of the 16x 16 network: ksi = 1.22 

Finally, as a comparison, the head loss is also assessed analytically according to an approach 
using Ide I 'cik, as shown in figure 4.11 (diaphragm). In the latter case, the coefficient ksi obtained 
is close to 1.2. The level of uncertainty nevertheless remains significant with the Idel 'cik method, 
since figure 4.11 relating to the diaphragms is not precisely representative of the true 
configuration of the frame/door clearance. 

The results show a slight underestimation of the pressure drop obtained on the 20 model of the 
container, which is envelope relative to the temperature rise of the fuel rods. Excessive pressure 
drop at the frame/door clearance would have the effect of reducing the velocities of the incoming 
hot air, thereby slowing the spread by convection of the hot air front in the cavity. 
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FFC4 CONTAINER - THERMAL TEST (FIRE)
conductivity variable weth the temperature

heat exchange coefficient for the exposed walls

Figure A4.9: 16x16 network - Temperature fields
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FFC4 CONTAINER -THERMAL TEST (FIRE)
conductivity variable with the temperature
heat exchange coefficient for the exposed walls

Figure A4.10: 16x16 network - Temperature fields
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Figure A4.16: 17xl 7 network - Velocity fields
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Appendix 5

3D model of 16x16 network - Meshing and results
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Figure A5-6: 3D model of 16x16 network - Meshing
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Figure A5-11: 3D model of 16x16 network - Graph showing change in cladding temperatures

3D 16x16
6500

600

150

500 ,j i4

450

100

050

350

300

250

50

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Time (sec)

A PVED DC 04 055 EOI 

FRAMATOME ANP 

THERMAL BEHAVIOUR OF FCC 
CONTAINER Rev: A As 12/13 
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Figure A5-12: Model of 16x16 network - Graph showing change in cladding temperatures -

Comparison between 2D and 3D models
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Appendix 6

2D model of the plenum zones of 16x16 and 17xl 7 networks -
Results
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Analysis of the behaviour of the plenum zones

The calculation presented in § 8, which constitutes the reference case, aims to assess the level of
the maximum cladding temperatures in the common section of the fuel rod, i.e. in the zone
containing the fissile material.

Within the scope of the sensitivity analysis, a specific calculation is performed in the plenum zone.
This zone is characterised by the absence of fissile material, which greatly reduces the thermal
inertia of the whole, thereby causing a more rapid temperature rise in the cladding.

In order to assess the temperature levels in the plenum zone, a 2D calculation is carried out
according to the same principle as that adopted for the common section.

The calculation in the plenum zone is performed on the basis of a 17x17 network, to which the
following hypotheses are applied:

* 7 mm frame/door clearances for the zone where the gas enters the cavity in the internals,

. 5 mm frame/door clearances for the zone where the gas exits the cavity in the internals,

* Zircaloy cladding material,

* Emmissivity of the inner walls of the cavity in the internals and the cladding = 0.6

* Specific heat of the materials dependent on temperature.

The meshing is identical to that established for the common section of the cladding. The physical
properties of the cells corresponding to the fissile material are replaced by those of helium at
600 'C and 60 bar:

" p= 3.28 Kg/m 3

" Cp = 5190 J/KgK

0 X= 0.33W/m/K

The boundary conditions and the thermal loading are identical to the 2D reference case for the
common section.

Results:

Due to the low thermal inertia of the cladding in this zone, the curves of the change in maximum
and mean cladding temperatures show a more rapid rise than the case for the common section
(see figure A6-6).

The temperatures obtained at the end of the fire phase are:
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the maximum cladding temperatures in the common section of the fuel rod, i.e. in the zone 
containing the fissile material. 

Within the scope of the sensitivity analysis, a specific calculation is performed in the plenum zone. 
This zone is characterised by the absence of fissile material, which greatly reduces the thermal 
inertia of the whole, thereby causing a more rapid temperature rise in the cladding. 

In order to assess the temperature levels in the plenum zone, a 2D calculation is carried out 
according to the same principle as that adopted for the common section. 

The calculation in the plenum zone is performed on the basis of a 17x17 network, to which the 
following hypotheses are applied: 

• 7 mm frame/door clearances for the zone where the gas enters the cavity in the internals, 

• 5 mm frame/door clearances for the zone where the gas exits the cavity in the internals, 

• Zircaloy cladding material, 

• Emmissivity of the inner walls of the cavity in the internals and the cladding = 0.6 

• Specific heat of the materials dependent on temperature. 

