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Introductory framework




Fuel pin "system" (i)

Different fuel types (solid fuel pin, particle fuel, plate fuel, liquid fuel)

A Top end cap }
T for different nuclear reactor types ...
| : :
P | ——> the fuel pin/rod for solid-fuelled nuclear reactors

fuel-stack hold-down spring

A

* made of a stack of fuel pellets wrapped in a cladding tube forming a

fuel-cladding gap "coupled system"....

.... fuel-cladding gap (open//closed) is a critical interaction zone
that controls heat transfer from fuel pellets to cladding, and then
to coolant, as well as mechanical forces and chemical environment
during pellet-cladding-interaction (PCI failure potential)

fuel

cladding

* its performance is fundamental for reactor safe operation (and for

design & licensing as well)
fuel pellet

* need of Fuel Performance Codes (FPCs), and Separate-Effects &

Integral Irradiation Experiments as well, toassess the fuel pin thermal
A4 cootant and mechanical behaviour + compliance with functional requirements
& design limits

stack
y

\bottom end plug
(Olander 2009) INSPYRE First Summer School, Delft, May 13-17, 2019




@ Typical fuel pin thermal design limits

Characteristics

Damage limit

Design limits

Fuel centerline temperature

Steady state

Transient

Clad average temperature

Steady state
Transient

Surface heat flux
Steady state

Transient

* LOCA=loss of coolant accident; MDNBR = minimum departure from nucleate boiling ratio; (Todreas - Kazimi 2011)
MCPR = minimum critical power ratio.

PWR

1% cladding strain
or
MDNBR*< 1.0

No incipient melt

<1204°C (2200°F)
(LOCA)*

MDNBR > 1.3 at
112% power

BWR

1% cladding strain
or
MCPR*< 1.0

No incipient melt

<1204°C (2200°F)
(LOCA)

MCPR = 1.2

SFR
0.7% cladding strain

No incipient melt

649-704°C (1200-1300°F)

788°C (1450°F) for
anticipated transients

871°C (1600°F) for
unlikely events

b Corresponding value of minimum departure from nucleate boiling ratio is dependent on the particular
correlation used, and can be as high as approximately 1.9.

Fuel pin "system"” (i)

Design and licensing assessment involves
comparing calculated parameters
(“performance indicators”) with design limits,
according to a number of design criteria,
which ensure that the functional requirements
of the fuel pins are met

Different functional requirements and design
criteria generally apply in normal operation,
anticipated operational occurrences and
accidents

functional requirements and design criteria
and vary from country to country due to the
differences in regulatory regimes

There are also variations due to differences in
reactor types and, to some extent, fuel types

INSPYRE First Summer School, Delft, May 13-17, 2019




Fuel pin "system" (ii)

@ Typical fuel pin thermal design limits

Characieristics PWR BWR SFR Indicative design limits for ALFRED reactor
Damage limit 1% cladding strain 1% cladding strain  0.7% cladding strain Quantity Design indications
or or Peak fuel temperature <2000°C
MDNBR*< 1.0 MCPR*< 1.0 Peak cladding <550°C
Design limits temperature
Fuel centerline temperature p'e“f"“ pressure <SMFa i
I Maximum coolant <2ms-
teady state — = = velocity
Transient No incipient melt No incipient melt No incipient melt Cladding AD/D <3%
Gl avesagc-tcmpemiiiire Thermal creep strain <0.2%
Steady state s P 649-704°C (1200-1300°F) (Option 1)
Transient <1204°C (2200°F) <1204°C (2200°F)  788°C (1450°F) for Thermal creep strain <1%
(LOCA)* (LOCA) anticipated transients (Option 2)
871°C (16000F) for Total Cl’e.ep strain <3%
: Cumulative damage <0.2/0.3
unlikely events .
function
Surface heat flux _
Steady state — MCPR > 1.2 _ Swelling strain <5%
Transient MDNBR > 1.3 at " == Instantaneous plastic <0.5%
112% power strain
= LOCA =loss of coolant accident; MDNBR = minimum departure from nucleate boiling ratio; (Todreas - Kazimi 2011) (Luzzi et al. 2014)

MCPR = minimum critical power ratio.
b Corresponding value of minimum departure from nucleate boiling ratio is dependent on the particular

correlation used, and can be as high as approximately 1.9. INSPYRE First Summer School, Delft, May 13-17, 2019




= Fuel pin "system"” (iii)

s
”

@ Sequential description: modelling & simulation of fuel pin behaviour

Requirements
Produce Thermal Energy
Retain Fission Products
Maintain Structural Integri

A multi-component system required to:

» produce thermal energy through fission

» efficiently transfer the thermal energy to the coolant system

» be carefully designed to retain fission products (FPs) by maintaining

Perfoimance Indicators structural integrity under all operational conditions and accident events

Temperature
Stress and Strain

The above key requirements lead to:
» various performance indicators (T, &, €) describing the fuel system state

Behavioral Mechanisms
Power, Burnup Corrosion, Fission
Gas Release, Swelling, Thermal
Expansion, Creep, Irradiation
Growth, Cracking, etc.

» behavioural mechanisms that dictate the evolution of the performance
indicators

» atomistic processes that underlie all the thermal, mechanical, and
chemical responses to the environment

Atomistic Processes
Atomic Fission, Lattice
mpurities, Atom Diffusion, Defect
Formation and Annihilation,

Chemical Reactions, etc.

These steps are highly interrelated as they also feed back up sequentially,
and ultimately integrate hierarchically in time and space to determine the
fuel pin performance

' YAYS'
\ W ANVAWY 4

(Rashid et al. 2011)
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Fuel Performance Code (i)

@ All this involves modelling & simulation of a large number of phenomena:

» associated with thermo-mechanical behaviour of fuel and cladding materials

_ (standard phenomena)
leen the COOlant pressure’ core (e.g., heat transfer by conduction, convection and radiation, thermal expansion, creep, elasticity,

inlet temperature and mass flow plasticity, fatigue, phase changes and melting)
rate, and the irradiation history ...

> related to the presence of a neutron flux

(i.e., the evolution of the axial distributions of (e.g., cladding hardening, embrittlement, axial growth and void swelling)
pin power, bulk coolant temperature and fast o
neutron flux with time) » related to fission, neutron capture and generation of fission products

(e.g., non-uniform heat generation, generation and release of fission gas, Xe, Kr, He, and fuel
ificati I
the Fuel Performance Code (FPC) densification and swelling)

_ » related to microstructural changes in the fuel
calculates the evolution of the

thermo-mechanical state of a fuel
\pin (0, €, u,and T) during its Iifetij > related to radial temperature gradients in the fuel pellets

(e.g., formation of high burnup structure, grain growth and restructuring)

in reactor (e.g., pellet cracking and fuel fragment relocation, pellet wheatsheafing/hour-glassing, axial extrusion,
dish filling, oxygen migration and plutonium redistribution)

» chemical phenomena

pounzémco (Rossiter 2012) (e.g., fuel-clad bonding, stress-corrosion cracking and cladding oxidation, erosion and dissolution)

MILANO 1863




Fuel Performance Code (ii)

Coolant
Given the coolant pressure, core Temperature R ¢
| Cladding Emm— — — Clse}[?éj;gg

inlet temperature and mass flow Temperature _
A Claddlng

rate, and the irradiation history ... S e eV -
ission Gas / T\ W 7 —— =l Properities
Inventory a8/ o o A | i 2

Fuel- Claddlng
Interfacial
Pressure

(i.e., the evolution of the axial distributions of
pin power, bulk coolant temperature and fast
Fuel

neutron flux with time) s N7~ -
1 | 4 reep
\ Rate

‘|

X N L
B Release K/~ e Coalzg?ence "
| Rate O s ' :

\ ————
—— e’
-

the Fuel Performance Code (FPC)

calculates the evolution of the
thermo-mechanical state of a fuel
el |

pin (7, €, u, and T) during its lifetime
Qreactor /
(Wirth 2017, Noirot 2016, Rashid et al. 2011, Lassmann 1980, Beyer et al. 1975, Horn 1973)
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LWR --> UO,/Zy

g
Beginning of life |

Complexity of fuel pin behaviour modelling (i)

Complex multi-physics phenomena featured by different time (22 oom: ps-y) and space
scales (10 oom: atomic/nm-m) concerning both fuel and cladding as a "coupled system":

» very different phenomenology and behaviour, depending on reactor type/conditions and materials

> evolution with burnup during irradiation and synergy = INTERRELATIONSHIP & FEEDBACK

These conditions impose challenging and unique modelling, simulation, and verification
data requirements in order to accurately determine the state of fuel pins during their
lifetime in reactor

Numerous material and behavioural models represent the engineering level multi-
material/multi-domain complex interaction in the fuel pin:

» they form the internal capability of a FPC and are generally characterized as “point models”

(i.e., they describe material behaviour over a representative infinitesimal, or finite but small, volume, and are
therefore independent of the FPC numerical or computational structure in which they reside)

» Various code styles: geometrical representation (1%2-D, 2-D, 3-D, "hybrid type") / numerical
technique (finite difference, finite element) / type of analysis (steady-state, transient)

INSPYRE First Summer School, Delft, May 13-17, 2019




Complexity of fuel pin behaviour modelling (ii)

@ Interacting phenomena and feedbacks in the fuel pin during irradiation

Fission Fuel-Cladgap | PCMI

products
LWR --> UOZ/ Zy swelling COSING
Pu&F.P. I
Redistribution Thermal
expansion
Fuel I Cladding Creep
Temperature Stress Damage
Gap .
conductance
Fuel ‘
Restructuring PCl/SCC
B Fission Gas
ensitication
Grain growth nelagse
Columnar grains
Central void
Volatile F. P.
Release

POLITECNICO _
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Complexity of fuel pin behaviour modelling (ii)

@ Interacting phenomena and feedbacks in the fuel pin during irradiation

pl::f::noc?s L FuelCladgep |}  popy
FR vs. LWR swelling closure
FBR (UPWO, S.S. LWR UO Zy-4 PUSF.F. I
TeRr = S Redistribution Thermal
2500 PP i expansion
£ 2000 \ H
€ 1500 NN RANy 4] e Fuel l Cladding Creep
& \ e Temperature Stress Damage
E 1000 x Gap -
500 [ | ~650C conductance
| |
00 1 2
Fuel ‘
2.2 .
e | e Restructuring PCI/ SCC
LN AW R [T M) t Fission Gas
E g \ e =k Y. SSE i Densification ’ Release
g N —475 Grain growth
2" N T r T] Columnar grains
Eo14 -+ Central void
g - s i Volatile F. P.
z \ Release
N7
=
0.8 5\ -+
06 L1 I
0 1 2 0 1 2 3 4 ]
FUEL RADIUS (mm) FUEL RADIUS (mm) (Lambert - Strain 1994)
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Complexity of fuel pin behaviour modelling (ii)

@ Interacting phenomena and feedbacks in the fuel pin during irradiation

FR --> (U,Pu)O,/SS

Gap

*Small, large __|

as - fabricated
porosity

Central
hole

Columnar
Cai

grains
Radial, circumferential
k

D)

*Moderate burnup
*Central hole growth
*Columnar grain growth
*Gap closure

*Crack healing

*Fission products at
cladding ID

* X x

* *
* *
A x POLITECNICO
MILANO 1863

A) « As-fabricated (U,Pu)0,
*Small,large pores
eLarge gap

B) «Reactor startup
*Fuel cracking
*Gap reduction

C)sLow burnup
*Central hole formation
*Columnar grain growth
*Equiaxed grain
*Further gap closure
*Crack healing

(Boltax 1994)

Creep
Damage

PCI/ SCC

Fission
products |— Fuet:;g;au? egap o
swelling
Pu&F. P I
Redistribution Thennal
expansion
Fuel l Cladding
Temperature Stress
Gap ;
conductance
Fuel ‘
Restructuring
Densificati SE— Fission Gas
ensificaton
Grain growth Release
Columnar grains
Central void
Volatile F. P.
Release
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LWR --> UO,/Zy

g
Beginning of life |

Complexity of fuel pin behaviour modelling (iii)

B Complex multi-physics phenomena featured by different time (22 oom: ps-y) and space
scales (10 oom: atomic/nm-m) concerning both fuel and cladding as a "coupled system":

» very different phenomenology and behaviour, depending on reactor type/conditions and materials

» evolution with burnup during irradiation and synergy - INTERRELATIONSHIP & FEEDBACK

@ These conditions impose challenging and unique modelling, simulation, and verification
data requirements in order to accurately determine the state of fuel pins during their
lifetime in reactor

B Numerous material and behavioural models represent the engineering level multi-

material/multi-domain complex interaction in the fuel pin:

» they form the internal capability of a FPC and are generally characterized as “point models”

(i.e., they describe material behaviour over a representative infinitesimal, or finite but small, volume, and are
therefore independent of the FPC numerical or computational structure in which they reside)

» Various code styles: geometrical representation (1Y¥2-D, 2-D, 3-D, "hybrid type") / numerical
technique (finite difference, finite element) / type of analysis (steady-state and/or transient)
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Complexity of fuel pin behaviour modelling (iv)

@ PCl-related effects are uniquely 3-D —> can be evaluated, in complete detail, only through 3-D

modelling & simulation

LWR --> UO,/Zy

} &%

i NN
BoL £7) p 1 1’ NG
5 Fy t ! +1 %

AR LAY AR

% B t ) ¢

g * } .’. ‘} b 53

5 + | e ¢ ¥ 7
R 0 R 3 o A I

T K

\b{v‘

-
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Beginning of life

“Bambooing”

Gap closure - PCI
Stress concentration ~g

Swelling due
to solid fission
products

Thermal stress cracks
“hourglassing”

(Olander 2009)
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Complexity of fuel pin behaviour modelling (iv)

@ PCl-related effects are uniquely 3-D —> can be evaluated, in complete detail, only through 3-D
modelling & simulation

FR | PWR

2200°C

LWR --> UO,/Zy

t
1 200 Weem?

