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REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

* Ensure safe and economic operation of fuel rods

— predict their behaviour and life-time

e Description of fuel rod’s behaviour involves various
disciplines
* Chemistry
* Nuclear and solid state physics
Strongly interrelated

* Metallurgy and ceramics

* Applied mechanics

- Development of fuel performance codes

R2CA Summer School, 4-6 July 2023, Bologna




/\ General outline

e Basic equations and limitations

 Heat transfer
 Mechanical analysis

* Fission gas behaviour

e Coupling of modelling / experimental data

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS
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/\ General assumptions
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OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

Fuel element with cylindrical geometry
Axisymmetric revolution of the rod
Radial T-gradient >> axial T-gradient
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REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

1. Inthe coolant
2. Through the cladding
3. Inthe fuel-to-clad gap
4. Inthe pellets

5. The structure of the thermal analysis

R2CA Summer School, 4-6 July 2023, Bologna
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OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

B q”
ATgap = ——
gap

R2CA Summer School, 4-6 July 2023, Bologna

Heat flow in fuel-cladding gap
Three parallel conduction routes

hgap =h_,+h_ + hgas

rad

A
h = gas
o S+s+g, +0,

uncertainty
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A Schematic T profile through the gap

fuel cladding

A
\ 4
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A eat flow in the fuel pellets
The source term
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-uel thermal conductivity

uuuuuuuu
Commission

ffect of various parameters —

¢ Density (pore size, shape, orientation)

 Loeb (modified) ﬂ, — 2’100% (1— OKP)

* Maxwell-Eucken A :ﬂ'lOO‘V 1-P
"1+aP

* Composition

} A = A(composition, bu)
* Irradiation

REDUCTION OF RADIOLOGICAL CONSEQUENCES
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A Thermal conductivity degradation and effect of Gd
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OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS
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A General outline

e Basic equations and limitations

 Heat transfer
 Mechanical analysis

* Fission gas behaviour

e Coupling of modelling / experimental data

REDUCTION OF RADIOLOGICAL CONSEQUENCES
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Mechanical analysis
Main assumptions

1. System is axysimmetric: no tangential variation

2. Plane strain:

Deformeci geometry

b
* “Non-deformed
‘geometry

N (fresh fuel)

— Rod remains cylindrical

— 1D problem

ELEMENT Lin r
ra

|
ELEMENT N |
- PLENE 1
[} ey
[T -F |
o I T
L |

1 [, - 5 5 = .
@ ' One-dimensional | Two-dimensional

description description
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g/ General aspects and basic relations
A Constitutive relations

In general fuel and cladding are not only subject to elastic strains

et =gl +e +et+ &’

tot T
JE =& +&€ +&+&
tot e t s c
\ga — 6‘a —I—f) +(C{ —+ (C,;a
e Elastic strain T

Reversible {
* Thermal expansion (isotropic) —

0
@)
<
i
)
g
|
)
2
o
Q
~
S
O
Qo
~J
S
S
oc
w
o
2
S
I~
O
)
Q
i
oc

OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

Irreversible{ * Swelling (isotropic)

* Deformation due to visco-plastic flow

R2CA Summer School, 4-6 July 2023, Bologna




g Calculation of strains
A Thermal expansion
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Calculation of strains

e We assume that swelling is isotropic

1.

2.

3.

4.

Four contributions in fuel

1
S —
Etel = X

3

|

AV
V
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solid FP

Gaseous FP swelling
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Inexorable swelling due to solid FP

Reduction in volume by hot pressing
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Hot standby stack length changes
densification +solid FP swelling
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Modelling densification + swelling

O
o

With swelling
Without swelling

1
—

1
—

Fuel volume change: dV/V (%)

-
o

' ' ' ' -1.5
10 15 20 25
Burnup (MWd/kgU)

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS
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A Modelling UO, swelling

Simple linear swelling due to FP accumulation
A(ﬂjz SABU
V

Mechanistic gaseous swelling calculation
(SCIANTIX of MFPR-F)

0
@)
P
g
)
Q
|
)
2
o
Q
~J
S
O
Qo
|
S
S
oc
w
o
2
S
I~
@)
)
Q
|
oc

OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

7)-(%),(¥),
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g/ Calculation of strains n
/'\ Visco-plastic strain: generalities —

* Permanent deformation at constant volume

— incompressibility condition:
C C C
g +& +&,;, =0

* Two components

C lastic cree
i ip + & "
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OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

* Plastic deformation: instantaneous (often only in clad)