The meshing is identical to that established for the common section of the cladding. The physical 
properties of the cells corresponding to the fissile material are replaced by those of helium at 
600°C and 60 bar: 

• p= 3.28 Kg/m 3 

• Cp = 5190 J/KgK 

• A= 0.33 W/m/K 

The boundary conditions and the thermal loading are identical to the 2D reference case for the 
common section. 

Results: 

Due to the low thermal inertia of the cladding in this zone, the curves of the change in maximum 
and mean cladding temperatures show a more rapid rise than the case for the common section 
(see figure A6-6). 

The temperatures obtained at the end of the fire phase are: 
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Plenum zone (He)

Clad 1 (1800 s) Tmax cladding (°C) Tav cladding (°C)

2D 17x17 Cp variable 668.6 651.5

Clad 2 (1800 s) Tmax cladding (°C) Tav cladding (°C)

2D 17x17 Cp variable 640.0 629.3

Clad 3 (1800 s) Tmax cladding (°C) Tav cladding (°C)

2D 17x17 Cp variable 595.5 587.4
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The temperatures presented above are those corresponding to clads 1, 2 and 3, which are those
subjected to the greatest thermal loading. The other clads have lower temperature levels.

NB: In the present sensitivity assessment, equivalent conservative assumptions are applied as
those adopted for the common section of the 2D model.
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Plenum zone JHe~ 

Clad 1 (18005) Tmax cladding (0C) Tav cladding (0C) 

20 17x17 Cp variable 668.6 651.5 

Clad 2 (1800 5) Tmax cladding (0C) Tav cladding (0C) 

20 17x17 Cp variable 640.0 629.3 

Clad 3 (1800 5) Tmax cladding (0C) Tav cladding (0C) 

20 17x17 Cp variable 595.5 587.4 
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The temperatures presented above are those corresponding to clads 1, 2 and 3, which are those 
subjected to the greatest thermal loading. The other clads have lower temperature levels. 

NB: In the present sensitivity assessment, equivalent conservative assumptions are applied as 
those adopted for the common section of the 20 model. 
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Figure A6.5: 17x17 network - Plenum, cladding temperature (t=1800s)
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Figure A6.5: 17x17 network - Plenum, cladding temperature (t=1800s) 
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Figure A6.6: 17x17 network - Plenum, change in cladding temperature (Cp variable)
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Figure A6.6: 17x17 network - Plenum, change in cladding temperature (Cp variable) 
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Appendix 7

3D model of the foot of the 17x1 7 network and the end plate of the
internals - Meshing and results
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3D model of the foot of the 17x17 network and the end plate of the 
internals - Meshing and results 
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A7-1 Purpose

The aim of this sensitivity study is to describe the analysis performed in the interests of assessing
the thermal behaviour of the package at the ends (base plate and top plate). The case of the
17x17 network is analysed.

Insofar as the shell of the container is pierced, it no longer provides protection for the internals
and it can be considered that the flames can penetrate as far as the base and head plates.

In order to assess the thermal behaviour of the ends of the internals, a numerical 3D model is
developed taking account of penalising simplifying hypotheses. The aim is to demonstrate that
the thermal inertia of the end plates of the inte'rnals, the foot or the head of the assembly is
substantial and that the temperature rise of these parts does not affect the rods.

A7-2 Description of the model

The model includes the structures of one of the ends of the internals. As the foot of the assembly
is relatively lighter than the head, the portion of the internals that receives this part is adopted.
The model incorporates the end plate (thickness 30 mm), a portion of the frame and the door, the
foot of the assembly. The assembly-retaining bolt (4 M20) passing through the end plate only
exists on the side where the head of the assembly is located, however, in order to cover the
effects caused by this thermal bridge on the opposite side of the internals, a bolt is also taken into
account in the model developed for the foot of the assembly. The frame and door stiffeners
respectively have a thickness of 20 and 40 mm.

Axially, the model is restricted to a portion between the outer face of the end plate and the upper
face of the foot of the assembly.

Plane of symmetry

Do r__ _ _ _

Assembly-retaining
Foot bolt (which exists

on the head side of
of the assemby the assembly)

[ , H1 plate

Frame
So as to observe the true weight of the foot, estimated at 6 Kg, the density of the assembly is
modified to take account of the holes in the assembly foot plate that are not explicitly represented
in the model. The characteristics of the materials are identical to those defined for the 2D
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The aim of this sensitivity study is to describe the analysis performed in the interests of assessing 
the thermal behaviour of the package at the ends (base plate and top plate). The case of the 
17x17 network is analysed. 

