REPUBLIQUE
FRANCAISE I R S [ ]
Libe te

Egalité
Fraternité ET DE SURETE NUCLEAlRE

Sensitivity of Pressurized Water Reactors
Vessels Aging to Fuel Composition

02/12/2021

Romain VUIART, PhD (presenting author)

Benjamin BENEDET (first author),
Julien Taforeau and Mariya Brovchenko

@ANS Winter Meeting & Expo

MEMBER OF

ETSON



Content

| Introduction
] Calculation Scheme
| Results

| Conclusion and Prospects

I R S [ ] Romain VUIART — Sensitivity of Pressurized Water Reactors Vessels Aging to Fuel Composition - ANS Winter Meeting & Expo — 02/12/2021



Introduction

I R S [ ] Romain VUIART — Sensitivity of Pressurized Water Reactors Vessels Aging to Fuel Composition - ANS Winter Meeting & Expo — 02/12/2021



Study context

I Extension of PWRs operation duration
= Vessel = 2" confinement barrier — essential to accurately characterize its structural integrity
= Neutron irradiation — embrittlement of the vessel material

I Monitoring of embrittlement : Surveillance Programs
= Accelerated irradiation of vessel material samples - mechanical strength tests

» Embrittlement = f(vessel composition, Q-1 yev) fast neutron fluence

\ .
# Limit not to exceed P>1 Mev = f f d(tE) - dE - dt
0 E>1 MeV

~10% — 20%

I J(P>1 MeV
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Reactors are getting closer to the limit = need to better analyse :
the global bias and uncertainty on (p>1 Mey assessments i
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Usual calculation scheme for vessel fluence assessments

Second step:
modeling of neutron
attenuation from the core
to the sites of interest
(vessel, capsules)

First step:
fission neutron

source term
evaluation

Where are the
fission neutrons
emitted and what
IS their energy ?

For a quantity of
emitted neutrons, how
many reach the vessel

and what is their

energy ?

- E— E— o o O o o s S

Sensitivity to fuel
composition
perturbations ?

Sensitivity to fuel
composition
perturbations ?




Questioning and objectives

( \
&) I ¢« Whatimpact may have a lack of knowledge in fuel |
&? | composition at each step of the calculation scheme? I
4 \ J

- @

4 )
Direct perturbations
of the fuel
composition
\ Y,
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Selection of

StUdy meth0d0|0gy e several perturbations € [0% ; +30%)]

,/ hypothesis of independence
between the atomic
densities of the isotopes

Perturbation of atomic
densities, isotope by isotope,
assembly by assembly

0.010

0.008 / \
0.006 1 \
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Perturbed fission
neutron source term

N
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Perturbed attenuation

Fast neutron flux

/ Atomic density

v C = 6¢>1M8V/¢>1ij
im —
[ Sensitivity coefficients C; ,, ] 6N i,m/ Nim

m = assembly
i = isotope
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Calculation Scheme

I R S [ ] Romain VUIART — Sensitivity of Pressurized Water Reactors Vessels Aging to Fuel Composition - ANS Winter Meeting & Expo — 02/12/2021



. . Study case : French 900 MW, PWR ; UOX/MOX
Calculation scheme — first step

[ ENDF/B-VII.1 ]

¢ Post-processing script
CASMO5 MxN . Calculation of the fission spectrum

* 2D Transport (deterministic) «  Writing of data in MCNP6 format

. Fuel pin scale 0.010 n\

- P,/MOC |Gp E = 586/(19|35) y \

I _ 7 30004
' ; ™\ Sp (E ) — Z Rf.i.p * Vi Xm (E ) vons \
L
Spatial distribution of fission ‘ bom0 >~
neutrons — Zi Rf,i,,p . Vi, 8025 En:‘s(zmn;;irgyl(:)llleovl 18 130

\_ \ ‘\/ Average fission

“~_ Number of neutrons spectrum at an

Probability that the

emitted per fission assembly scale hat
neutron emission
Fission rate \ comes from isotope i
p = fuel pin Xm(E") =
i = isotope
m = assembly
E’ = energy of

emitted neutron
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. Study case : French 900 MW, PWR ; UOX/MOX
Calculation scheme — second step

[ ENDF/B-VII.1 ]

\ 4

MCNP6
Fixed source calculation

Use of Weight-Windows
variance reduction method

r““----\

$r>1 Mev ’I Op~ 0,7% i
[§ ! e S - )
Sp(E )= § Rf,i,p " Vi - Xm (E")

