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Background: Physical Basis
» LWR fuel cladding rupture risk by thermal creep:

€ High temperature and internal gas pressure causes progressive
local swelling of cladding parts

¢ As the cladding diameter increases, the cladding thickness
decreases

4 Can lead to a rupture with gas and fissile material release

Creep deformation and rupture
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» Calculation tools:

€ Analytical calculations: not possible because it is a non-linear
phenomenon and there is a large number of input parameters

€ Finite element analysis (FEA): time- and cost-consuming, and requires
additional programming

- TN International (TNI) is developing a simplified FORTRAN calculation tool
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Background: in-cask configuration

» Phenomenon in atransport cask:

€ Maximum fuel pin temperatures (400 — 500 °C) in transport are
generally reached at the cask centre

Hottest fuel pin

Failure criterion:
g creep max < g limit

Hottest lodgement

and fuel assembly Main fuel cladding

creep parameters:

- Temperature

Hottest ambient, CaSk and - Inner gas preSSure
basket temperatures

¢ Cladding deformation calculation and verification of its integrity
in the concerned temperature and stress domains require:
e A creep law (which is material dependent)
e A non-rupture criterion
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Fuel pin creep: parameters
Parameters and conditions:

€ Parameters influencing creep rate:

e temperature axial profile and evolution
e stress level (from internal gas pressure)
e irradiation axial profile

e oxidation axial profile

€ Axial profile combination influences:

e cladding maximum radial deformation
e axial location

¢ Cladding rupture occurs when a local
critical strain is reached
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Top plug :
8 meshes

Symmetry
axis

Cladding tube:
840 meshes
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Bottom plug:
8 meshes

Fixed
node

Meshes, loading and
boundary conditions
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Fuel pin creep: law and rupture criterion

» Thermal creep law takes into account irradiation defect

hardening recovery and depends mainly on temperature
and stress / pressure levels

» Non-rupture criterion: Ilimit strain

. . . . Mechanical cladding calculation
1111111111111111

depending on stress and irradiation g =
levels o=, !

~ 01 At each time step and each integration point:

Z —Fluence =9.3E25 Elimit = f((feq. \U); Ecumulated = g

2 0,08

© —Fluence =7.7E25

3 )

o 0,06 Fluence = 11.2E25

5 At each time and on the entire cladding:

E 0.04 Maxi (Scumulated—glimit)

-

0,02 J,
0 T T 1

Evolution of Maxi (ecumuiated- €imit) = f(t)
0 200 400 600

Rupture
Stresses (MPa)

) Appearance of
risk

rupture risk Maxi (€cumulated — Elimit)

Thermal creep non-rupture criterion

for high-tin Zr4 cladding Margin I Time (days)
rupture  V{---
€ The non-rupture criterion can be used with:

e |ocal parameters
e semi-local parameters (envelope on entire cladding)
LoclsTics © global values (envelope on whole cladding and plugs) A
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Simplified model: meshing

» Initialisation profiles and meshing generation:

Condition
profile o ! Fuel pin end concordance !

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

7777777777777777777777777777777777777777

B.P) Fuel pellet stack Plenum T.P.

o

Condition
profiles

! Current point merging
T j profile

2 2 2

-4 ---1  Position
B.P. i Fuel pellet sack i Plenum T.P. along axis
R A B e B S~ ]
Preliminary filtering of the profile

'''''''''''''''''''''''''''''''''''''' i 1! Pposition
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘ ' along axis

Meshing generation
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Simplified model: principles
» Calculation of a complete fuel pin:

B.P. Fuel pellet stack Plenum T.P.
e e e P e T e e P T P e T .
: Internal conditions: P(t), Tk_i(t) | |
— ; 3 Position
IEI ‘ EEI E dj ¢—e ¢ ! along axis
AN G AN AN BT A A e 1
3 1 EXPANSIONS AND ELONGATIONS |
] r K
Y “R i ' CLADDING | : - Pressure expansion |
=0 0*(1+e) ‘ g : <= 1| - Thermal expansion 1
t=0 Ro = : - Creep elongation :
}
® . 7. S : |
£ 1 1
""""""" | 1
""""""" <= || - Thermal expansion |
| 1
| 1
| : ] |
' NODE (Local ! MESH (Global | ! - -
i calculation of | calculationof | N\ ETd  pecmemeoo-- <= 1| - Volumes differential :
i radial creep) pressure) :_ _________________ 1
E Active cladding node . - = | - Thermody_namic balance on
Vi_to ] the fuel pin inner gas volumes:
o t=0 Vit P(t) = P(to) * (= (Vi_to/ Ty_i(t)))
5 E Ignored plug node 20°C t>0 I (E (Vi I T i)
B L D T>>20°C