Insofar as the shell of the container is pierced, it no longer provides protection for the internals 
and it can be considered that the flames can penetrate as far as the base and head plates. 

In order to assess the thermal behaviour of the ends of the internals, a numerical 3D model is 
developed taking account of penalising simplifying hypotheses. The aim is to demonstrate that 
the thermal inertia of the end plates of the internals, the foot or the head of the assembly is 
substantial and that the temperature rise of these parts does not affect the rods. 

A 7 -2 Description of the model 

The model includes the structures of one of the ends of the internals. As the foot of the assembly 
is relatively lighter than the head, the portion of the internals that receives this part is adopted. 
The model incorporates the end plate (thickness 30 mm), a portion of the frame and the door, the 
foot of the assembly. The assembly-retaining bolt (<I> M20) passing through the end plate only 
exists on the side where the head of the assembly is located, however, in order to cover the 
effects caused by this thermal bridge on the opposite side of the internals, a bolt is also taken into 
account in the model developed for the foot of the assembly. The frame and door stiffeners 
respectively have a thickness of 20 and 40 mm. 

Axially, the model is restricted to a portion between the outer face of the end plate and the upper 
face of the foot of the assembly. 

Plane of symmetry 

Foot 
of the a 

~ 
Frame 

Assembly-retaining 
bolt (which exists 
on the head side of 
the assembly) 

End 
plate 

So as to observe the true weight of the foot, estimated at 6 Kg, the density of the assembly is 
modified to take account of the holes in the assembly foot plate that are not explicitly represented 
in the model. The characteristics of the materials are identical to those defined for the 2D 
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reference case in the common section of the assembly (specific heat of the materials dependent

on temperature). The model drawn up is shown in figures A7-1 and A7-2.

A7-3 Hypotheses

The aim of the calculation is to provide an envelope assessment of the maximum temperature
level of the upper face of the foot of the assembly. Conservatively, a plane of symmetry is
considered at the end of the model on the upper face of the foot of the assembly.

Only the thermal transfers by conduction and radiation are calculated. The energy conveyed by
the convection of hot gases during the fire phase is represented by an equivalent power density.
It is considered that all this power is absorbed solely by a portion restricted to a quarter of the foot
of the assembly. This is a penalising assumption, as it favours the temperature rise of the foot of
the assembly. Similarly, in the interests of obtaining an envelope assessment, it is postulated that,
after passing through it, the gas leaves the cavity at a totally cold temperature (energy of the gas
entirely transmitted to the foot of the assembly).

A penalising assessment of the power conveyed by the convection of hot gases is made on the
basis of the following hypotheses:

P= Q Cp AT = 456 W

Where:

SQ=pVS

* AT = T hot gas - Tinitial, (800 -78 = 622 °C)

* Cp and p = specific heat and density of the hot gases entering the cavity of the
internals,

* V = velocity of the gases at the frame/door and end plate clearances,

* S = cross-section through which the hot gases enter at the frame/door (7 mm) and end
plate (3 mm) clearances.

Velocity V is based on the results observed for the frame/door clearances on the 2D models
representative of the common section of the internals. An average velocity of 1.2 m/s is
applied. It is assumed that this velocity is constant throughout the fire phase. This velocity is
representative of those obtained on the 2D model of the common section of the internal
equipment (V = 1.4 m/s at the beginning of the transient and V = 0.9 m/s at the end of the fire
phase).

On the outer faces of the model, severe thermal conditions similar to those described for the
3D model of the common section of the internals are applied:

Fire phase

* Flames at a temperature of 800'C having an emissivity of 0.9 applied instantly over all
the outer faces of the model,

* Absorption coefficient of the walls = 0.8
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reference case in the common section of the assembly (specific heat of the materials dependent 
on temperature). The model drawn up is shown in figures A7-1 and A7-2. 

A 7 -3 Hypotheses 

The aim of the calculation is to provide an envelope assessment of the maximum temperature 
level of the upper face of the foot of the assembly. Conservatively, a plane of symmetry is 
considered at the end of the model on the upper face of the foot of the assembly. 