——

400 W.cm!

%
%,
P

"3

3 ¥ = 0 2 4/ 8
stainless steel Zircaloy

(Noirot 2016)
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o, INSPYRE First Summer School, Delft, May 13-17, 2019




Complexity of fuel pin behaviour modelling (iv)

@ PCl-related effects are uniquely 3-D —> can be evaluated, in complete detail, only through 3-D

modelling & simulation

LWR --> UO,/Zy

} &%

i NN
BoL £7) p 1 1’ NG
5 Fy t ! +1 %

AR LAY AR

% B t ) ¢

g * } .’. ‘} b 53

5 + | e ¢ ¥ 7
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\b{v‘

-
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Beginning of life

“Bambooing”

Gap closure - PCI
Stress concentration ~g

Swelling due
to solid fission
products

Thermal stress cracks
“hourglassing”

(Olander 2009)
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Suite of computer codes for the modelling
and simulation of in-pile fuel behaviour




Involved disciplines and software tools

@ Accurate description of fuel pin behaviour involves various disciplines

Reactor physics / neutronics
Thermal-hydraulics (system & core)

Chemistry

. Fuel pin N Thermal
Metallurgy and ceramics behaviour coolant conditions hydraulics Temperature distribution

Applied mechanics

>
>
>
» Nuclear and solid state physics clad temperature
>
>
>

Software engineering / advanced computational methods

@ To ensure safe and economic operation of fuel pins

— predict their behaviour and life-time by means of a convenient

suite/platform of computer codes Mechanical Materials

o (Tulkki 2016)

POLI;%CNICO .
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Schematic of computer codes (i)

@ Design and licensing of nuclear fuel require the behaviour under irradiation to be predicted.
This includes: B Since the fuel pin behaviour in its entirety
is inherently complex, and due to

- the behaviour of individual fuel pins . . : .
historical restrictions in computing power,

- the behaviour of fuel assemblies (also known as fuel bundles or elements), as well as of reactor

core as a whole (a) to (e) are generally evaluated
separately ...
@ Theaim:
is to ensure that the fuel will operate safely and within design constraints, even under accident This is achieved using a suite of
conditions

computer programs with:

@ The behaviour of a given fuel pin is governed by the evolution with time of:

a) the pin power distribution <—/neutronics codes \

b) the pin boundary conditions (primarily the axial distribution of coolant temperature and < core thermal—hyd raulics codes
pressure), in turn dependent on

c) the evolution with time of the thermal-hydraulic behaviour of the coolant in the primary circuit <-— system thermal-hydraulics codes
(‘system thermal-hydraulics’)

d) the overall thermo-mechanical response of the fuel pin to the imposed powers and boundary <-— Fuel Performance Codes (FPCs)
conditions

@ With respect to the fuel assembly as a whole, it is generally of interest only

e) the mechanical behaviour, including stresses imposed by loads applied to the various <—\meohanica| design codes /
assembly components (during normal operation, and accidents as well)

Other types of codes are used for ad hoc or specialized analysis (e.g., CFD, chemistry codes)

POLITECNICO _
MILANG 1863 INSPYRE First Summer School, Delft, May 13-17, 2019




Schematic of computer codes (ii)

@ Computer codes used for modelling fuel behaviour under irradiation and their interactions

computer program for analysing the fuel pin
thermal and mechanical behaviour

|
|
|
' . Lookup Whole ks Irradiation Fusl
| Lattice code neutronics o performance
| l table code ory code fuel pellets
| ] fuel assembly
| | PWR with fuel rods
: ) / | Heat generation
Neutronics Y, ' rates
: Benchmarking codes / | ;
| | Z | < neutronics codes
| .
Potenial Core power | .
: coupling  distribution | < core thermal-hydraulics codes
| Monte Carl : '
| / | erhingid Wosaned < system thermal-hydraulics codes
/ |
I /
| / ,' v Fuel Performance Codes (FPCs)
\
________ Ay e
‘/ INDIVIDUAL FUEL PINS
Assembly boundary
diti . .
| Sore Bammiie En < mechanical design codes
2 i hydraulics
hycci:ga:;:cs conditions Sode

(Rossiter 2012) INSPYRE First Summer School, Delft, May 13-17, 2019



Wil Control
; #i— Rod Drive

i)
PN
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Schematic of computer codes (iii)

Fuel Loading Pattern
\ Power Distribution

SYSTEM THERMAL-HYDRAULICS CODE

CORE THERMAL-HYDRAULICS CODE

NEUTRONICS CODE

~

J

(Okumura et al. 2014)
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Schematic of computer codes (iv)

Spacer e
Grids ———

Wl Control FUEL PERFORMANCE CODE
R 21} “— Rod Drive
" ‘»\. Mechanism
- i -~
§ : Average core conditions
4/’ /7 Nuclear
19944 e // /) Fuel Hot pin conditions...
Becees %0000 g /  Pelet
3814343 77 Cladding Approach of "the limiting pin“:
4444, 13$434< i.e., the pin featured by the minimum margin
P%0sencee 2000 : Fuel Rod @ .
Pooosevgeent®od between the parameter of interest (performance
R st e indicator) and the corresponding design limit
o Guide Tube @
* minimal computation time
Instrument Tube — 003250 ATP 21830 b4a. * significant conservatism
POLI‘E&QICO
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Schematic of computer codes (v)

@ Computer codes used for modelling fuel behaviour under irradiation and their interactions

Out'e: ﬁo"a‘nt (Cumo 2017)
T i - B |
T & 2 ]
L ! T t I ' Effactive Extrapolated
core =t Wt e FUEL PERFORMANCE CODE
Fuel Element {81 i ! | S 1 '
it
i dc Q¢
Inlet coolant - g 1 r/‘ Average core conditions
— ?' . ']ﬁ Hot pin conditions...
Single-channel analysis I ket . Nl
wih=q )z TL 7 !
! X
OO0 1REL K
ey = o 0-’ 1 Core _T_g: 3 0l t
OJO gl witiw 1| | 1,
000 | I
‘ | v INE 8
s E coolant-centered rod-centered
| & HESH T_
Z Coolant section with mass flow w /*' K /"" \\

associated with the fuel pin ' INSPYRE First Summer School, Delft, May 13-17, 2019



Schematic of computer codes (vi)

@ Alternative to "the limiting pin" approach ?

QOutlet coolant Cumo 2017
”. Y , ( ) @ "whole core" fuel performance
. " ; _
r [ T 1) r} = + 2 1 Multi-channel ana|ysis mOdelllng (thermO'meChan|Ca|
i | ' Erective di. behaviour of every fuel pin in the
Core  ~= Ho Ml 20 v | g e A e b+ core is simulated)
‘ . —— N TS T
Fuel Element ™ ‘ ! ! S [ (axial mass  (cross flow (mixing
YY) ! T 2 flow rate) rate/length) coefficient)
11144 ‘ — - Advantages:
c c . ’ ' .
et Foman % F1f reduced conservatism (and hence
— I ]r—w more margin to design limits), more
Singlech 1 i T easily quantifiable uncertainties,
Ingle-chan - Coolant NG straightforward identification of the
f Ti4dTy 1 1 limiting pins, possibility to introduce
O T g 1 HIRS 1‘ more advanced methodologies...
g
Core = 3 . . : .
O, Middle Plane | 3 W Main disadvantage:
7 4 NG large amount of computing power
v Coolant section with mass flow w /:" 1-\ l,-‘ ]

associated with the fuel pin
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§ Notes on Advanced Fuel Modelling and Simulation (i)

@ Multi-scale fuel performance modelling approach

% (FPCs) @ Current, near- and long-term trends in
@ Atomistic Mesoscale Continuum high-fidelity fuel pin behaviour modelling;:
©
© .

Finie e i 2; icrals)lloe“rrrzir?{ai%?%l;tzroigdaedsvanced modelling
L simulations . ; :
»| & simulation techniques
§ ™ —> MOOSE, PLEIADES, SALOME, NURESIM
S Phase field chzrrnni]c; multi-physics platforms
@ |-
£ models c¢) multi-scale fuel performance modelling
Accelerated Kinetic :
molecular monte carlo  Dislocation —> coupled with the need to move to 3-D fuel
. dynamics dynamics pin modelling, the implementation in FPCs
= of atomistically-informed engineering-
scale models should yield large advances
MoleCL{Iar Mechanistic-based modelling to act as a bridge from in‘the simulaticRICEECEEE R
dynamics lower-length scale to engineering scale, and to identify ; : i
2 Elactone the most informative validation experiments as well d) "whole core" fuel performance modelling
ik e) advanced fuel performance capability
STUCrn Lengthscale (AFPC)
nm pm mm m

(Stan et al. 2007) INSPYRE First Summer School, Delft, May 13-17, 2019



§ Notes on Advanced Fuel Modelling and Simulation (ii)

@ Preliminary design of a new generation, advanced fuel performance capability (AFPC)

Users To address material properties and
I phenomena, an AFPC must include,
Other codes AFPC Output (XML) at the minimum:
I » Neutronics | * Neutronics (fission and neutrons diffusion)
External * Heat transfer (conduction, convection, and
databases [T Internal | Mass i ac
Database [ B radiation)
transport « Mass transport (species diffusion and gas
Stinolations T ——— accumulation) . |
—s{ Main driver  Thermo-mechanics (deformation, such as
= Solvers ** [ Thermo- | 1 swelling, and stresses)
oaqaeis ies ) ; e . - .
- Continuum mechanics Fluid flow (to model the coolant, if necessary)
- Atomistic »  Fluid flow [+
- Electronic Thisle el : d : | )
Shre it IS challenging endeavour Involves:
s (S « model development & software engineering

Users only see the red boxes

Users (people or other codes)

(Calvin - Nowak 2010)
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FUEL PERFORMANCE CODES




General outline

@ Some topics on thefly ...

.... but knowing that we have to keep an eye on the physical

> Development/use of FPCs couplings and the calculation sequence
> Geometric domains represented Fuel and cladding deformations modify the gap thickness and affect

consequently the heat exchange inside gap

. . Fuel thermal conductivity depends on cracks volume fraction
» Mathematical/numerical frame _ <
Thermal analysis | Mechanics
H : N Fuel and cladding mechanical properties depend on temperature A
> Valldatlon Thermal activation of fuel and cladding creep
Thermal Thermal activation of cladding irradiation swelling

» Burnup analysis activation

Fuel thermal properties depend on oxygen to metal ratio, plutonium to

- metal ratio, porosity, burn-up

> Thermal ana |yS|S Fission products release madifies the gap state and consequently the heat

exchange between fuel and cladding: by changing first the gas mixture
> MeCha n ica | ana Iysis composition, and later by the precipitation of volatile fission products inside

A4 gap: “Joint Oxyde-Gaine” formation
. : Fuel physi d chemist
» Material and behavioural models SR
o . o Neutronics
(eg! FISSIOn GaS BehaVIOu r) Radial migration of porosities and species |Fuel mechanical properties depend on oxygen to metal ratio and porosity
Fission products behaviour Fuel swelling is modified by porosity migration and fission products release

(Lainet et al. 2019)
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@ Some topics on thefly ...

vV V V ¥V ¥V V V V¥V

Development/use of FPCs
Geometric domains represented
Mathematical/numerical frame
Validation

Burnup analysis

Thermal analysis

Mechanical analysis

Material and behavioural models
(e.g., Fission Gas Behaviour)

peéetiy

T
POLITECNICO
MILANO 1863

General outline

TUTORIAL
&

CASE STUDY
(FPCs in FRS)
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Development/use of FPCs

Geometric domains represented
Mathematical/numerical frame
Validation

Burnup analysis

» Thermal analysis

Mechanical analysis

Material and behavioural models
(e.g., Fission Gas Behaviour)