Ci,m
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Results
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|sotopes selection

| CASMOS5 — depletion calculation on assemblies in an infinite medium

| Criterion: contribution = 1% of the total emission or capture rate (fora UOX or a MOX assembly)
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|sotopes selection

| CASMOS5 — assemblies in an infinite medium

| Criterion: contribution = 1% of the total emission or capture rate (fora UOX or a MOX assembly)
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Impact of fuel composition perturbation on the neutron emission rate

Assembly n"3=UOX;  |mpact of a 30% increase of the 235U density for assembly n°3
1stirradiation cycle

- 150
—40 B

L —40
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Significant effect of composition perturbations on the fission neutron emission rate distribution
+ effect linear on the range [0% ; +30%]
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Impact of fuel composition perturbation on the fission spectrum

| UOX assembly (equivalent results for MOX assemblies)

Impact of a +30% 241Pu perturbation for several fuel exposure level Evolution of the fission spectrum with fuel exposure
S I [ | S Jr I UOX | 701 — BU=0.0GWdIt T ' 15<yl 0'5 0 IM ¥ T
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Negligible effect of composition perturbations on the fission spectrum
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Sensitivity coefficients

| Propagation of perturbed fission neutron source terms to the fast neutron flux
incident on the vessel (azimuthal position 0°)

IRSHN

6 e e
Isotope — Assembly position | C;,, (%flux / %density) Cim = ¢>6]1;\1: Vjﬁ_}m .
U - N°1 0.42 + 0.04 e
Pu?* -N°1 0.33 £0.04
U5 N°T 2042 = 0.03 Cim depends on
UPE-N°2 -0.12 £ 0.03
Pu?¥ - N°2 0.35+0.04 . Assembly position
Pu* - N°2 -0.15+0.03 «  Assemblv tvpe
Pu™ - N2 0.24 + 0.04 ytyp
U5 - N°3 0.78 + 0.04 * Assembly exposure
U - N°3 -0.40 £ 0.03
Xe!'¥ -N°3 -0.13 £ 0.03 Assembly Fuel Number of | Contribution to
U235 - N°4 0.10 = 0.04 number Tue irradiation the fast neutron
S - - (cf. Fig. 1) ype cycles flux at 07 (%)

Pu®*? - N°4 0.15+0.04

e - . o 1 Uox 3 6
U= -N°3 0.53 £0.04 2 MOX 4 43
U>¥ - N°5 -0.24 £ 0.03 3 UOX 1 6
U235 - N°6 020+ 004 4 UoX 4 17

338 _ nJo _ 5 18[0):¢ 1 1
U N°6 0.09 + 0.03 p UOX ] 1
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Conclusion and Prospects
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Conclusion

I C;,, were evaluated for 9 isotopes in 6 assemblies (azimuthal position 0°)
* Linearity on the range [0% ; +30%]
* Hypothesis of independence between the atomic densities of the isotopes

I [GEORGIEVA et al., 2018]
» CASMOS5 235U density predictions deviates up to +13% from experimental data

| U -N°3 | 0.78 £ 0.04 | ‘ Eﬂrl_(-):ﬁufi;;:l;: i

Lack of knowledge of fuel composition
may induce significant bias/uncertainty
on vessel aging assessments

to be determined

Ci,m Ci,m
Prospects L p

| Uncertainty propagation, using the sandwich formula: ~ S'V€°VS'T = g2

C _ 6¢>1MeV/¢>1MeV
v SN, i,m/ N im

235U’ 238U' 239PU, 241PU,
240PU, 242PU, 1495m’ 135Xe
and 242Am
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Effect of neutron irradiation of the RPV material

I Neutron irradiation — material embrittlement

Resilience (da] /cm?)
25 Ductile fracture

Primary «}—__ Interstitial

knocked . ‘ .7 . atom BEFORE IRRADIATION
20

atom

Neutron ' . . ‘ 15

Vessel steel
® 17 atoms
—H—+—0—0—@ °

AFTER IRRADIATION

N ~ / «\\ ___________________
[~ ——— Vacancy 5
? ? ? ? Brittle fracture
0 ; : : /_\ ;
) . -200 -150 -100 -50 o\-se—/woo 150 200
Betitxinipi naticrte

Temperature (°C)

(to<dfek @B)ps)
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CONCRETE

Case of study

I Representative of a French 900 MW, PWR BARREL
I Fuel composition - middle of a UOX/MOX
equilibrium cycle
THERMAL
NEUTRON
] 0° in-vessel detector’ SHIELD

= Neutron flux > 1 MeV

BAFFLE

CAPSULES

* : covers the entire active height of the core
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Fuel loading
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Data of perturbed assemblies