* Creep deformation: dependent on time

R2CA Summer School, 4-6 July 2023, Bologna



Plastic strain

uuuuuuuu
Commission

Determine the onset —

—>Yield function: Relies on invariant of deviatoric stress tensor

e VVon Mises criterion in 1D for isotropic materials

Ot -~ Ovield

e depends on three principle deviatoric (shear) stresses

1

o zﬁ[(q ~0,) +(o,—0,) +(o, _Ga)z]

* Improvements:
* Anisotropy coefficients (Hill's methodology)
e Multi-dimensional yield surface

Vg

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS
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Strﬂess

Plgstic strain
Determine the onset

If data available one can account for strain
hardening: Yield stress increases with time

plastic strain is computed incrementally
based on a general flow rule

oo
Ae =Ag, —2 i <{r,t,a}
o)o

. Strain

R2CA Summer School, 4-6 July 2023, Bologna
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A Calculation of creep strains
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OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

Components:

*Thermal creep
eIrradiation induced creep

Creep rate:

Ep = T (T’Geff ’CD)

R2CA Summer School, 4-6 July 2023, Bologna

strain ¢

Stages

primary creep

initial (instantaneous)

<« >

plastic strain

secondary (steady state)

fracture

tertiary creep

time t
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Fuel cracking: description —

A Calculation of strains

* Occurs at startup due to differential thermal expansion:

pellet centre expands more than pellet periphery

* Thermal stress in perfect cylinder (parabolic T):

5 :_QE(Tf,C_Tf,s)_ OCEq
t,max a.max 2(1_0) 872'(1-!))/?

E=200GPa, v=0.31, 4=3W/mK, o, =130 MPa

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

= T;-T;;=100°C or g =5kW/m

R2CA Summer School, 4-6 July 2023, Bologna



g Calculation of strains .
A Cracking of fuel - Consequences —

 Thermal analysis

* Reduce fuel-cladding gap: relocation

* Mechanical analysis

* Stress reduction, e.g. atinterfaces: 0 =- P
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OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

R2CA Summer School, 4-6 July 2023, Bologna



Calculation of strains
Cracking of fuel - Consequences

> 40 kW/m
50 |
_______________________ dkwim
30 kW/m
S 25 KW/m
- | =2
@]
=40
G < 20 KW/m
o
(D)
o

- Largest contribution to gap closure
at BOL subject to largest uncertainty
- May be reversed due to PCMI

0 10 20 30 40 50

30 ¢

REDUCTION OF RADIOLOGICAL CONSEQUENCES
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Slice averaged burn-up (MWd/kgHM)
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OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

Temperature (°C)

R2CA Summer School, 4-6 July 2023, Bologna
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g Calculation of strains .
A Cracking of fuel - Problems =

* Large uncertainty on rupture stress

* Only obtained from uni-axial tensile tests

* Effects of porosity, grain size and temperature

* Change of pellet geometry - loss of symmetry

* Assumption invalid
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OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

* Compression — tension in center

R2CA Summer School, 4-6 July 2023, Bologna
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Calcu

Cracki

ation of strains
ng of fuel - Solutions

e T-distribution

* cracks do not modify flow direction = reduce gap

e Stress distribution

* Exact solutions: NO, to do so requires

* Know location and size of every crack ...

e Solution of 3D stress-strain problem in each block

* Approximate solutions

* Modify material constants

e Supplementary strain

R2CA Summer School, 4-6 July 2023, Bologna
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g}\ Effect of cracking:
modified elastic constants (LIFE)
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Oguma, NED, 1983 T. Barani, E. Bruschi, POLIMI, Italy, 2015

® PIE data by Walton and Husser (1982)

Crack pattern
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A General outline

e Basic equations and limitations

 Heat transfer
 Mechanical analysis

* Fission gas behaviour

e Coupling of modelling / experimental data

REDUCTION OF RADIOLOGICAL CONSEQUENCES
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A Bubble interconnection leads to incubation
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R2CA Sur
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A Modelling of the FG behaviour

A two-step process

1. Intragranular behaviour: in the grains

2. Intergranular behaviour: along grain boundaries
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ntragranular FGR module
Booth model

polycrystalline sinter = collection of uniform spheres (Booth sphere)

AN

E: R, = :{!) O&ndivi_dual
S O grains
_ t O

' 3 v > > 0 i
No open porosity S >Rg 2R i,  100% open porosity
geom

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

atomic diffusion in hypothetical sphere

grain boundary = perfect sink (gas immediately released)