Only the thermal transfers by conduction and radiation are calculated. The energy conveyed by 
the convection of hot gases during the fire phase is represented by an equivalent power density. 
It is considered that all this power is absorbed solely by a portion restricted to a quarter of the foot 
of the assembly. This is a penalising assumption, as it favours the temperature rise of the foot of 
the assembly. Similarly, in the interests of obtaining an envelope assessment, it is postulated that, 
after passing through it, the gas leaves the cavity at a totally cold temperature (energy of the gas 
entirely transmitted to the foot of the assembly). 

A penalising assessment of the power conveyed by the convection of hot gases is made on the 
basis of the following hypotheses: 

p= Q Cp LH = 456 W 

Where: 

• Q= p V S 

• t. T = T hot gas - Tinitial, (800 -78 = 622°C) 

• Cp and p = specific heat and density of the hot gases entering the cavity of the 
internals, 

• V = velocity of the gases at the frame/door and end plate clearances, 

• S = cross-section through which the hot gases enter at the frame/door (7 mm) and end 
plate (3 mm) clearances. 

Velocity V is based on the results observed for the frameldoor clearances on the 20 models 
representative of the common section of the internals. An average velocity of 1.2 mls is 
applied. It is assumed that this velocity is constant throughout the fire phase. This velocity is 
representative of those obtained on the 20 model of the common section of the internal 
equipment (V = 1.4 mls at the beginning of the transient and V = 0.9 mls at the end of the fire 
phase). 

On the outer faces of the model, severe thermal conditions similar to those described for the 
30 model of the common section of the internals are applied: 

Fire phase 

• Flames at a temperature of 800°C having an emissivity of 0.9 applied instantly over all 
the outer faces of the model, 

• Absorption coefficient of the walls = 0.8 
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* Convective exchange coefficient between the flames and the walls = 10 W/m 2K

Coolinq phase

• Thermal resistance taken into account equivalent to the phenomenon arising from the
presence of the outer shell not explicitly taken into account in the model (see
methodology described earlier).

A7-4 Results

The maximum temperature obtained on the upper skin of the foot of the assembly is 5830C (value
obtained at t=1800 s, on completion of the fire phase). This peak in temperature remains located
in the corner exposed to the frame/door clearance. The mean temperature of the upper face of
the plate for this same instant is 477*C.

During the cooling phase, the temperature peak drops sharply (power is no longer conveyed by
the convection of hot gases entering the cavity), whereas the mean temperature of the upper face
of the foot of the assembly continues to rise slowly (Taverage maximum = 589 'C, before decreasing
beyond 3000 s).

It should be noted that, for the cooling phase, the calculations are particularly penalising as the
convection of cool gases that could enter the cavity at the end of the fire phase is ignored.

Figure A7-5 shows the change in maximum and mean temperatures of the upper face of the foot
of the assembly. This face is the one exposed to the fuel cladding. The maximum temperature
level, estimated according to a penalising approach, remains well below the calculated maximum
cladding temperatures (646 'C). Given the inertia of the structures at the end of the internals and
the thermal shield that the foot of the assembly constitutes, the thermal loading induced by fire on
the end plate does not have an adverse effect on the fuel cladding.
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• Convective exchange coefficient between the flames and the walls = 10 W/m2K 

Cooling phase 

• Thermal resistance taken into account equivalent to the phenomenon arising from the 
presence of the outer shell not explicitly taken into account in the model (see 
methodology described earlier). 

A7-4 Results 

The maximum temperature obtained on the upper skin of the foot of the assembly is 583°C (value 
obtained at t=1800 s, on completion of the fire phase). This peak in temperature remains located 
in the corner exposed to the frame/door clearance. The mean temperature of the upper face of 
the plate for this same instant is 47rC. 

During the cooling phase, the temperature peak drops sharply (power is no longer conveyed by 
the convection of hot gases entering the cavity), whereas the mean temperature of the upper face 
of the foot of the assembly continues to rise slowly (Taverage maximum = 589°C, before decreasing 
beyond 3000 s). 

It should be noted that, for the cooling phase, the calculations are particularly penalising as the 
convection of cool gases that could enter the cavity at the end of the fire phase is ignored. 