Development/use of FPCs



Development /use of FPCs (i)

- Country Organization Code name {precursor codes)
n Argentina CNEA BACO, DIONISIO
WhO // WhICh ? Belgium Belgonucleaire COMETHE
SCK-CEN MACROS (ASFAD)
. . China Xi'an Xiaotong FROBA
» Fuel designers and vendors // Copernic, ... Univeristy
dAE FTPAC
. . . . NPIC FUPAC
» Research institutes // Alcyone, Bison, Cosmos, Enigma, o o PMBE
Falcon, Femaxi, Frapcon, Fraptran, Germinal, MFPR, Republic (GAPCON-THERMAL2)
. France CEA ALCYONE
Scanair, SFPR, START, Transuranus, ... (METEOR-TRANSURANUS)
Framatome COPERNIC (TRANSURANUS),
o GALILEO (COPERNIC/RODEX/CARO)
» Safety authorities // Frapcon, Fraptran, ... EdF CYRANO
IRSN SCANAIR
Germany Siemens CARO
iliti 1 I Framatome GALILEO (COPERNIC/RODEX/CARO)
Utilities & industry // Cyrano, Galileo, Pad, Rodex, ... i i A
JRC TRANSURANUS (URANLS)
Hungary MTA EK FUROM (PIN-MICRO)
India BARC FAIR, PROFESS
PNC FUDA
Japan CRIEPI EIMUS (FEMAXI-III)
Safety JAEA FEMAXI, RANNS
o SEPC IRON (FEMAXI-III)
authorltles NFD TRUST
Korea KAERI COSMOS, INFRA
Russian VNIINM START, RAPTA
Federation TRINITI RTOP
IBRAE SFPR (MFPR)
Sweden Westinghouse STAV
Sweden Electric
United NNL, EDF Energy ENIGMA {MINIPAT, SLEUTH, HOTROD)
Kingdom
USA USNRC FRAPCON, FRAPTRAN (FRAP), FAST
R h Siemens RODEX
EPRI FALCON (FREY, ESCORE)
. es;arc . (Van Uffelen INL BISON |
Fi GALILEO (COPERNIC/RODEX/CARO)
Institutes designers et al. 2019) itsror R
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$= Development /use of FPCs (ii)

—

_—

— —d

v

@ FPCs —> central role in the overall fuel design & development process

Fuel design requirements
=B OSHiE Mtice > The design process starts with

— Coolant flow rate, temperature _ _
— Mechanical requirements ‘\ fuel design requirements ...
— Development needs
— Economics Licensing

] — Fuel data base

/ — Assessment of design bases 3>  however, there is no clear

— Performance and safety

Fuel desi .
et end point because the process

— Criteria, computer codes evaluations - ) .
— Fuel, cladding specifications =— Fuel performance codes [ continues indefinitely as long
— Drawings as replacement fuel is
— Advanced fuel designs Reactor fuel performance _p )
] required, and there is an

— Fuel data base

— Reactor operation incentive to improve the fuel
Fuel fabrication and irradiation testing — Core improvements ( e.g., co st reduction. safer
— Test planning, design, data package e '
— Fabrication, QA / operation, extended burnup)

— Normal, off-normal and safety tests
— PIE data, evaluation, documentation

(Boltax 1994)
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Development/use of FPCs

» Geometric domains represented

Mathematical/numerical frame

» Validation

Burnup analysis

» Thermal analysis

» Mechanical analysis

Material and behavioural models
(e.g., Fission Gas Behaviour)

Geometric domains represented



Geometric representation (i)

» Active length of the fuel pin (i.e., the part containing the fuel
pellets or bar) is usually represented by a series of axial zones

""" | "'s';;nentm (or segments/slices). In each axial zone, the fuel is divided into
______ g radial annuli (or rings), usually of equal volume, but sometimes
| seomentmd of equal thickness
""" > 1 > Cladding may also be divided into several rings (especially, if
______ | ‘\ o liner or corrosion layer is being simulated)
;5 B fuel pailst > Free volumes associated with fuel-cladding gap, pellet dishes
and chamfers, pellet cracks, pellet/bar hole (if any), any upper
and lower plena are also generally modelled

1 fuel | clad!

(Van Uffelen et al. 2019)

i (
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Geometric representation (i)

@ Simple representation of the fuel pin in a FPC

* 1D, radial x slice number e » Active length of the fuel pin (i.e., the part containing the fuel
s ford Fod °‘,’°"“°‘°'°'r°‘" pellets or bar) is usually represented by a series of axial zones
s ‘o thiewholecore t,;,,m (or segments/slices). In each axial zone, the fuel is divided into
5 \ radial annuli (or rings), usually of equal volume, but sometimes
* 2D, r0 or rz x slice number AR\ \ of equal thickness
I

i M S » Cladding may also be divided into several rings (especially, if
« 3D P el liner or corrosion layer is being simulated)

* generally applied on a short section of the rod,

even on a portion of one pellet » Free volumes associated with fuel-cladding gap, pellet dishes

and chamfers, pellet cracks, pellet/bar hole (if any), any upper
and lower plena are also generally modelled

» Further details depend on the sophistication of the simulation,
which can be - under some necessary simplifications - 1%2-D,
2-D or 3-D (steady-state and/or transient)

(Noirot 2016)
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Geometric representation (ii)

@ Axisymmetric, axially-stacked, one-dimensional radial representation (referred to as 1%¥2-D /1.5D)

"Single-channel" heat transfer calculation model > Cladding-coolant interface is represented by an annular flow channel:
- Cladding Coolant only radial (i.e., no axial or hoop) heat flow is assumed, and the fuel
? il %Z"‘ pin rings are all considered to be subject to the same axial strain
| E ‘"‘é:"_'j g » "Generalized plane strain", in conjunction with axial-symmetry, allows
£ - ‘%,;”,‘1, shear stresses to be ignored —> stresses along radial, hoop and axial
7 A gv'?: directions are principal stresses (6., 69,06, = S1,S11,S111)

K elle: Gap
Sl :tl - Cmdmim:/ S » Thermal (energy conservation) and mechanical equations (force bal.,
Convection Model stress-strain + strain-displacement relationships) are typically solved
(Okumura et al. 2014) by a finite difference scheme
ey [ "” > Coupling between axial zones (—> "half dimension" in the 1%2-D) is
stack of axially symmetric slices __"™ restricted... to the coolant enthalpy, pin internal pressure and gas
(eﬁgf;ﬁ?hugggtgfﬂgf;', hms-1) Stde 1 ' transport. Usually, small-strain/small-displacement theory for the
_ Fuel | | kinematic representation
covering: ‘ hZi) — E
e ' ’ » A 1%2-D code cannot simulate phenomena caused by shear stresses,
Subject to _ o) Sk , (e.g., pellet hourglassing, clad ridging, axial extrusion, pellet cracking,
detailed power history o =P : . .
4 ! 2 although the fact that the pellets are cracked is taken into account)

h(1) Slice 1
* Iovlver
plenum

(Van Uffelen 2019) : INSPYRE First Summer School, Delft, May 13-17, 2019




Geometric representation (ii)

@ Axisymmetric, axially-stacked, one-dimensional radial representation (referred to as 1%¥2-D /1.5D)

FRAPCON flowchart (simpl.)

Iteration on gas pressure convergence criterion < 1% AP

Inpur data
are specified

A

Initial conditions
are computed

v

criterion < 1% AT

r

Fuel rod remperamres
are computed

4

Fuel and cladding
deformation are

computed

Iteration on gap temperature difference

Gas release, void
volumes. and gas

pressure are computed

z,=0

TRANSURANUS nodes
Slice Sectional
Option ! Option 2
lllpper
plenum Z..
R — t— Slice m, \ b
Zm,
L Slice m;~1
— — Fuel
L Zﬂ
— — Slice i b
z
+— Slice 3 [
Z
— — Slice 2 [
z,
ﬁzx t— Slice 1 /
s e

h2 /‘12 /12 /‘12 12 2
i m(1) my(2) m) m(m,) mm+1)m(m,+m,)

» Cladding-coolant interface is represented by an annular flow channel:

only radial (i.e., no axial or hoop) heat flow is assumed, and the fuel
pin rings are all considered to be subject to the same axial strain

"Generalized plane strain", in conjunction with axial-symmetry, allows
shear stresses to be ignored —> stresses along radial, hoop and axial
directions are principal stresses

Thermal (energy conservation) and mechanical equations (force bal.,
stress-strain + strain-displacement relationships) are typically solved
by a finite difference scheme

Coupling between axial zones (—> "half dimension" in the 1%2-D) is
restricted... to the coolant enthalpy, pin internal pressure and gas
transport. Usually, small-strain/small-displacement theory for the
Kinematic representation

A 1%2-D code cannot simulate phenomena caused by shear stresses,
(e.g., pellet hourglassing, clad ridging, axial extrusion, pellet cracking,
although the fact that the pellets are cracked is taken into account)

INSPYRE First Summer School, Delft, May 13-17, 2019




Geometric representation (ii)

@ Axisymmetric, axially-stacked, one-dimensional radial representation (referred to as 1%¥2-D /1.5D)

1.5D fuel pin representation used by GERMINAL V2

Upper plenum volume

Radial meshing in one axial slice

Cladding Pellet Cladding

g

Coolant channel

Calculation domain
with axial slicing

!
ﬁ
l
|

:

Lower plenum volume

(Lainet et al. 2019)

» Cladding-coolant interface is represented by an annular flow channel:

only radial (i.e., no axial or hoop) heat flow is assumed, and the fuel
pin rings are all considered to be subject to the same axial strain

"Generalized plane strain", in conjunction with axial-symmetry, allows
shear stresses to be ignored —> stresses along radial, hoop and axial
directions are principal stresses

Thermal (energy conservation) and mechanical equations (force bal.,
stress-strain + strain-displacement relationships) are typically solved
by a finite difference scheme

Coupling between axial zones (—> "half dimension" in the 1%2-D) is
restricted... to the coolant enthalpy, pin internal pressure and gas
transport. Usually, small-strain/small-displacement theory for the
Kinematic representation

A 134-D code cannot simulate phenomena caused by shear stresses,
(e.g., pellet hourglassing, clad ridging, axial extrusion, pellet cracking)

» Examples of 1.5D codes are GERMINAL, TRANSURANUS

INSPYRE First Summer School, Delft, May 13-17, 2019




Geometric representation (iii)

@ 2-D (r-z and r-0), fully thermal-mechanically coupled, (FEM) finite-element-based

FALCON spatial models and FEM structure

LUW,  LUW,  t,U.W, » Fuel pin geometry representation (effectively only applicable to
___ Plenum isgielion Poin pelleted fuel) by means of either axisymmetric (r-z) or plane (r-6)
LU, Node grids treated as 2-D continua
U We g X . x U W,
L » There is radial and axial modelling of a fuel pellet in each axial
20, b Fol Chanol zone —> axial-symmetry is still assumed, but not "generalized
__/\._1_4_1_4_...1 % . .
| — ——— LUW,  LUW, L UW, plane axial strain"
9-node Fipite Element - Full Quadratig Interpolation
) G R el sl it e ol > Thermal and mechanical equations are typically solved by a finite
element technique (FEM)
» Examples of 2-D codes are FALCON, FEMAXI

Fuel Length R-Z Grid Plane R-6 Grid

(Rashid et al. 2011)

\\;:,,
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Geometric representation (ii

1)

@ 2-D (r-z and r-0), fully thermal-mechanically coupled, (FEM) finite-element-based

FEMAXI-6 calculation model

s ] » Fuel pin geometry representation (effectively only applicable to

Axial Power | ¥ pelleted fuel) by means of either axisymmetric (r-z) or plane (r-6)

Profile ] alysis o | - .
= Pellot and Clacding o | grids treated as 2-D continua
8

N

v

i » There is radial and axial modelling of a fuel pellet in each axial
- . | zone —> axial-symmetry is still assumed, but not "generalized
‘ plane axial strain"

Segment
8 __-Temperature

| —Gas Pressure

» Thermal and mechanical equations are typically solved by a finite
element technique (FEM)

[—— Power and
Burnup Profiles

i
=lnlw!ala
i

\_

/
.y

» Examples of 2-D codes are FALCON, FEMAXI

Linear Power Density

(Numbering of Axial Segments)

(Okumura et al. 2014)
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Geometric representation (iii)

@ 2-D (r-z and r-0), fully thermal-mechanically coupled, (FEM) finite-element-based

Modelling and simulation of manufacturing-induced
Missing Pellet Surface (MPS) conditions with FALCON

Recent LaSalle Failures in 949 Fuel s cnesontwitemact mepocaton| @ 5| > Advantage —> 2-D phenomena such as pellet hour-glassing, clad
observed in LaSalle failure 7 ridging. large-strain ballooning-type displacements (LOCA), axial
\ Y E 2 extrusion, MPS (missing pellet surface) induced failure pattern
“ ‘\;}\\\}‘ Zg can be modelled explicitly, in some way...
1\
“‘: “%\\x\\\ 2 > Disadvantage > increased complexity, and therefore also slower
;‘:;f;::;zﬁzzs.zf:‘“ess’:“ w running time
/ roducts, which further
Bending momenttriesto'gt;aighten the ztimulates i : _E=| ‘Ilnallsl > "Hybrid" COdeS Of 11/2'D and 2'D representations, e.g., LGMA
e e e s s mex;“me' mnn nominally with a 1%2-D scheme —> effects of shear stresses approximated
the inner cladding hoop stress by means of models for axial extrusion and for pellet hour-glassing; hoop cladding
a b stress concentration over radial fuel cracks calculated using a model ad hoc.