¢ Parallel creep calculations at cladding nodes

€ Local free volumes updated at all iterations
¢ Internal pressure obtained by integration of the gas state
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Simplified model: equation

» Iterative resolution and algorithm:

Functions
Fi, Fi R F’i, n+1 = Function_i (Fi,n+1; Fj,n+1; Fk,n+1; FI ...)
S [According to creep equations; i, j, k, I, ... are
X ;
P~ processed in parallel]
~~~~~~~ F’i derivative curves
"7(--==:: _______
Iterations end on the maximal m=zw [M=2 m=1 m-1=ow
relative variation criterion of
Fi,n+1; Fj,n+1; Fk,n+1; FI, ..
v AT -
P Fi root curves
L 7,/'//
/-j[-’ Fi, n+1 = Function_p(F’i, n-1; F’i,n; F’i,n+1; Fi,n)
e [Parabolic integration of F’i as soon as m = 2]
tha t, the Timet
( (
) n-1 n n+1 Number N

Iterative resolution at calculation time n+1

» Time step for all calculated nodes is defined by:

4 Avoiding calculation divergence in the irradiation
variable equation

¢ Good precision of the numerical scheme

4 Lessons learned: time step should have a low initial
value followed by an exponential evolution up to an

asymptotic limit value
LOGISTICS

solving

- FUEL PIN DATA

- BOUNDARY CONDITIONS
AND LOADS

- MESHING

- FIRST INITIALISATION

¢

- THERMAL PARAMETERS
CALCULATION

- CREEP VARIABLES AND PRESSURE
INITIALISATION AT TIME t

¢

- S

TRESS AND CREEP VARIABLES

CALCULATION

- VOLUME AND PRESSURE UPDATE

- CALCULATION OF MAXIMAL RELATIVE
VARIATIONS

Iterative

attimet

— solving loop

Teston
convergence

- RUPTURE CRITERION AND MARGIN

CALCULATION

- TIME STEP CALCULATION FOR NEXT

TIME

. Time progression !

loop

Test on final
time
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FEA vs. Simplified Model: Hypotheses

» Data:
& FEA code CAST3M vs. TNI simplified program
¢ 17x17 fuel pin coming from a 900 MWe PWR reactor
€ High-tin Zr4 with 4 cycles in-reactor irradiation
4 Outer corroded cladding thickness not differentiated from un-corroded metal
(in accordance with the method used to establish creep laws)
¢ Irradiation defect hardening recovery with temperature and stress
¢ Creep margins to rupture are established with:
e |ocal deformation and rupture criterion values in the simplified model (points with
minimum local margin)
e |ocal, semi-local and global margins to rupture in FEA calculations
€& Absolute internal pressure at
room temperature: 62 bars = \
¢ Calculation example for an initial 9 - E\ — i ume
maximum temperature of 450 °C £ = ) -
with consideration of cooling 2 0 et
during transport :
° o Position alzo:; axi.s (mm) e o
LOGISTICS Temperature profiles for 450° C A
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FEA vs. Simplified Model:

Calculation Parameters
» Pressure, stress and equivalent deformation for 450 °C
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(Results within cladding thickness:
average for TNI program and maximum radial for FEA)

PATRAM 2010 - October 2010 - Presentation 137 - Simplified thermal creep model of an irradiated fuel pin - p.12

A

AREVA



FEA vs. Simplified Model:
Rupture Parameters

» Deformation, criterion and margin to rupture for 450°C

Values at point of minimal absolute margin
(except global and semi-local criteria)

= Model -
’\5‘ Elongation
<
o 61 ==Model - Local
S criterion
)
o —
S5 4 - =Model - Local
: margin
©
n ==FEA - Local
g 2 margin
g —FEA-
.E 0 Elongation
% () 100 200 300 400 | ——FEA - Global
= criterion
S5 2
o ==FEA - Semi-
w local criterion

-4
Time (days)

Minimum deformation margin until rupture is still 1.7 %
at end of the year (typical transport lasts about a week)
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Conclusion:
Simplified Model Advantages

» The FORTRAN simplified model:
¢ Already has a good accuracy although not yet fully validated

€ Runs with important time and means benefits
¢ Is adapted to a daily use and is open to further developments

» The FEA calculations are more pertinent for:

@ Indirect validation of the FORTRAN program (when there is no
convenient test result)

¢ Independent comparative calculations that may be required in some
projects

» After validation, the FORTRAN simplified program will allow, in the
framework of safety studies, reliable calculation of:
€ Routine conditions of transport (duration from a week to a year)
¢ Cask vacuum drying
€ Half-hour fire test
€ Interim storage conditions
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