Figure A7-5 shows the change in maximum and mean temperatures of the upper face of the foot 
of the assembly. This face is the one exposed to the fuel cladding. The maximum temperature 
level, estimated according to a penalising approach, remains well below the calculated maximum 
cladding temperatures (646°C). Given the inertia of the structures at the end of the internals and 
the thermal shield that the foot of the assembly constitutes, the thermal loading induced by fire on 
the end plate does not have an adverse effect on the fuel cladding. 
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Procedures for the loading/unloading of the contents of FCC3 packaging

Loading the packaging with fuel assemblies or non-assembled rods

1. Opening packaging

* Unscrew the connecting screws between the two shells.

0 Lift the upper shell (cover).

0 Lift the cradle and internal equipment slightly using a gantry crane to fit the support system -
providing a stiff joint between cradle and bottom shell

* Separate the internal equipment from the cradle (eyebolt).

* Open the top plates.

.-. Deploy the two stabilizers, lock them into place and adjust on the ground.

, Use the handling crane to lift and rotate the internal equipment on the head side

)_ a Lock the internal equipment in a vertical position.
co

.~* Remove ball pins and open doors.

* Check for cleanliness, absence of loose parts, removal of pads.
.0

o 2. Loading fuel assemblies

=3 * Handle the fuel assembly with the gantry crane.

M Place in the right side or left side housing

D 0 Place the assembly against the foot plate.z
- Close the door and lock to frame, using the ball locking pins.

Z
< 0 Bring the pads in contact with the fuel spacer grid and tighten with a torque wrench.
w
2 a Proceed in a similar manner for the second (or dummy) assembly.0

9 Once again, lift the internal equipment so as to free and set the two blocking legs in a vertical
position

a Slowly lower the internal equipment down to a horizontal position with the gantry crane.

" Pin the doors on the foot plate.

" Close and pin the head plates.

" Clamp all the spacer grid pads to ensure radial restraint of the assemblies.

" Restrain the assembly axially.

" Lift the lower end of the internal equipment slightly to retract the supporting bars..

" Fasten the internal equipment to the cradle (swing bolts).

" Return the stabilizers to their storage position.

TF 018 R6v. 1
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Procedures for the loading/unloading of the contents of FCC3 packaging 

Loading the packaging with fuel assemblies or non-assembled rods 

1. Opening packaging 

• Unscrew the connecting screws between the two shells. 

• Lift the upper shell (cover). 

• Lift the cradle and internal equipment slightly using a gantry crane to fit the support system -
providing a stiff joint between cradle and bottom shell 

• Separate the internal equipment from the cradle (eyebolt). 

• Open the top plates. 

§ • Deploy the two stabilizers, lock them into place and adjust on the ground. 
'iii 

~ • Use the handling crane to lift and rotate the internal equipment on the head side 
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• Lock the internal equipment in a vertical position. 

• Remove ball pins and open doors. 

• Check for cleanliness, absence of loose parts, removal of pads. 

2. Loading fuel assemblies 

• .Handle the fuel assembly with the gantry crane. 

• Place in the right side or left side housing 

• Place the assembly against the foot plate. 

• Close the door and lock to frame, using the ball locking pins. 

• Bring the pads in contact with the fuel spacer grid and tighten with a torque wrench. 

• Proceed in a similar manner for the second (or dummy) assembly. 

• Once again, lift the internal equipment so as to free and set the two blocking legs in a vertical 
position 

• Slowly lower the internal equipment down to a horizontal position with the gantry crane. 

• 
• Pin the doors on the foot plate. 

• Close and pin the head plates. 

• Clamp all the spacer grid pads to ensure radial restraint of the assemblies. 
_ ..... _ ..... '-"---" ..... _._--_ .. _ ....... __ ........... __ .... __ .... __ .. _.. . ............ -.-....... -.~ ... -.-.•. -....... _ .. _- ................. _-_._ .. -- .......... __ .. __ ._- .......... _- .......•. _ ....... -.. -_ ....... _....... .. -_ ..... _. __ .. _. __ .. _"-_._ .. _--_._--_. _ ... _.-

• Restrain the assembly axially. 

• Lift the lower end of the internal equipment slightly to retract the supporting bars .. 

• Fasten the internal equipment to the cradle (swing bolts). 

• Return the stabilizers to their storage position. 
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3. Loading / unloading of non assembled rods

Non assembled rods are placed in specially adapted channel s positioned. in the packaging in place of
fuel assemblies.