(a) MPS induced failure pattern, and (b) calculated cladding hoop stress (psi) distribution.

(Rashid et al. 2011)

il INSPYRE First Summer School, Delft, May 13-17, 2019




Geometric representation (iv)

@ What is needed for thermo-mechanical solutions in all classes of codes (1%¥2-D, 2-D, 3-D, hybrid type)
FEMAXI-6 structure

— } @ |INPUT for thermo-mechanical analysis (e.g., TRANSURANUS)
nput
.
b 5 General control parameters
/ Thermal Avalysis =~ | \ Main model|switches (e.g. fission gas release, corrosion)
* Temperature Distribution
- FP Gas Release/ Gap Gas Flow Material properties] A all
+ Internal Pressure Change, etc. -~ .
s o ) Coolant, cladding, fuel (per rod or per slice) recorded
Mechanical Analysis A ecation e & |n flle
- Elasto-Plastic, Creep eometry and composition|of fuel rod
T . Axial nodalization
\ / / Input mode for radial nodalization (per rod or per slice)
. radii of fuel and cladding
‘Temperaturﬁ} & Pressure | main isotopes in fuel (U-235, Pu-239...Pu-242)
e 7 ! fuel porosity and grain size
S Local PCMI Analysis 24
Tlmo‘Stcp (Half Pellet Length) pressure and composition of fill gas !
| G i Time dependent input (MACRO-block) T it s
| Ridging Stress Stain e.g]linear power, fast neutron flux, coolant temperature '
N
N ey ]/ (Van Uffelen 2019)
F Yes

(Okumura et al. 2014)
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Geometric representation (iv)

@ What is needed for thermo-mechanical solutions in all classes of codes (1%¥2-D, 2-D, 3-D, hybrid type)
FEMAXI-6 structure

@ Thermo-mechanical solutions

L Input ]
{i) » ... traditionally proceed in a series of step-by-step calculations in
/ —T— \ \ which the temperatures are calculated in the fuel pellets and the
ermal Analysis i i i . i . .
- Temperature Distribution cladding, using fission power input derived from separate neutronics
* FP Gas Release/ Gap Gas Flow .
* Internal PrZ?sSre glrl')mnge. ete. COde CalCU |atI0nS
A4
TETTEITEESTE el » .... followed by the calculations of pellet and cladding displacements,
Koot gl by strains and stresses, with both sets of calculations performed within
\ - Deformation (Stress-Strain) 4 J an iteration |Oop
(Temﬁ& e— » Convergence is usually judged by the status of the gap, which can
| oscillate between open and closed conditions, or between soft and
Dt Local PCMI Analysis . i
Time Step ( o P i hard pellet-cladding contact
‘Elasto-Plastic, Cree . :
o > Currently... thermal and mechanical equation solvers, fully-coupled,
M i and with state-of-the-art finite element modelling techniques, are
No ]/ tending to be implemented
—‘[ End of Time
Yes » Drivers for these developments are the increased accuracy and the

Output (Okumura et al. 2014) possibility of more generic application



Geometric representation (v)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

» Three-dimensional modelling of the fuel pellets/bar and
cladding. As in the 2-D representation, thermal and
mechanical equations are typically solved by a finite
element technique (FEM)

3-D FEM mesh

» but applied for the analysis of limited regions only (short
section of the rod, a portion of one pellet)

» Advantage over 2-D codes --> PCl-related effects or pellet-
cladding eccentricity (which cannot be modelled when
axial-symmetry is assumed) can be simulated

» Disadvantage —-> increased complexity, and therefore also
slower running time

» Due to intricacies of 3-D representation, advanced
numerical techniques generally required in the solution
scheme

» Examples of 3-D codes are ALCYONE, BISON

POLITEZZNICO .
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Geometric representation (v)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

3-D thermo-mechanical, finite-element model of PWR fuel pellet stack

(short section) with ALCYONE makes it possible now ....

Pellet

« Deposited linear power.

Claddin g « Heat removal (conduction).
« Properties of materials — evolution under irradiation

> Heat fFomoval (condection, and convection (densification, swelling, fission products).

on the outslide surface).

« Thermomechanical behavior

+ Thermommechanical bettavior. (pressure, thammial (thermal expansion, thermal and irradiation creep, fallure).

expansion, irradiation creep, failure).

Pellet-cladding interface

« Heat removal (conduction, convection, and radiation).

« Mechanical interaction (contact).

-
=
i
Z
=z
%
=
i
e
2

(CEA. 2009)

e
POLITECNICO
MILANO 1863

» Three-dimensional modelling of the fuel pellets/bar and

cladding. As in the 2-D representation, thermal and
mechanical equations are typically solved by a finite
element technique (FEM)

but applied for the analysis of limited regions only (short
section of the rod, a portion of one pellet)

Advantage over 2-D codes --> PCl-related effects or pellet-
cladding eccentricity (which cannot be modelled when
axial-symmetry is assumed) can be simulated

Disadvantage --> increased complexity, and therefore also
slower running time

Due to intricacies of 3-D representation, advanced
numerical techniques generally required in the solution
scheme

Examples of 3-D codes are ALCYONE, BISON

INSPYRE First Summer School, Delft, May 13-17, 2019




Geometric representation (v)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

... to account for the localization typical of PCI failures

Ax

My
_Cladding

Cracking

(CEA. 2009)

in UO, pellet v \

Stress transferred to
pellet—cladding interface

2 A

Triple point

Shear at
pellet—cladding
interface (Pa)

4.76£+06
9.52E+06

11111111

JJJJJJJ

44444444

9.52E+07

* X x

* * 4

e i 4

X g POLITECNICO
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» Three-dimensional modelling of the fuel pellets/bar and

cladding. As in the 2-D representation, thermal and
mechanical equations are typically solved by a finite
element technique (FEM)

but applied for the analysis of limited regions only (short
section of the rod, a portion of one pellet)

Advantage over 2-D codes --> PCl-related effects or pellet-
cladding eccentricity (which cannot be modelled when
axial-symmetry is assumed) can be simulated

Disadvantage --> increased complexity, and therefore also
slower running time

Due to intricacies of 3-D representation, advanced
numerical techniques generally required in the solution
scheme

Examples of 3-D codes are ALCYONE, BISON

INSPYRE First Summer School, Delft, May 13-17, 2019




Geometric representation (v)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

3-D thermo-mechanical, finite-element model of a 10 pellet PWR BISON animation showing the predicted thermo-
fuel rodlet with BISON makes it possible to consider local effects
such as ridging and stress concentration due to "bambooing" mechanical behaviour of a 10 pellet PWR fuel

10 pellet PWR rodlet ISR rodlet during 2.4 vears of fuel life. The central

displacements magnified 200x

Temp (K)
1w panel shows the evolution of thermal and
1000
900
S mechanical contact, at the intersection of two
600
pellets and the cladding. The rightmost panel

Temp (K g shows cladding deformation with the development

900 0.0070
800 0 0050
O 0030

600 0.0010 m of a "bamboo" appearance, due to hard contact,

(bison.inl.gov) with "hourglass-shaped" fuel pellets

&l https://www.youtube.com/watch?v=Vm8QY|Lm9mO&Ilist=PLX2n
PO 0 BoWRisnW7DGDdHr-IWPnPM3_G1fl&index=1 INSPYRE First Summer School, Delft, May 13-17, 2019
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Geometric representation (vi)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

» Three-dimensional modelling of the fuel pellets/bar and
cladding. As in the 2-D representation, thermal and
mechanical equations are typically solved by a finite
element technique (FEM)

3-D thermo-mechanical, finite-element model of a defective rod
with BISON makes it possible to consider detrimental effects of
a Missing Pellet Surface (MPS) imperfection

» but applied for the analysis of limited regions only (short
section of the rod, a portion of one pellet)

Missing pellet surface

He fill gas (2 MPa) » Advantage over 2-D codes --> PCl-related effects or pellet-
cladding eccentricity, MPS (which cannot be modelled

when axial-symmetry is assumed) can be simulated

» Disadvantage —-> increased complexity, and therefore also

slower running time
UO, fuel

» Due to intricacies of 3-D representation, advanced
numerical techniques generally required in the solution
scheme

Zr-4 clad

» Examples of 3-D codes are ALCYONE, BISON

(Westinghouse )

reproduced with permission
POLITECNICO
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Geometric representation (vi)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

» Three-dimensional modelling of the fuel pellets/bar and
cladding. As in the 2-D representation, thermal and
mechanical equations are typically solved by a finite

3-D thermo-mechanical, finite-element model of a defective rod
with BISON makes it possible to consider detrimental effects of

a Missing Pellet Surface (MPS) imperfection element technique (FEM)
Time = 2 years > Mtgppli?(:hfor t:le analyfis offlimited Irle%ions only (short
Burnup = 30.3 MWd/kgU section of the rod, a portion of one pellet)
» Advantage over 2-D codes --> PCl-related effects or pellet-

cladding eccentricity, MPS (which cannot be modelled
when axial-symmetry is assumed) can be simulated

Teioeratie (K) » Disadvantage --> increased complexity, and therefore also

1300 slower running time
1100
900 » Due to intricacies of 3-D representation, advanced
700 numerical techniques generally required in the solution
00 scheme
Fuel temperature (Pastore 2015) » Examples of 3-D codes are ALCYONE, BISON

i e INSPYRE First Summer School, Delft, May 13-17, 2019




Geometric representation (vi)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

» Three-dimensional modelling of the fuel pellets/bar and

with BISON makes it possible to consider detrimental effects of mechanical equations are typically solved by a finite
Time = 2 years > Mtgppli?(:hfor t:le analyfis offlimited Irle%ions only (short
section of the rod, a portion of one pelle
Burnup = 30.3 MWd/kgU | Rl pellet
» Advantage over 2-D codes --> PCl-related effects or pellet-
cladding eccentricity, MPS (which cannot be modelled
when axial-symmetry is assumed) can be simulated
T ture (K
Gg(r)npera R > Disadvantage -> increased complexity, and therefore also
635 slower running time
620
ggg > Due to intricacies of 3-D representation, advanced
displacements magnified 25x 575 numerical techniques generally required in the solution
560 scheme
Cladding temperature  (Pastore 2015) » Examples of 3-D codes are ALCYONE, BISON

POLI:'irEC;lICO :
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Geometric representation (vi)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

» Three-dimensional modelling of the fuel pellets/bar and

with BISON makes it possible to consider detrimental effects of mechanical equations are typically solved by a finite
a Missing Pellet Surface (MPS) imperfection element technique (FEM)

Time = 2 years » but applied for the analysis of limited regions only (short
Burnup = 30.3 MWd/kgU.«" _ section of the rod, a portion of one pellet)

» Advantage over 2-D codes --> PCl-related effects or pellet-
cladding eccentricity, MPS (which cannot be modelled
when axial-symmetry is assumed) can be simulated

Mises stress (MPa) » Disadvantage --> increased complexity, and therefore also
ggg slower running time
39? » Due to intricacies of 3-D representation, advanced
122 numerical techniques generally required in the solution
displacements magnified 25x scheme
Cladding stress (Pastore 2015) » Examples of 3-D codes are ALCYONE, BISON

i e INSPYRE First Summer School, Delft, May 13-17, 2019




Geometric representation (vi)

@ 3-D, fully thermal-mechanically coupled, (FEM) finite-element-based

3-D thermo-mechanical, finite-element model of a defective rod BISON animation showing the detrimental effects
with BISON makes it possible to consider detrimental effects of
a Missing Pellet Surface (MPS) imperfection of a fuel pellet imperfection known as a Missing

—r T ——
Missing Pellet Surface = : Pellet Surface (MPS). The leftmost plot shows

/_ high local fuel temperatures, due to an increased

paf e gap width at the MPS. The clad hoop stress is also

0.15

'" Am YOSE BISON

01
0.05

Release fraction

significantly increased, as shown in the centre and

Temp 0 1e+07 2e+07 3e+07 4e+07 5e+07

Time (s)
1500
Plenum Pressure

i%gg “’ l top right plots. Line plots document the rod power,
1000 § 10
5 : FGR (fission gas release) fraction, and plenum

Time = 0.0000e+00 16407 2e+07 3e+07 4e+07 5e+07

Time (s)

(MPa)

P

(bison.inl.gov) pressure

e https://www.youtube.com/watch?v=EfZtf7FLI-
POLITECNICO M&list=PLX2nBoWRisnW7DGDdHr--IWPNnPM3_G1f1&index=2 INSPYRE First Summer School, Delft, May 13-17, 2019
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Development/use of FPCs

Geometric domains represented

» Mathematical/numerical frame

» Validation

Burnup analysis

» Thermal analysis

» Mechanical analysis

Material and behavioural models
(e.g., Fission Gas Behaviour)

Mathematical/numerical frame



Mathematical/numerical frame (i)

B8 FPCs feature a frame into which time-dependent input, geometry and composition,

material properties and behavioural models are /can be incorporated ....