Table 1. Data of perturbed assemblies

Assembly Number of Contribution to
Fuel . D
number 3 irradiation the fast neutron
(cf. Fig. 1) ype cycles flux at 0° (%)
1 U0OX 3 6
2 MOX 4 43
3 UOX 1 6
4 U0OX 4 17
5 U0OX 1 1
6 U0OX 1 1




|sotopes selection

| Criterion: contribution = 1% of the total emission or capture rate (fora UOX or a MOX assembly)

L) e e e s e M —
i ﬁ‘ - 90 \ MOX —e— 238y
_ 90 1 B "'*"""-k,_‘ —e— 239py
=° ‘ (e} —e 240py
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Q g ! 235 % — 135)(9_
<5 604 — u o 60 149
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Isotopic fission spectrum

Contribution to the total
fission neutron emission rate (%)

IRSHN

100 — 7y
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Contribution to the total
fission neutron emission rate (%)
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TABLE 1. Data used for fission spectrum modeling

Nuclide | Incident Fission a b
neutron Spectrum | (MeV) | (MeV'hH
energy type

FU Thermal | Watt 0.988 2.249

238 2.6 MeV Watt 0.920 3.121

23%py Thermal Watt 0.966 2.842

Z41py Thermal Maxwell | 1.3597 -

MOX
4l —— 235y - S —

—.— 238 k'“"’-*»—;..._,ﬂ »
4 e 239py

—o— 241py
1o 235 4238 2I0p L 2RLpy [T

W' —s—0—o—b-0
e ad
_./""‘"M
0 10 20 30 40 50 60 70

Exposure (GWd/t)

[Vuiart et al., NSE, 2021]
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Impact of fuel composition perturbation on the neutron emission rate

Assembly n"2=MOX  |mpact of a 30% increase of the 23°Pu density for assembly n°3
assembly in its 4"

irradiation cycle
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Significant effect of composition perturbations on the fission neutron emission rate distribution
+ effect linear on the range [0% ; +30%]
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Impact of the fast neutron flux incident on the RPV

I Composition perturbation in the MCNP6 calculation has no impact on the fast flux assessments

- Propagation only of perturbed fission neutron emission distributions
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Study Methodology

Assembly-by-Assembly Composition Perturbation (CASMO MxN):

Contributions of boarder assemblies to the fast
neutron flux incident on the vessel (azimuth 0°)

108

Vessel

Tally

10*

:rl\ll‘\ll\\lll\llql 1
[Peron,

IRSH I




Calculation of a priori C; ,,, coefficients

45.58 33.83

[Peron,
2018]

Contribution of assemblies to
x the fast neutron flux atthe | &8 a priori C;

vessel (at azimuth 0°)

(9%) seoualayip anne|ey

Atomic density perturbation (%)

I R S [ ] Romain VUIART — Sensitivity of Pressurized Water Reactors Vessels Aging to Fuel Composition - ANS Winter Meeting & Expo — 02/12/2021



TABLE 3.1 — Coefficients de sensibilité du flux a la cuve a 'azimut 0° a la variation de
la composition isotopique du combustible (et leur incertitude a un o).

Assemblage Nucléide CF, (%dsimev/%N:) Ciy a priori (Yodsimev /%N:)
2351] 0,42 + 0,04 0,39
2387 0,42 + 0,03 0,35
29py, 0,33 + 0,04 0,32
o ’ ' 1
N°1 (UOX-CYCLE3) ap 0,10 + 0,03 0,12
2u1py 0,07 + 0,04 0,10
135X ¢ 0,06 + 0,03 0,07
235 0,00 + 0,03 0,01
2387 0,12 + 0,03 0,08
N°2 (MOX - CYCLE 4) 2*Pu 0,35 + 0,04 0,29
240py, -0,15 + 0,03 0,15
2u1py 0,24 + 0,04 0,22
2351] 0,78 £ 0,04 0,82
287 -0,40 + 0,03 0,41
o ’ ' :
N°3 (UOX - CYCLE 1) 239py, 0,06 + 0,04 0,11
135X e 0,13 + 0,03 0,09
2351] 0,10 £ 0,04 0,10
o ’ ’ 1
N°4 (UOX-CYCLE 4) gop 0,15 £ 0,04 0,14
2357 0,53 + 0,04 0,49
287 0,24 + 0,03 0,21
o ’ , (
N°5 (UOX-CYCLE1) yp 0,07 £ 0,04 0,06
135X ¢ -0,03 + 0,03 0,05
2851 0,20 + 0,04 0,18
N°6 (UOX-CYCLE 1) -0,00 + 0,03 -0,07
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