Rods are loaded in the channels prior to being placed in the packaging

* The channel is positioned horizontally,

" Check for cleanliness and loose or irrelevant parts,

When rods and channel are the same lengith:

" Position the rod end plate on the channel bottom

" Place the rods in successive rows within, respecting the maximum number per row and per
channel as given in Table 2.3.2.

g a If necessary complete the rows with inert rods (stainless steel bars or empty cladding tubes).
Mn

- Adjust the length using the nut / lock nut on the end support plate.
- ~When rods are shorter than channel:

n Position the axial wedges adapted to the rod configuration

n Position the rod end plates on the channel bottom

o - Place the rods in successive rows within, respecting the maximum number per row and per
channel as given in Table 2.3.2.

*If necessary complete the rows with inert rods (stainless steel bars or empty cladding tubes).

*Adjust the length by using the nut f lock nut on the axial wedges,
Z * Position the longitudinal support plates adapted to the length of the rods.

Z * Position the lifting points,

2 Place the channel on the frame, door open (container and frame horizontal),
0

- Position the wedges of the rod channels,

- Position the radial wedges - if necessary add row compensating plates to come as close as
possible to the maximum height of 214 mm.

* Close the container door,

* Position the head plate of the container,

a Tighten the door pads on contact,

0 Clamp the channel in the axial position using the top plate pad,

* Check that the stabilizing bars are retracted and close the container as with the < assembly )) load.

Once loaded, the package is handled in the same manner as for the < assembly )) load
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3. Loading I unloading of non assembled rods 

Non assembled rods are placed in specially adapted channels positioned. in the packaging in place of 
fuel assemblies. 

Rods are loaded in the channels prior to being placed in the packaging 

• The channel is positioned horizontally, 

• Check for cleanliness and loose or irrelevant parts, 

When rods and channel are the same length: 

• Position the rod end plate on the channel bottom 

• Place the rods in successive rows within, respecting the maximum number per row and per 
channel as given in Table 2.3.2. 

• If necessary complete the rows with inert rods (stainless steel bars or empty cladding tubes). 

• Adjust the length using the nut flock nut on the end support plate. 

When rods are shorter than channel: 

• Position the axial wedges adapted to the rod configuration 

• Position the rod end plates on the channel bottom 

• Place the rods in successive rows within, respecting the maximum number per row and per 
channel as given in Table 2.3.2. 

• If necessary complete the rows with inert rods (stainless steel bars or empty cladding tubes). 

• Adjust the length by using the nut flock nut on the axial wedges, 

• Position the longitudinal support plates adapted to the length of the rods. 

• Position the lifting points, 

• Place the channel on the frame, door open (container and frame horizontal), 

• Position the wedges of the rod channels, 

• Position the radial wedges - if necessary add row compensating plates to come as close as 
possible to the maximum height of 214 mm. 

• Close the container door, 

• Position the head plate of the container, 

• Tighten the door pads on contact, 

• Clamp the channel in the axial position using the top plate pad, 

• Check that the stabilizing bars are retracted and close the container as with the « assembly» load. 

Once loaded, the package is handled in the same manner as for the « assembly» load 
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4. Closure of package

* Position the upper shell.

* Secure the cover by bolting with a 4 m.daN minimum torque and a 6 m.daN maximum torque.

Check security seals and labelling compliance

5. Loading of packages:

" Lift the package with the appropriate handling equipment.

* Bring the package unto the loading bay.

* Set the package down in the appropriate space making sure the skids are resting flat n.

* Secure the package according to the lashing drawing.

-• • 6. Storage and shipping

The stacking height is limited to a maximum of two packages.

U) Loading patterns follow detailed instructions which specify the position according to the number of
r-o packages, the lashing points and means, and the shipping modes.
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4. Closure of package 

• Position the upper shell. 

• Secure the cover by bolting with a 4 m.daN minimum torque and a 6 m,daN maximum torque. 

Check security seals and labelling compliance 

5. Loading of packages: 

• Lift the package with the appropriate handling equipment. 

• Bring the package unto the loading bay, 

• Set the package down in the appropriate space making sure the skids are resting flat n. 

• Secure the package according to the lashing drawing. 