TRANSURANUS code input

General control parameters
Main model|switches (e.g. fission gas release, corrosion)

PLENUM

IMaterial properties)|
Coolant, cladding, fuel (per rod or per slice)

Eeometgz and comgosition|of fuel rod

Axial nodalization

Input mode for radial nodalization (per rod or per slice)
radii of fuel and cladding
main isotopes in fuel (U-235, Pu-239...Pu-242)
fuel porosity and grain size

pressure and composition of fill gas

Time dependent input (MACRO-block)
e.g/linear power, fast neutron flux, coolant temperature|

—“.

AKIAL
g NODES

[

COOLANT

T FUEL CLADDING

FRICTION

ZONE "

CENTRAL

VOID

L} ——RADIAL NODES
H

r

(Van Uffelen 2019)

eoven
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Olander 1976

Fuel

Cladding

| Fuel cladding interface

Deformation ———p.

Constitutiona]l —»

Deformation ———————p

Corrosion >

LIFE - 4 code models

Primary, secondary creep
Hot pressing

Gas bubble swelling

Solid fission product swelling
Cracking, crack healing
Thermal expansion

Elastic strain

Pore migration
Grain growth
Oxygen redistribution
Plutonium migration
Gas bubble migration

Thermal creep
Irradiation creep

Void swelling

Thermal expansion

Fuel fragment relocation
Elastic strain

Sodium corrosion
Fuel-cladding chemical inter-
action

Gap conductance

(Boltax 1994)

Gas rel
Plenum pressure




Mathematical/numerical frame (i)

@ FPCs feature a frame into which time-dependent input, geometry and composition,
material properties and behavioural models are /can be incorporated .... LIFE - 4 code models

Primary, secondary creep
Hot pressing

Input and uncertainties Gs bubble swelling

Deformation ————————————— | Solid fission product swelling

( Noirot 20 16) Cracking, crack healing

Thermal expansion
Elastic strain

Fuel design and fabrication

Fuel

e geometries ) .
Grain growth

e compositions, enrichments, impurities specifications Qutinone —————<| o ey

* porosities (from density / theoretical density) | with known limits e Lo

e grain size ) —

Irradiation data oot | g

« reactor data such as neutron spectrum, coolant chemistry and flux ok G

* lirradiation history <——— ocally, high uncertainties s

Material prOpertieS Corrosion > Eg}i%'ﬁ.ﬁﬁ.:‘:éﬁﬂmmn B

* thermal properties

* mechanical properties }’ high uncertainties c—— [ o contucne

Plenum pressure

Models uncertainties + necessary simplifications (Boltax 1994)




Mathematical/numerical frame (ii)

@ FPCs feature a frame into which time-dependent input, geometry and composition,
material properties and behavioural models are /can be incorporated .... START-3 code models

... also supported by uncertainty analysis (UA) & sensitivity analysis (SA) e |

- Models (at every single-scale level) have to be computationally efficient ! (s

(Novikov et al. 2004) for Base Irradiation

JUoweon [ew sy}

JusWES) [esluey ool

1oy pep>-jejed |‘w""”°° '"“"'"’

peliet rsomentation thermal pellet-clad contact

irradiation-induced densification of fuel pellet defragmentation

high-temperature sintering of fuel
(occasional)

1 mechanical pellet-clad contact

steady-state swelling of fuel

— formation of High Burn-up Structure

uoneipe.ll aseg

32
79
°Q
58

— accumulation of fission products
and fission gas release PR Y
< ! data communication ! Z
Criteorial characteristics of fuel rod:
i el [E=erndl

- plastic deformation

Power Ramp a—

-clad SCC Fuel melting Clad "ift-off'
- ultimate strain
of clad

degradation of properties of clad and fuel

N




Mathematical/numerical frame (ii)

@ FPCs feature a frame into which time-dependent input, geometry and composition,
material properties and behavioural models are /can be incorporated .... START-3 code models

[irradiationinduced densification of fuel |

| high-tem perature sintering of fuel I

for Power Ramp

[ steady-state swelling of fuel }

[ degradation of properties of clad and fuel |

v and fission gas release
( [ Power Ramp
A PN
Power Ramp s _
= H
@ -
A A L i
5 % z -
: =
8 (1] fission prod uct m i
7| |3 5 =
e & o 3 generation s ;
thermal expansion [ | |g % o > &
of fuel 3 A point deffect e Z]
Y S - generation g m _
0 3 o in fuel lattice 2o 11 ok
— 2 m E g g; off
= ) § diffusion of 3 < HINRTT
mechanical stress Infuel | 3 T gas monoatoms 3 2 28|25
( hyd rostatic pressure) '30 3 o = §‘§ : f
usion - = c3lffg
g point deffects g 7 i
- = g PR, Y 7.
fuel creep }— g formation of g g data communication
g lntragranu lar bubbles E a Criteorial characteristics of fuel rod:
W - tensile hoop stress fuel gas pressure
- -
pelletgrowth | {a o = - 8' ® ® i ssos PO eratu |Lc'-d_|
=] S % pping o = of clad
o g gas monoatoms D | l[gas resolution Pertinent Acceptance Critioria:
-clad SCC Fuel melting Clad 'lift-off"
- ultimate strain
of clad




Mathematical/numerical frame (ii)

FPCs feature a frame into which time-dependent input, geometry and composition,
material properties and behavioural models are /can be incorporated .... START-3 code models

[pstet Fragmentation ]
[ooliet ragmentation ] rormal peliet-ciad contact]

[irradiationnduced densification of fuet | s [—_ Tiet defragmentation
fo r Powe r Ra m p | lmgh--mp-unn sintering of fuel |I . {-;;mmq I
steady-state swelling of fuel 3 formation of High Burn-up Structure
[ degradation of properties of clad and fuel |
o Q s 8 ( Power Ramp J
contrafl':::‘lg _g | 4 \ bubble growth 3 | [fission gas arrival at Aa — %
& =
3 g 3 | |closed boundaries 3 g ‘:u-l:::.:m
= 3 | bubble migration | £ | Lof grains g E g e i &
g, g | bubble coalescence | § P oo B § [ wbomn || (22
— echanical stress in fuel 3 - 3 9as ':l‘:':‘:?::: £ g'
et ’"::2::3 —|% 8% fission gas release = | | intergranular pores o | |8 g '% T
<) 2% through open surface g - N i
= gl of fuel intergranular pore T H samennal| |22
i: o s Y g AL
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o ) i : o rgi ' |of grains
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Py Criteorial cha cu:i tics of fuel rod:
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v - plastic deformation
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4 data communication | > Bertinent Acceptance Critions:
-3 - clad SCC Fuel melting Clad 'lift-off'
- ultimate strain
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Mathematical/numerical frame (iii)

2 E i Explicit models for the inelastic strains
Fuel Cladding i L A
=
| Si l EXPL M.
I o : |
T x .
| wr '
| }
PLENUM a
i 9ap T iters = 0
| J ~—— AXIAL Coolant >(100
| | NODES
i Iters = iters +1 Increment of the iteration variable
| d o —
% ! I ot TEMPER Thermal analysis
a !
| COOLANT 8| 3
! s E | MECH Mechanical analysis
‘ L FUEL -CLADDING E =':-_5
i FRICTION = E. Fission gas generation,
oT i FISGAS intra-granular diffusion and release
| ZONE o~ e Lo T
| pc a— =V -kVT + q
' CENTRAL t CONV. CHECK I Check of convergence
‘ VOID [
' No
- Convergence

z ‘ L ——ARADIAL NODES BCs: ) 9

“t Symmetry at fuel centreline v Yes

l Convective at clad outer wall '

¥
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Mathematical/numerical frame (iv)

In 1D (radia”’ for Slm,OIICIty § i i Explicit models for the inelastic strains
- . g L
| » Constitutive equations: g 5 l =XPL M
i g=cf+ef+e +&/f forp 6z @i E
PLENUM l
i » Compatibility equations: iters = 0
i J re _
e
! AXIAL dr »(100
| Il NODES Uy
i < 89 - T Iters = iters +1 Increment of the iteration variable
[ duZ gmm-
| (&2 = — = const i
| I dz o Py TEMPER Thermal analysis
o 31
‘ COOLANT TTIr . 8 g
| > Equilibrium: g Ex MECH Mechanical analysis
| L rueL cLaboing do, E 2 | T
i FRICTION Og = 0p +T dr = E § FISGAS Fission gas generation,
! zoNe P : intra-granular diffusion and release
! From this set of eqgs, we can get one ordinary ONV CEECR I sk o G ianie
| SETSHAL differential equation for radial displacement -I .
B u, as a function of elastic & inelastic strains No
‘ Convergence
z L ——RADIAL NODES _ )
‘4 We need to implement physical models for v Yes
l the material behaviour (e.g., for inelastic |
- strains like swelling, creep)
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Mathematical/numerical frame (v)

% E i Explicit models for the inelastic strains
3
Ei | A
. 2t l EXPL M.
i » One of these inelastic strains is Wi i
PLENUM the gaseous swelling strain $
. . . it =0
| induced by fission gas e
| J accumulation in the fuel
! AXIAL »(100
\ | - NODES
i > AISO fISSIOn gas |S released In Iters = iters +1 Increment of the iteration variable
% i the fuel-cladding gap, and in the ——
i Thermal analysis
' I other free volumes as well (FGR-  g| %! ’
‘ COOLANT f_ . o 'g E
! ission gas release) & Ex MECH Mechanical analysis
| L rel cLaboinG ® 2 | T
| FRICTION L . 2 Ei FISGAS Fission gas generation,
i Zone o~ » FGR modifies the properties of E_" | intra-granular diffusion and release
| N the gap (thermal conductance, T Icmk —
| VoID pressure) |
' N
‘ 2 Convergence
z L ——AADIAL NODES
L i ‘ Yes
| |
l ,
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COOLANT

*L—— FUEL -CLADDING

FRICTION

ZONE o~

CENTRAL

Y

vOID

L ——RADIAL NODES

~

>

>

One of these inelastic strains is
the gaseous swelling strain
induced by fission gas
accumulation in the fuel

Also, fission gas is released in
the fuel-cladding gap, and in the
other free volumes as well (FGR -
fission gas release)

FGR modifies the properties of
the gap (thermal conductance,
pressure)

Mathematical/numerical frame (v)

Fission gas retention

(bubbles)
Fuel swelling Fuelthermal
l conductivity
: degradation
Cladding

stress/strain

!

Pellet-Cladding
Mechanical
Interaction

(PMCI)

Fuel
temperature
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Mathematical/numerical frame (v)

| » One of these mela.stlc stra.lns IS Fission gas release

PLENUM the gaseous swelling strain (FGR)
| induced by fission gas
| J accumulation in the fuel
AT v
| > Also, fission gas is released in Pininner Gap

% i the fuel-cladding gap, and in the pressure conductance
| I other free volumes as well (FGR -
‘ COOLANT - -
| fission gas release)
| L el
| RIGTION y | Cladding Fuel
| sone _—~ ~ FGR modifies the properties of stress/strain temperature
! the gap (thermal conductance,
| o pressure)
7-1‘1 | ——RADIAL NODES

IL l ,
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Mathematical/numerical frame (v)

| » One of these inelastic strains is FISSION GAS BEHAVIOR IN NUCLEAR FUEL
PLENuM the gaseous swelling strain A MODELLING AND EXPERIMENTAL
} induced by fission gas CHALLENGE
| J accumulation in the fuel
i & NODES < Among the myriad phenomena that occur
i > Also, fission gas is released in simultaneously in a nuclear fuel element
* i the fuel-cladding gap, and in the und_er irradiatl;,)nl,l none his SO fru_stratedl_the
| I other free volumes as well (FGR - des'gr.’er’.so challenged t € exp e”menta. ISt
| COOLANT ficsi | or so intrigued the theorist as the behavior of
i ission gas release) the fission products > Olander 1976
| L——EE:ECLT—I-(C:}IR]ADDING (Olander )
} sone » Calculation of.gaseous swelling
| and FGR requires modelling the < Although written in 1976 this statement is
| oo complex fission gas behaviour... still valid, and even after more than 30 years
i and is coupled to the thermal- of research, fission gas release and swelling
N —— AADIAL NODES mechanical analysis as well! is still a subject of controversial discussions >
ll (Lassmann - Benk 2000)

~
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COOLANT

*L—— FUEL -CLADDING

FRICTION

ZONE o~

CENTRAL

vOID

4

L ——RADIAL NODES

~

>

>

One of these inelastic strains is
the gaseous swelling strain
induced by fission gas
accumulation in the fuel

Also, fission gas is released in
the fuel-cladding gap, and in the
other free volumes as well (FGR -
fission gas release)

Calculation of gaseous swelling
and FGR requires modelling the
complex fission gas behaviour...
and is coupled to the thermal-
mechanical analysis as well!