R2CA Summer School, 4-6 July 2023, Bologna



ntragranular FG behaviour
imitations of the Booth model

1. constant T and fission rate density

2. disregard resolution/trapping at intragr. bubbles

3. disregard grain boundary sweeping

4. cannot reproduce incubation (Vitanza curve)

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

5. disregard resolution at gb bubbles

R2CA Summer School, 4-6 July 2023, Bologna
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g/ Alleviate limitation 2 of Booth moael
/'\ Effective diffusion coefficient (Speight) —

Bubbles stabilize rapidly in size and number density

Proposed model
oC
T =DAC_+S-gC_+bC,
ot
oC,

b —gC_—hC
Gt g m b

Saturated traps

MCatC) _ pac +5-—2 pa(C, +C,)+S
ot b+

= D4A(C,+Cy)+S

0
@)
<
i
)
g
|
)
2
o
Q
~
S
O
Qo
~J
S
S
oc
w
o
2
S
I~
O
)
Q
i
oc

OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

R2CA Summer School, 4-6 July 2023, Bologna



g Alleviate limitation 2 of Booth model
A NEW Effective diffusion coefficient

 Consider bubble diffusion

o _ D AC_+S—-gC_ +DbC,
ot
% =gC_ —-bC, +D AC,

a(C”é:Cb) = {—b D +bg Db}A(Cm+Cb)+S
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A Gas atom diffusion coefficient
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Three temperature regimes

D, =7.6-10" exp(——gs_(rmoj

D, =5.6-10% -\/F exp(—le’?ﬂ)

D,=8-10%-F

Large uncertainty: factor 57T or,

R2CA Summer School, 4-6 July 2023, Bologna
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107k

Intrinsic diffusion

f. Turnbull et al

Contribution due to enhanced
cation vacancy concentration
caused by irradiation damage

Irradiation induced athermal
contribution.
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/-\ Grain growth in MOX and UO,

o d_t)_ A-Iexp(j—B/T)
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dt

A

A
A
A

>0 P»0O

UO, open literature
Duriez et al 2001
Sari 1986

(O/IM = 2)

Sari 1986

(O/M =1.97)
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Botazzoli et al
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A Modelling the FG behaviour

A two-step process

Intragranular behaviour: in the grains

Intergranular behaviour: along grain boundaries

— alleviate limitations 4 and 5 of Booth model

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS
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Zero BC

l

segregation factor is oo, or
the gbis a
thermodynamic perfect
sink (simplest)

Majority of models

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

school, Cambridge,
UK, SEIIA’I;erﬁaarman, 4-6 July 2023, Bologna

Coupling with intragranular module
A Boundary condition in intragranular module

Non-zero BC

l

segregation factor reflects
the interaction energy of
solute atoms with the gb

Turnbull et al, Olander et al,
Forsberg and Massih, Van Uffelen
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Fission gas behaviour
Swelling

* Mostly empirical model

(ﬂj = A(1- s FGR - ,CSR)bu
\ gaseousFP

* However, swelling should be linked to FGR via gas balance as

typically done in mechanistic models (e.g. SCIANTIX, MFPR-F)

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

; E school, Cambridge, UK, Sep 19-23,
R2CA Summer S2fbbil 4-6 July 2023, Bologna



-ission gas behaviour
New swelling and release model (1)

Commission

Basic assumptions for grain boundary model
 All gas retained inter-granular bubbles.

* bubbles have uniform size and lenticular shape

hydrostatic pressure

grain boundary

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS
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-ission gas behaviour
New swelling and release model (2)

* Bubble growth/shrink by absorption/emission of vacancies

dnvac_ ZTCDQ 89 [p_ 2Y j

Commission

dt KTS

» Gas obeys Van der Waals equation of state

« Bubble coalescence e e

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

determined by geometry T 10F
dNbubee I\ 2
- 2Nbubble @
dA 2
bubble %
o

0.1k
G. Pastore, PhD, POLIMI 3
R. White, IFPE database

2
R2CA Summer School, 4-6 July 2023, Bologna Average bubble area (um®)




-ission gas behaviour
New swelling and release model (3)

* gas release at saturation of grain boundary coverage

F. increases F. = constant
A A

interlinkage
P ]

REDUCTION OF RADIOLOGICAL CONSEQUENCES
OF DESIGN BASIS & DESIGN EXTENSION ACCIDENTS

G. Pastore

R2CA Summer School, 4-6 July 2023, Bologna



Thank youl!

Paul.Van-Uffelen@ec.Europa.eu
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