6. Storage and shipping 

The stacking height is limited to a maximum of two packages, 

Loading pattems follow detailed instructions which specify the position according to the number of 
packages, the lashing points and means, and the shipping modes. 
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Certificate of biological shielding tests on the FCC3 and FCC4 containers

0 Radiological inspection report n" 99374
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Certificate of biological shielding tests on the FCC3 and FCC4 containers 

• Radiological inseection reeort n° 99374 
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RADIOLOGICAL
INSPECTION REPORT

INSTALLATION : ASSEMBLY

SPR N° 2 APPARATUS USED: Babyline
REV. 0 Apparatus N°: 2395

DATE OF INSPECTION: 26/05/99 INQUIRER: Mme ROBIN

INSPECTION OF THE ABSORBED DOSE RATE OF AN
URANIUM ASSEMBLY D1FA No FD1 E33.

RESULT: in pGy/h, Qualit factor: 1.

BACKGROUND NOISE 4 4 to 6

ASSEMBLY RECUMBENT ON CONTACT 100 110

ASSEMBLY RECUMBENT 18 CM AWAY 44 54

ASSEMBLY RECUMBENT 100 CM AWAY 10 12

ASSEMBLY RECUMBENT 18 CM AWAY WITH PROTECTION 28 28

ASSEMBLY RECUMBENT 100 CM AWAY WITH PROTECTION 7 8

ASSEMBLY RECUMBENT 50 CM AWAY WITH PROTECTION 10 .12

OBSERVATION:

DISTRIBUTION: Mme ROBIN Mr TEMPERTON SPR

OPERATOR SPR CHIEF
NAME: BOURDIN Gilbert NAME: TEMPERTON Ronny

STAMP: STAMP:

FSFC/CERCA . 
ROMANS 

RADIOLOGICAL 
INSPECTION REPORT 

INSTALLATION : ASSEMBLY 

SPR N° 2 
REV. 0 

APPARATUS USED: 8abyline 

Apparatus N°: 2395 

N° 99374 

DATE OF INSPECTION: 26/05/99 !INQUIRER: Mme ROBIN 

INSPECTION OF THE ABSORBED DOSE RATE OF AN 
URANIUM ASSEMBLY 01 FA N° FD1 E33. 

RESULT: in UGy/h, Quality factor: 1. 

y i J3y 

BACKGROUND NOISE 4 4 to 6 

ASSEMBLY RECUMBENT ON CONTACT 100 110 

ASSEMBLY RECUMBENT 18 CM A WA Y 44 54 

ASSEMBLY RECUMBENT 100 CM A WA Y 10 12 

ASSEMBLY RECUMBENT 18 CM A WA Y WITH PROTECTION 28 28 

ASSEMBLY RECUMBENT 100 CM A WA Y WITH PROTECTION 7 8 

ASSEMBLY RECUMBENT 50 CM A WA Y WITH PROTECTION 10 .12 

OBSERVATION: 

DISTRIBUTION: Mme ROBIN Mr TEMPERTON SPR 

OPERATOR 
NAME: 

SPR CHIEF 

BOURDIN Gilbert 
NAME: .TEMPERTON Ronny 

STAMP: 
STAMP: 
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1. INTRODUCTION

The FFC3 shipping container safety analysis is done in the safety report [1]. In this document the safety
performances of the FCC3 package are analysed in the framework of a TYPE IP-2 model with fissile
content as defined in [2].

The purpose of this document is to show that this package, restricted to the enriched natural uranium
(ENU) content, complies with the IAEA regulation regarding TYPE A model with fissile content [2].

2. MAXIMUM ACTIVITY OF THE AUTHORISED CONTENT

The authorized content is composed of enriched natural uranium (ENU) with an enrichment in U-235
below 20 %. For this content the A2 value is unlimited (Table I of [2]). So the total activity contained in
the package is never greater than A2, which is the maximum allowable activity contained in a TYPE A
package.

The content of the package restricted to ENU allows the classification as Type A package with fissile
content.

3. PACKAGING

3.1 Introduction

In accordance with articles 622 and 671 of the IAEA Regulation for shipment of radioactive materials
[2], the type 2 fissile industrial packages (IP-2) must be designed to meet the packaging requirements in
the following articles of the said Regulation. These requirements are recalled hereunder:

Requirements IAEA 2005 Edition

General requirements for packagings and 606 to 616
packages

Particular requirements for type 2 621 and 622
industrial packages (IP-2)

Particular requirements for packages 671 to 682
containing fissile materials

The Safety Analysis Report [1] demonstrates articleby article the compliance with these requirements
of the package design, made up of the FCC3 packaging and its radioactive content.