Iteration loop

Explicit models

Mathematical/numerical frame (v)

Explicit models for the inelastic strains

iters =0

»{100

Implicit models

Iters = iters +1

Increment of the iteration variable

TEMPER

MECH

Thermal analysis

Mechanical analysis

FISGAS

Fission gas generation,

intra-granular diffusion and release

CONV. CHEC

K I Check of convergence

No

Convergence

‘ Yes
|




Material and behavioural models

@ Complex phenomena, behavioural evolution and interactions to be incorporated in FPCs

Coolant pressure,

[

Fuel rod /grid ]

interaction-fretting

.
Fission gas
| release
»y

( Creep and )
swelling
\ J

1

y

v

Fuel
> Fuel pellet restructuring
cracking > J
— {

!

High burnup

CRUD |‘
I temperature
t = TR
deposition void fraction
Deformation: ( G :
ap width &
= c;eg\:}x: | composition
J
Irradiation s )
> hardening an Pellet-cladding & |e
embrittlement mechanical
\ / interaction
, \ Cladding J \ /
Cladding L
—>  corrosion and |
L ﬁfrltﬁng 3 Fuel/cladding P
bonding
------------- < s
: Cladding S | -
! temperature <— ; :
E and gradient | — Int‘?‘égéllllr?d ;
i 1

temperature
and gradient

Fission density
and particle flux

______ e

4[

Total power and
power history

1

I > 7 f t
rim formation
Thermal L J
> conductivity I
decrease . "
> * Densification
and porosity
. J
------------ N
Fuel ;

- (Wirth 2017)

Exposure time in-reactor
and fuel burnup

>

>

Traditionally, FPC modelling employs continuum
mechanics techniques at the macroscopic scale,
where the molecular nature of the materials is
usually ignored

From a correlation-based to a physics-based
approach (possibly according to a hierarchical multi-
scale modelling for a better simulation of fuel pin
behaviour under irradiation), also supported by
uncertainty analysis (UA) & sensitivity analysis (SA)

The models (at every single-scale level) have to be
computationally efficient to allow for error
propagation and quantification-margin-uncertainty
analysis

This will provide a more theoretical or in silico, and
so less empirical, basis for fuel pin performance
modelling, hence enabling more generic application
to novel fuel designs, in particular of Gen-IV reactors
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Time scale

"
Y
©
(]
O
Y
©

S-yr

s - s

ns - s

ps - ns

Material and behavioural models

-------
---------
- -
- S~

Finite
elements
analysis

Process
Simulations

mechanics
constitutive

S
Ceeme="

dislocations
defects

theory
1D evolutior

A
S
e
---------

dynamics ‘
. Semi-empirical /| Monte Carlo
\@tentials : 3D Spatia'
/mtio i3 s evolution
Electronic
structure
~..methods _~ -
atomic - nm nm - gm Hm - mm mm-m

Length scale

Y

Traditionally, FPC modelling employs continuum
mechanics techniques at the macroscopic scale,
where the molecular nature of the materials is

usually ignored

From a correlation-based to a physics-based
approach (possibly according to a hierarchical multi-
scale modelling for a better simulation of fuel pin
behaviour under irradiation), also supported by
uncertainty analysis (UA) & sensitivity analysis (SA)

The models (at every single-scale level) have to be
computationally efficient to allow for error
propagation and quantification-margin-uncertainty
analysis

This will provide a more theoretical or in silico, and
so less empirical, basis for fuel pin performance
modelling, hence enabling more generic application
to novel fuel designs, in particular of Gen-IV reactors
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Development/use of FPCs

Geometric domains represented

Mathematical/numerical frame

Validation 3 ; ;

Burnup analysis ; Va"datiOn
Thermal analysis

Mechanical analysis

Material and behavioural models
(e.g., Fission Gas Behaviour)




Validation (i)

@ Fuel pin behaviour modelling inevitably requires:

» material properties data + dedicated experiments

quantification of behavioural model parameters Post-Irradiation Examinations (PIE)

>
» overall validation of the global "fuel pin" behaviour
>

e diameter measurements, 1D at mid-pellet, 3D including ridges
code-to-code comparison and benchmarking . gride

e axial gamma scanning

) ) (Noirot 2016) * rod length measurement

In-pile dedicated tests o
« fission gas release } _

pin pressure

* temperature measurements « free volume

* pressure measurements * density measurements

e diameter measurements * porosity measurements

e sweeping gas analysis of the in-pile release e EPMA and SIMS Xe measurements

e post-test examinations « EPMA and SIMS FP creation measurements

e Zirconia thickness (non-destructive and ceramography)

Out-of-pile annealing tests *  gap (ceramography measurement)

 intergranular gas measurements

 for gas models, without irradiation - fuel thermal conductivity




Validation (ii)

@ Fuel pin behaviour modelling inevitably requires:

% Behavioural models, such as irradiation creep in
cladding, can be based on certain fundamental
hypothesis

» material properties data + dedicated experiments

quantification of behavioural model parameters

>
» overall validation of the global "fuel pin" behaviour _ _ _
N (e.g., dislocation glide or vacancy loop collapse)

code-to-code comparison & benchmarking
» Such a hypothesis needs to be tested with

< Experimental data on material properties dedicated Separate-Effects Experiments. If the

L)

can be fitted (in an equation form) to a set
of logical independent variables or
experimental parameters

(e.g., thermal conductivity of the fuel is typically
fitted to temperature, burnup, plutonium content,
stoichiometry, and porosity; pellet cracking and
fragment relocation effects can be taken into

account, as well) (Rashid et al. 2011)

e

POLITECNICO
MILANO 1863

>

experiments confirm the hypothesis, a
correlation can be developed

(which in this case will depend at least on stress,
temperature, material cold work condition, and neutron
flux)

Finally, we need an overall validation of the
global behaviour, as confirmed by Integral
I[rradiation Experiments & by actual in-reactor
experience, Last, but not least, we also need

code-to-code comparison & benchmarking




Validation (iii)

@ Predictions from modelling could be used as a guidance to understand the materials (fuel + cladding)

behaviour —> it is necessary to keep data sets used for calibrating a FPC separate from the data sets used for
checking the FPC predictions ...

(Rashid et al 2011, Rossiter 2012)

Some limitations of FPCs

---> Any code is only as good as its validation ...

» Determination of material properties, and their evolution (i.e., as the measured data used to confirm the
with irradiation, using sub-macroscopic scale models accuracy of its predictions)
(e.g., molecular dynamics models for a novel material, meso-
scale modelling for a heterogeneous composite of two » A first limitation is connected to the validation
standard materials or for a porous material) range (i.e., the range of fuel designs, material
compositions, burnups, etc. for which FPC
predictions are enhanced toward greater fidelity to the range of applicability, the predictions are then

> Alternatively, the microscopic and macroscopic models uncertainties

can be coupled each other to allow a seamless interface > A second limitation of codes used for fuel
(however, atomistic simulations cannot be independently behaviour modelling (in particular, FPCs) is that
verified even with the best available microscopy, since they several phenomena of interest are stochastic

are made at sub-lattice scale by definition) (e.g., pellet cracking and fuel fragment relocation)




TOO GOOD TO LEAVE ON THE SHELF...




Useful reading

» D.R. Olander, Fundamental Aspects of Nuclear Reactor Fuel Elements, ERDA Technical Information Center,
Oak Ridge, 1976.

» H. Bailly, D. Ménessier, C. Prunier, The Nuclear Fuel of Pressurized Water Reactors and Fast Neutron
Reactors - Design and Behaviour, Lavoisier Publishing Inc., Paris, 1999.

» B.R.T. Frost, Nuclear Materials. In: Materials Science and Technology - A Comprehensive Treatment, Vol. 10,
VCH, Weinheim, 1994.

» D.G. Cacuci, Handbook of Nuclear Engineering. Springer-Verlag, New York, 2010.

» N.E. Todreas, M.S. Kazimi, Nuclear Systems, Vol. 1: Thermal Hydraulic Fundamentals, Taylor & Francis,
London, 2011.

» A.E. Waltar, D.R. Todd, P.V. Tsvetkov, Fast Spectrum Reactors, Springer, 2012.
» R.J.M. Konings, Comprehensive Nuclear Materials. Elsevier, Amsterdam, 2012.

» D.R. Olander, A. Motta, Light Water Reactor Materials, Vol. |: Fundamentals, American Nuclear Society, 2017.
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Reference sources (i)
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(Beyer et al. 1975)

Thank you
for your attention

K N INSPYRE has received funding from the Euratom research and training programme 2014-2018
* i under grant agreement No 754329.
This project is part of the research activities portfolio of the Joint Programme on Nuclear Materials. EEErEIrermis
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Burnup analysis



Burnup analysis (i)

| WWER440 (57.4 MWd/kgHM)
o _ | 2 T T ]
Burn-up - to be distinguished: I Smimov et al. (2001):
I A EPMA 2
| 15x%x10° F . EPMA 1
I :'_E'- A Ms 2
* |ocal burnup < = ° Msi
. . oxt0°F ——— TUBRNP ( WWER )
section average burnup _%, L0 T UBRNP (LWR)
 fuel rod average burnup = ) o
D psx10°t At
D |||||||||||||||||||
0 1 2 3 4
(Van Uffelen 2019) Radius (mm)
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Burnup analysis (i)

@ Why do we need a burn-up model in fuel performance calculations ?

1 o g

A~
I
I
I
I
I
[

To calculate at each radial position in the fuel:

* the fraction of fissile material burnt (local burn-up)

* the build-up and fission of the Pu, Am and Cm isotopes and
* the build-up of fission products

9
radial power density distribution = source term for temperature calculations

radial burn-up distribution — local material properties
- local concentrations of fission products

il INSPYRE First Summer School, Delft, May 13-17, 2019




Burnup analysis (ii)

@ —> complete solution (?
P (?) Example: X = %,Pu

Complete system of isotope evolution equations but to be solved for all isotopes
in all radial zones |

- total neutron absorption on X
A

+ neutron capture on "‘_;'){ 96
+ ... add. nuclear reactions, e.g. (n,2n) ,

T=85004a

95

- total decay of TX

_ ) 94
+ build-up from a-decay of M=JA

+ build-up from p-decay of ,"\B o
+ build-up from add. decay modes " - ” "
(e.g. electron conversion)

INSPYRE First Summer School, Delft, May 13-17, 2019



Burnup analysis (ii)

@ —> complete solution (?)

Complete system of isotope evolution equations

dN [ [Nm(r,t) 64 (E }cIJ{rEt}c!E+ij (16 m(E) (rEt}dE]dn

) ["' Nin (T, t}]dt"'[ -am+4Nm- -1“)} dt"‘l: “pm’ m{r}:l dt+..

Fmm——————

For all isotopes, in all radial zones (!)

—> feasible today, but coupling with fuel performance code is still challenging:
* time-step control required for short-lived isotopes
* fuel geometry changing during irradiation

- But full set is not required ...
* only the fissioning nuclides are relevant for the radial power profile
* only the relative radial power profile is required

* * et
x g
A x POLITECNICO
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Burnup analysis (iil)

@ —> alternative ...

Common approach: one-group effective cross sections

- total neutron absorption on TX dN qo(rt) = DN {rt {EjﬁI}{r,E,t]diE]dt

~1
+ neutron capture on M7 X +D‘ N1 (r,t)o e m_q(E) tI:{r,E,t}dE]dtl
+ ... add. nuclear reactions, e.g. (n,2n) | .

Neutron transport (e.g., MCNP) for calculation of flux and effective cross sections combined
with depletion calculations (e.g., ORIGEN) for time increment defining one-group effective

cross sections, depending on location and time

[ o (E)®(r,E tE (Van Uffelen 2019)

[ @(r,E,t dE

— AN, (r,t) = [—Ga,m{r,T)Nm(nt} D(r,t)+ Gc,m—1{r:th-*l{r:t}ED{r’t}] ct INSPYRE First S School, Delft, May 13-17, 2019
Ir'st Ssummer Scnool, DEITT, Iviay -1/,

o, (r,t)= @(r, t) =[c1:u(r,E,t]dE




Burnup analysis (iil)

8@ —> alternative ...

Common approach: one-group effective cross sections

Priority: modeling relative radial power profiles Example
= source term for fuel performance calculations
ﬂ (radially averaged or "linear" power is given on input) TUBRNP module
Diffusion 5 2 Ca kN in TRANSURANUS
of thermal q"'(r) o= Do kN (r)(r) D(r)=c-ly(xr) with x= f;-tc"* ~ k3 N
’ Xs GsNto
neutrons K tot (Van Uffelen 2019)
+
ANy (1) = [ =02 N (1) i (D) + G AN _4(Ff (1) | ©(r)dit
(only) for U-235 ... U-238, Np-237, Pu-238 ... Pu-242,
o Am-241. Am-244 Cm-242..Cm-245, He-4
Limited
. + most relevant decay terms
equations

- one-group eff. cross sections
- resonance form factors (only for U-238, Pu-240)

POLITECNICO _
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Burnup analysis (il

1)

@ —> alternative ...

Common approach: one-group effective cross sections

A
Example
96 — .
2l e M-Ig%l oy R —lomad— TUBRNP module
-, -, .
sl t-ﬂis\E b in TRANSURANUS
%5 [am 2611 ——»[am 282 am 2u4]
: o "'j‘i_" (n:1) (Van Uffelen 2019)
A
T ':--EI.;I'I
94 Pu 238 Pu 23 Pu 240 Fu 241] o Pu 242 Pu 243
n . 5 X X . .. . .
N ﬂf : “‘;\TT} e e —> major actinides & fission products
93 | SN TN Bt __ (including a-decays, branching ratios
Np 237 238 Mp 233 Hp 240 . .
(n) ) ] for 242Am, B-decays, helium issues...)
B g
Tm BT T 23,5 AT
e e =1 S e
ny {n.y) {n,2n}) {n.y)
-
143 144 145 146 147 148 149 150

INSPYRE First Summer School, Delft, May 13-17, 2019



Burnup analysis (il

1)

@ —> alternative ...

Common approach: one-group effective cross sections

4 Example

TUBRNP module
in TRANSURANUS

(Van Uffelen 2019)

-—> maijor actinides & fission products
(including a-decays, branching ratios
for 242Am, B-decays, helium issues)

—> extended to Th-fuels

INSPYRE First Summer School, Delft, May 13-17, 2019



Burnup analysis (iv)

@ —> validation ...
1) Priority ---> Experimental Data

Electron Probe Micro Analysis (EPMA)

Example
- Provides local concentrations of elements (e.g., Pu, U, Nd, Xe)
" TUBRNP module
Secondary lonization Mass Spectrometry (SIMS)
- provides relative local concentrations of isotopes (e.g., Pu-239, Pu-240) in TRANSURANUS
Radiochemical analyses (Van Uffelen 2019)

- provide radially-averaged concentrations of elements and isotopes

-—> maijor actinides & fission products
2) Complementary -—> Detailed neutron-physical simulations (including a-decays, branching ratios

for 242Am, B-decays, helium issues)

Monte-Carlo Burn-up codes (e.g., Monteburns, ALEPH, VESTA, SERPENT
P (€8 ) —> extended to Th-fuels

Lattice codes (e.g., HELIOS) —> extensively validated

il INSPYRE First Summer School, Delft, May 13-17, 2019




@ —> example: TUBRNP validation ...

1) Priority ---> Experimental Data

Electron Probe Micro Analysis (EPMA) - local concentration of Nd (~burn-up)
Uo, (LWR)

Burnup (MWd/kgHM)

300

200

100

v Exp.-Walker et al.

(2005)
— - TUBRNP

12C3-LP
(69 MWd/kgHM)

‘k,
bellgeens

1 2 3

Radius (mm)

()

W

POLITECNICO
MILANO 1863

4

300

200 |

100 ¢

UO, (WWER)

Exp. - Smirnov et al. (2001):

« EPMA1
4 EPMA2
o MS1
2 MS2

—— TUBRNP ( WWER)
—— TUBRNP (LWR)

A2001
(57.4 MWd/kgHM)

i

1 2 3

Radius (mm)

150

100

50

MOX (LWR)

v Exp. - Fisher et al.
(2002)

— TUBRNP (MOX)

\Z

= Yy Y

0 1 2 3 4 5

Radius (mm)

(Van Uffelen 2019)

Slice average Pu concentration (wt./wt. HM)

0.03

0.02

0.01

Burnup analysis (iv)

U: 2.9% - LWR (Walker et al)
U: 3.5% - LWR (Walker et al.)
dto. - radiochemical analysis

23%): 4.1% - PWR Takahama-3
- radiochemical analysis 4
U: 3.5% - LWR (Walker et al.)
samples #1 and #2

o ObX

izu: 3.8% - LWR (Walker et al.)

722U: 4.5% - LWR (FUMEX-I)

72U: 3.6% - WWER 440 (Kryukov et al.)

3:2U: 4.4% - WWER 440 (Kryukov et al.)
U: 4.4% - WWER 1000 (Kryukov et al.)

»&+ >

—  TUBRNP T
a) ZU: 3%
b) Z*U: 4%

— — VESTA

4 =1 a)
)

20 40 60 80 100

Slice average burn-up (MWd/kgHM)




Development/use of FPCs
Geometric domains represented
Mathematical/numerical frame
Validation

Burnup analysis

Thermal analysis

Mechanical analysis

Material and behavioural models
(e.g., Fission Gas Behaviour)

Thermal analysis



Thermal analysis of fuel pins (i)

"Single-channel" analysis (coolant-centred)

Hp. Single-phase flow, steady-state conditions > not true'if the pilisiEESE i

) ) ) ) in the periphery, close to control rods
Hp. No azimuthal dependency in heat generation & cooling < > not true at beginning of life (eccentricity,

Hp. Radially uniform power generation, dg"/dr =0 A o )
Hp. L/D >> 10

@ C" ® O
M
' H,0
Na
FBR PWR
—1.3_1 1
f=63=3 f=74=1

()
g
PR aCEN)

N
POLITECNICO
MILANO 1863
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Thermal analysis of fuel pins (ii)

“l L/2
e L o b
Tnax \
i

Tci\
0 Teo|
0 fuel gap cladding 7

Rfo Rci Rco

aT r
pc—=V-kVT + q

B =7 i
= Hp.
—L /2 1dT dT nro_
: ;dr(kra) g 0

MILANG 1863 INSPYRE First Summer School, Delft, May 13-17, 2019



Thermal analysis of fuel pins (iii)

@ Axial problem

VIVA
q’(Z) q’(z) = q;naxcos (?)

fq'(z)dz = Mcpchool

A

2

f jz AT sin(mz/L)
cool(Z) coolin T MCp .. q (z)dz coolin T + sin(nL/ZL’)

AT

_ 2L f qmax . (7TL ) 2L f qmax
= . sin{— | = .
tMc), 2L nMc,

q'(2)
2R h

Teo(2) = Teoo1(2) +

POLiQT:;éfEi/r;ulco _
MILANG 1863 INSPYRE First Summer School, Delft, May 13-17, 2019




Thermal analysis of fuel pins (iv)

@ Radial problem

q'(2)
Tf o Tci Tco Tcool (Z_ )

Tmax
FUEL AP CLAD COOLANT
lid llet 1 1 ln(Rco/Rci) 1
SOll elle —
Tk, 2nR b, 21k, 2R oh
Oc &
J lgap open Jln (1 +R—Ci)~Ra_ «1
T /
max 6‘ 6‘
j kedT =L 99 :
Tfo 41t ZﬂRfokg anCikC
INSPYRE First Summer School, Delft, May 13-17, 2019
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@ Radial problem

q'(2)
Tmax Tfo
FUEL
Fy
annular pellet ——
47ka
Cross section of an annular pellet. Tmax q’

k,dT = —F
j f 4"

R
POLITECNICO
MILANO 1863

Thermal analysis of fuel pins (v)

12

Void factor, Fy (o)

Void factor function. For an annular region, o is the ratio of the outer to the inner radius.

INSPYRE First Summer School, Delft, May 13-17, 2019




1 Ocff ;
L) S 4 < 6‘9 > > 6j Uy 2
fuel gap cladding

e

POLITECNICO
MILANO 1863

Thermal analysis of fuel pins (vi)

OPEN GAP

h, = +
g
Gepr 1,1 _4

10 um He
5eff o 59 + 5jump 1t 5jump 2 <

1 um Xe
kgas = (kq)*1 (k3)*

Kgas = A 1076T (K)%-7° cmil( A= 15.8 He
1.97 Ar
1.15 Kr
0.72 Xe

INSPYRE First Summer School, Delft, May 13-17, 2019




Points of
contact

Fuel Cladding

i

Close-up view of fuel-cladding contact

P -

Thermal analysis of fuel pins (vii)

OPEN GAP
k 40T}
hg = e 1 alfo
Oz NRE S|
€f Ec
10 um He
Oeff = 0g + Ojump 1+ Sjump 2 <
1 um Xe
kgas = (kq)*1 (k3)*
W
Kgas = A 107°T(K)*-7? p— A= 15.8 He
e 1.97 Ar
1.15 Kr
CLOSED GAP 0.72 Xe

h —C Zkfkc Pc
contact kf n kC H\/6_g

hg,closed = hg,open A ez

INSPYRE First Summer School, Delft, May 13-17, 2019




Development/use of FPCs
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» Thermal analysis

Mechanical analysis

Material and behavioural models
(e.g., Fission Gas Behaviour)

Mechanical analysis



Mechanical analysis (i)

B Hp. Continuum mechanics
@ Hp. Deformable body without lacerations

@ Engineering notation
* Orthogonal reference system

* Rectangular coordinates (X, y, z)

(U 3U; displacement

. J . Ox Txy Txz
L€ 6&  strain o= |Tyx Oy Tyz -
\0  90ij  stress tzx tzy Oz 4
Unknowns 3

Op = Z o;n;
=1

Visual representation

i INSPYRE First Summer School, Delft, May 13-17, 2019




Mechanical analysis (i)

@ Governing equations
B8 Hp. Cauchy continuum (non-polar materials)
B / denotes partial derivatives

Eij = E (uj/i + ui/j) 6 Egs. Strain compatibility (imposing simply-connected body)

(0ij = 0ji

3
4 z 1 611/ + P} — (0 | © Egs. Static equilibrium in the undeformed configuration

[= (Hp. of infinitesimal or "small" strains)

MATERIAL BEHAVIOUR | 6 Egs. Constitutive laws (depend on the material, G~&)

Hmrant ot
bees i

i INSPYRE First Summer School, Delft, May 13-17, 2019



Mechanical analysis (il

)

B Material behaviour, Constitutive Equations
@ Elastic & Plastic
B Effect of irradiation...

—— Sl i G oaEa E— — R — e ———

IRRADIATED r\

V) r\/,\ ('OW s

% temperature) 7))

= L) :

e »~UNIRRADIATED o /\ ¢ IRRADIATED

- \X w /_\(
\

S IRRADIATED (high temperature) = ‘ UNIRRADIATED

i Z

Ll w

= .

O :

L o

| |

ENGINEERING STRAIN ~ ENGINEERING STRAIN
fce, austenitic steel bcc, ferritic steel

POLITECNICO _
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Mechanical analysis (iv)

8 Elasticity
* Bi-univocal relation between stresses and strains
* Law of this dependency has to be found experimentally
@ Linear elasticity
* No yielding in the material
* Compatibility imposed on infinitesimal relative displacements
* The superposition principle holds...