To meet the requirements of a Type A package with fissile content, the following IAEA Regulation
articles must be demonstrated in accordance with articles 633 and 671:
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Requirements IAEA 2005 Edition

General requirements for packaging and 606 to 616
packages

Particular requirements for type A 634 to 649
packages

Particular requirements for packages 671 to 682
containing fissile materials

So the articles to demonstrate which are not in the Safety Analysis Report
specifically required for type A packages, articles 634 to 649.

[1] are the articles

3.2 Requirement for Type A package

3.2.1 Article 634

This article was addressed in the demonstration of the article 621 in the SAR [1]. The smallest overall
dimension is 113 cm which is well above 10 cm.

3.2.2 Article 635

The FCC3 packages are equipped with security seals to guarantee that packages have not been opened
during transport operations. This operation is imposed in the instructions of use before shipment.

3.2.3 Article 636

The tie-down attachments on the package consist in the external shell of the package. In normal and
hypothetical accidental conditions of transport, the external shell may be locally deformed. However,
these deformations of the shell are taken into account in the nuclear criticality study where a severe
deformation of the outer shell is considered in hypothetical accidental conditions of transport (cf.
Appendix 12 of [I]).

3.2.4 Article 637

The upper temperature limit (+70'C) is acceptable for all packaging material (steels for the vessel and
structural components, rubber for the shock mounts).

Regarding the lower temperatures, the demonstration given to answer to the article 676 already in the
safety analysis report [I] provides the demonstration of the good behaviour of the packages components
materials down to -40'C (see paragraph 5.4.4 of [1]).

Regarding the bolts, standards NF A 25-100 state that the fixings used in the FCC3 can be used in the
temperature range -50'C / + 300'C.

The shock absorber mechanical characteristics are valid in the range -40 / +70'C.
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3.2.5 Article 638

The content of the made up of fuel assemblies or rods dedicated to existing nuclear power plants.

The manufacturing of the package was done in accordance with standard manufacturing processes and
standard materials (see Table 3-1 of [1]).

3.2.6 Article 639

The containment system is ensured by the cladding of each rod. The, rods are welded and so the
containment system is securely closed (see paragraph 4.1.1 of [1]).

3.2.7 Article 640

Not applicable

3.2.8 Article 641

Not applicable. The containment is ensured by the part of the package (by the cladding of rods).

3.2.9 Article 642

The containment system consists in the cladding of each fuel rod. The rods do not contain liquids or
materials which may generate gas by chemical reaction or radiolysis. The rods contain only U02 pellets
and inert gas.

3.2.10 Article 643

The note [3] demonstrates that the internal pressure of a rod in thermal hypothetical accidental
conditions may reach up to 96 bars. In these conditions, the containment performances remain ensured.
So, this analysis demonstrates that the containment system can retain a differential pressure of much
more than 60 kPa.

3.2.11 Article 644

The valve fixed on the lower shell is a pressure-relieving valve. It is protected by a bolted plate which
prohibits any unauthorised manipulation and any leakage of contents through the valve.

3.2.12 Article 645

The radiation shield is mainly composed of the resin included into the support frames and the doors.
The doors are attached to the support frame with quick release pins which are resistant to hypothetical
conditions of transport. The cavity is bordered by the support frame, the doors and the head and foot
plates. The fuel assemblies remain in the cavity, and so in theradiationshield, in any conditions of
transport.

So this demonstrates that the radiation shield is constantly around the containment system consisting in
the rods.
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3.2.13 Article 646

The note [4] demonstrates that after Normal Conditions of Transport, the dose rates at the external
surface of the package increase in a limited way. Moreover, the note [3] demonstrates that there is no
loss of material even in Hypothetical Accidental Conditions and so in Normal Conditions of Transport.

So the package is designed to prevent any loss of material and to generate limited increase in the dose
rates.

3.2.14 Article 647

Not applicable. The package is designed to contain only solid content and not liquid radioactive
material.

3.2.15 Article 648

Not applicable. The package is designed to contain only solid content and not liquid radioactive
material.

3.2.16 Article 649

Not applicable. The package is designed to allow only solid content and not gases.

4. ADDITIONAL REQUIREMENT

The following instructions must be added in the instruction for use of the FCC3 package in the Type A
with fissile content configuration.

- loaded packages must be equipped with a security seal indicating that they have not been opened
during the transport operations.

5. CONCLUSION

The FCC3 package and its authorized contents restricted to enriched natural uranium as described in the
Safety report [1] complies with the regulatory criteria of a Type A package with fissile content [2].
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