= 3 C 3% =81 components = 2 independent components

< | &= TS CjrsO _ _

— Y 21 LA e Symmetry of £and &

gj * Reversibility: strain energy

Cx) 3 density independent of loading
& Jif = z rSDijrsers st :

L 1  Macroscopically homogeneous

& perfectly isotropic material

i INSPYRE First Summer School, Delft, May 13-17, 2019




Mechanical analysis (V)

B Withd =Y3¢; =tr (_) = AVV

Lamé’s relations

3 N {O-ii — Zﬂgl’i + A0
Ojj = zlrSDijrsgrs Oij = 21€;;
( uBA+ 2u) In terms of engineering elastic moduli
- A4 € 1
A fi T p Uii—Vz 0j j
1V = . 4 JJ
2(A+ ) 1
E §ij = 501
G = =u \ 2G
\ 2(1+v)

sssssssss INSPYRE First Summer School, Delft, May 13-17, 2019



Mechanical analysis (vi)

@ Thermo-elasticity

(4 PRV
_ rE € € ( 1 i 1
€ E;i ef,i], 8:;] Exx = Z [axx — v(ayy + O'ZZ)_ +a(T —-T,) Exy = Eaxy
Ezx gzy €z 1 - 1
< ) s Grmy G — 7 &y = = [ayy —V(Oxx + 0z) ||+ a(T —T) Exz = 57 Oxz
o Oyy O o 1 : 1
032’:: 032’;’ G’;] ez = % |62z — v(0xx + 0yy) ||+ a(T — Ty) Eyz = 5= Oyz
\F B By, ]
+ Strain compatibility
{T T(x,y,z) > V-kVT+q"(x,v,2) =0 + Static equilibrium

a is the linear thermal expansion coefficient (&« = AL/LAT = g = AV /VAT)
B being the volumetric thermal expansion coefficient

POLITECNICO _
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Mechanical analysis (vil)

@ Thermal stresses

Homogeneous and isotropic material
Uniformly heated//cooled > NO THERMAL STRESSES !
Free to expand//contract thermally

Thermal expansion//contraction completely prevented in uniform heating//cooling
* Non-uniform temperature (thermal gradient) but free to expand//contract
* Mixed effect: non-uniform temperature + partial restraints in one or more directions

G : geometry of the component
T : temperature distribution

ak
"yl o TG

S
LRSIA

POLI‘F; :'c;«co
bl INSPYRE First Summer School, Delft, May 13-17, 2019




Mechanical analysis (viii)

@ Thermal stresses

ak ak
o; 1 oc T CVf(G, T) /‘ oyl oc T— AT
f(G)
AT oc——
Tk
= aE v MPa m
- (1—-cv)k bl = Y

Ferritic steel, bcc: M=0.12
Austenitic steel, fcc: M = 0.36

INSPYRE First Summer School, Delft, May 13-17, 2019



Mechanical analysis of fuel pins (i)

z
)
Uz r
u [ur;uﬁ;uz] A 19
Ug
- Err Ery Erz Uy :
© Eor €99 €9z | ELEMENT Ltor
[ €2r €29 gzz-> ELEI;!LEXJJEW I
r-2
_ Orr Opry9 Opgz : vz o
o Oyr 099 09z | i
Ozr 029 Ozz : "
F_' [FTJFﬁJFZ] J :
4]
) z2z
I
T T(r,9,2)} |

/—"’ (zr

R —
et

POLITECNICO
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Mechanical analysis of fuel pins (ii)

@ Axial-symmetry of geometry and applied load

{0-192 =Ty, =0
O9r = Tyr =0

d,

;
@ Equilibrium (symmetry of the Cauchy tensor) }

Tz9 = Tyz =0 *‘
Tr9 = Tyr = 0
Trz = Tgr

@ Ortho-cylindricity
* u,independent of z
* u,independent of r
* €,=U,/, independent of r

@ Neglect volume forces F

Pouirxé:c;uco .
MILANG 1863 INSPYRE First Summer School, Delft, May 13-17, 2019




Mechanical analysis of fuel pins (iii)

B Constitutive Egs. of Cladding and Fuel Component Isotropic?  Permanent ?
Elastic NO NO
Thermal YES NO
_ E T S VP C
E =& +¢& +¢Eg &g+ [Ei ] Swelling YES YES
Creep/plastic NO YES
o [- elaS'UC Stra|n Axial growth (e.g., Zy) NO YES

T : thermal strain

_ . . Thermo-elastic component
S : swelling + [fuel densification]

* VP : visco-plastic strain fg,{f = %[ar —v(og + 0,)]
* C:[fuel cracking] {6 = 2[ay — (@, + 0, (cladding = fuel)
o
ng - E [O-z V(Ur + 0-19)]
(el =ef = el =a(T =Ty (cladding = fuel)

~ :?:5.'}?

POLITECNICO .
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Mechanical analysis of fuel pins (iv)

B Constitutive Egs. of Cladding and Fuel Component Isotropic?  Permanent ?
Elastic NO NO
Thermal YES NO
_ E T S VP C
E =& +¢& +¢Eg &g+ [Ei ] Swelling YES YES
Creep/plastic NO YES
o [- elaS'UC Stra|n Axial growth (e.g., Zy) NO YES

T : thermal strain
S : swelling + [fuel densification]
VP : visco-plastic strain ¢ T3

- ' 1|/av AV Aav
C : [fuel cracking] gg=gg=gg=gs=§[<_v> | +<—V> —(—V> - ] (fuel)
solid FPs gaseous FPs densification

Swelling + [fuel densification]

1
S _ S _ .S S
y = &9 =&

av .
(7> ] + oy, (hydrostatic stress), T, dpa (dose) (C|add|ng)
voids

(AV/V)solid Fps T burn-up

(A V/ V) gaseous FPs <+ 0y, size and concentration of fission-gas bubbles vs. T

v/ V)densification + 0y, reduction in volume of the pores

POLITECNICO _
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Mechanical analysis of fuel pins (v)

B Constitutive Egs. of Cladding and Fuel Component Isotropic?  Permanent ?
Elastic NO NO
Thermal YES NO
_ E T S VP C
E =& +¢& +¢Eg &g+ [Ei ] Swelling YES YES
Creep/plastic NO YES
o [- elaS'UC Stra|n Axial growth (e.g., Zy) NO YES

T : thermal strain

: . I Visco-plastic strain (cladding = fuel)
S : swelling + [fuel densification]

. i . Eoa [ 1 1 3¢ 4
* VP : visco-plastic strain (7P — g, —= (09 +0,)| =5 =2, <d7V> _ Z eV — 0
_ , eq ! : eq i
* C: [fuel cracking] Jovp _2eaf, L, o] -3
9 - O_eq _0'19 > ()% o, ] - zo-eq ) SV . gV(t)
evp = el — = (o +0)-=§gﬂ l l
\ Z Ueq i z 2 r 9 ] ZUeq z

3¢&f _
For instantaneous plastic strain —> & (t +4t) = & (¢t) + 4l = () +5="8;  S;=0, — o (stress deviator)

20,
(more complex for creep strain)

T
Ebg = A(T)aenq( )

POLITECNICO
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Mechanical analysis of fuel pins (vi)

@ Axial balance

Pot v | | Fuel
3 R N
T T ZnJ o,(r)rdr = t1(R? — 15*)pjy + Ay + z Ay
T D | T 0 k=n+1
______ o, ii Cladding

TLN I 1t 27TjR+t

N
0,(r)rdr = (R + t)*pout — TR*pin — Ap — z Ay
R

i e S

INSPYRE First Summer School, Delft, May 13-17, 2019



Thermo-elastic analysis of fuel pins

du
fgr= 7 g=clvel +&f + /P + |ef]
dr
doy, U de NB: considering also these
— [ = —— — — 5
Og = 0p + T dr < €6 r &r ) dr strains, we get instead an
du, ordinary differential equation
ng = for radial displacement u,
dz (more complex to solve ...)
Generalized .
Plain Strain r
d d do Ear? dT
d& _, el 0
dr dr dr (1—v)dr

g, Is constant, but not necessarily zero

POLITECNICO _
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Development/use of FPCs

Geometric domains represented

Mathematical/numerical frame

» Validation

Burnup analysis

» Thermal analysis

» Mechanical analysis

Material and behavioural models
(e.g., Fission Gas Behaviour)

Material and behavioural models



Material and behavioural models

@ Complex phenomena, behavioural evolution and interactions to be incorporated in FPCs

( - » Traditionally, FPC modelling employs continuum
CRUD Coolant pressure, Fuel rod/grid : . SRR
deposition ii?ﬁpfefﬁﬁfﬁ{ Siibava b b mechanics techniques at the macroscopic sc_ale,
S where the molecular nature of the materials is
usually ignored
( D f ) r o ( &
eformation: Gap width & Fission ¢ Creep and . .
> e f;ﬁd composition  [© T swelling > Froma correlatl_on-based tp a phy5|gs-bas§d _
] X < i . f J approach (possibly according to a hierarchical multi-
" " | ( ) scale modelling for a better simulation of fuel pin
Irradiation ( ) > Fuel pellet b behaviour under irradiation), also supported by
> hardqmng and Pellet-cladding & |e cracking > J . ) ' e .
embrittlement gngchanti_cal - i uncertainty analysis (UA) & sensitivity analysis (SA)
o 2 mteraction -
) . Cla.dding J v ct } v 5] High burnpp
Cladding failure Tge”ﬁ“‘*lt |_rim formation » The models (at every single-scale level) have to be
P “spopiog and T GG , { w computationally efficient to allow for error
> 4 bondine: 1| = x 3?3%&?33?3 propagation and quantification-margin-uncertainty
\  Cladding '~ | . L J ______ |l E J analysis
E ;fmlgiigﬁlégct ] —E Int-el;le'_géllllrreod E E Fuel : )
e ; . D ediendione | (Wirth 2017) > This will provide a more theoretical or in silico, and
"""" Sinals ' ) . . .
[ ------ T ------ ' so less empirical, basis for fuel pin performance
modelling, hence enabling more generic application
| | . 1 to novel fuel designs, in particular in Gen-IV reactors
Fission density Total power and Exposure time in-reactor
and particle flux power history and fuel burnup
INSPYRE First Summer School, Delft, May 13-17, 2019




Fission Gas Behaviour (i)

@ Just few notes on Fission Gas Behaviour (FGB) —> effects

Coolant pressure,

CRUD Fuel rod/grid
deposition | ii%p?:‘;.;ﬁ;i interaction-fretting
) Dglf:‘;ggl?lgom Gap width & Fission gas Creep and
growth L composition ; release | swelling )
: 1
™ Y ( t )
pam—
Irradiation ( = o) > Fuel pellet restrgggllring
> hardening an Pellet-cladding & |e cracking > J
embrittlement mechanical — i
\ J interaction N
: . Cladding J > ct ) v | | High burnup
Cladding failure Thermal | rim formation )
> co r%fi‘?ﬁ and . conductivity i
yvdriding Fuel/cladding decrease ; \
- J Rt S x Densification
= J and porosity
""""""" N - J
i Cladding - S I . .
! temperature <— ' ! ' Fuel )
1 2 1
: and gradient : E Intgggg&&od E E t.empélrc;lture o (Wirth 2017)
"""""" [ e i and gradient |
- S T ------ ’
| 1

Fission density
and particle flux

4[

Total power and
power history

Exposure time in-reactor
and fuel burnup

Fission gas release

(FGR)

Pin inner
pressure

Gap
conductance

Cladding
stress/strain

Fuel
temperature

INSPYRE First Summer School, Delft, May 13-17, 2019




Fission Gas Behaviour (ii)

@ Just few notes on Fission Gas Behaviour (FGB) —> effects

S e Fission gas retention
void fraction L (bUbeeS)

& ™
§A D gggggl?lggm Gap width & Fission gas l Creep and
erowth | composition | l release | swelling
J T I ]
e e T e Fuel swelling Fuel thermal
rradiation s ) » Fuel pelle i . .
> hardqning and Pellet-cladc.ling &le cradpiing > P J CcoO nd UCtIVIty
embrittlement mechanical — i
7 mteraction o H
. Cla..dding J - - ) v 5] High burn}lp Cladd i ng degradat|0n
Cladding 5 failure Tge"tr-m-lt | rim formation J .
2 : conductivity
“hydriding e oo R stress/strain
) ] bonding [ J L Deplfication i
""""""" A L )
| Claddng '~ | . N N R 2
b orat — ' ' ' ) .
| i | | Intgmalpod 1| G Fud | Wirth 2017 Pellet-Cladding Fuel
"""""" [ Sormmmpesnnsk || SHlEmEE W ) Mechanical temperature
| ] Interaction
| |
Fission density Total power and Exposure time in-reactor (PMCI)
and particle flux power history and fuel burnup

INSPYRE First Summer School, Delft, May 13-17, 2019




Fission Gas Behaviour (iii)

Fission reactions

v

Generation of fission gases (Xe, Kr)

Diffusion

Inter-granular gas

(lenticular bubbles)

v

Intra-granular gas

(single atoms)

Trapping

Intra-granular gas

Re-solution

(small & coarsened bubbles)

Grain-boundary saturation and/or

micro-cracking

Intra-granular bubble
swelling

i¥ . e

.
"1 Inter-granular bubble
N\ . swelling

e s A
¥

Fission
gas release

F

High burnup structure

5um




Fission Gas Behaviour (iv)

T .

& High burnup structure

@l - Dislocation pile-up .

- Grain recrystallization/
polygonisation

- Depletion of intra-granular
fission gas

- Development of novel
porosity

L ZOKU  UDZ1nn X1,500 07 PHNT 95070010

« High Burnup Structure (HBS) formation leads to localized contribution to fission gas swelling,
which may be significant during (accidental) transients

* Novel porosity affecting the thermo-mechanical properties of the fuel

* In fast reactor (U,Pu)O, fuel, many other phenomena (higher T and gradT)

j

i g INSPYRE First Summer School, Delft, May 13-17, 2019




Time scale

decades

&

S

Ps - s

ns - Ws

ps - ns

A

A

theory

Rate/Field

1D evolutior

--------
-------
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... according to a suitable multi-scale
fuel performance modelling approach !
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