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- Background

» Draft rule 10 CFR 50.46c¢C

— Emergency Core Cooling System
(ECCS) criteria for LWR reactor

— Any fuel or cladding

Zr cladding
Loss of coolant ECCS actuation
accident
LOCA ECCS

o— o

* Design ECCS performance
criteria for SIC clad

SIC/SIC composite cladding

Loss of coolant ECCS actuation
accident

LOCA ECCS
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Il Clad Reliability in LOCA Accidents
ﬂuel performance co@ / FLERT REEIE \

(RELAP5) of PWR

(MATLAB) 1000 MWe
Cold-leg break Fuel rod High-fidelity fuel model Low-fidelity fuel model
sping ' Initial condition: L Steady-state
Triplex SiC clad P(O)’ T(O) pa rameters
o o \J
| 0 L Transient
Claddin parameters
/ P(t), T(t) (Primary cold-leg
¢ LBLOCA)
- | & Ill: CVD SiC monolith
1: CVI SiC matrix composite Thermomechanical k /
stresses
PWR 1000 MWe model Triplex SiC cladding v
2 Primary loops @ 2 ECCS systems Clad fracture
ECCS @ 1 passive tank & 1 active probability

HP & LP systems K /

* PWR sketch from U.S. NRC, https://www.nrc.gov/reactors/pwrs.html




- Code Validation

- Steady-state * Transient

1d dT
Crdr (k'?’f’fr d’r) 0

rdr
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- Cladding Temperature

e Spatial mesh for triplex clad model:

* Boundary conditions from RELAP5:

Heat TS _ - H.eat sou’rce: Linear heat generation rate
source composite hlstory g (t)
- Heat.smk: Pressure P, Ty, g Teasr VOId
fraCtlon' hconvection

Fuel Rod

Spring—iE

Ar"eft ArRight Fuel
Kia(T), pCpia(T), q'i4(T) Ki(T), pCpi(T), a'i(T) polits
Ti—l + Ti Ti + Ti+1
= > T = > Cladding
* Substitutive parameters for single-layered clad model:
& 3 2 2
. In R, ( C ) i=1(pcp)i(Ri+1 - Ri)
o Ritq Pev)err = R? _ 2
3 ln( R; ) 4 1 0.97 cm
=1 ki

Axial height (m)

Clad temperature (C) at beginning of accident
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- CIaddlng Stresses x 1E8 Hoop stresses at beginning of accident

* 3 stress directions:

e

/
\

* 3 stress components: 0"&%
— Thermal expansion (T) /7/’77/
— Mechanical pressure loading (P)
= Irradiation swelling (T) = Conservative X1E7  Radialstress x1E8 e
assumption: no annealing

* Equations in Appendix slides

Cation Frenkel: /nnterstitial cation Anion Frenkel /.mersuua| anion
O o O cEd —6, vacant cation site O . O?O & anion vacancy
0,0 O 0.0, .0
0°0°0 °o O0O0O
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- SiC Clad Failure * Clad functional failure at each axial unit

VO I Ume: Clad Functional Failure P _ P (P n P )
° Brittle fracture o I RS AT AR =
| l = !
° We i b u I I re | |a bl | |ty fu n Ctl on: Loss of coolable gearnekry Fail to retain Fission products Waker ingress ko Fuel pellets
TH_LO55 FP_L55 MEUT LS5

L|3AND

Lawver Z Fails

L|3AND

Lawver 3 Fails

L|3AND

_ 1 (6PN | (0aD\" | (3"
PS(V)_expl—VOJ< Op > +< Op ) +< Op > v

Lee CVD

Katoh 300 C CVD
08 Katoh 650 C CVD
Katoh averaged

CI d 0.7 F Deng CVD
a — typical metal
06k Lee CVI

fracture — — —Singh Vi

0.5

probability !

0.3

0.9 r

LZ_Fall L3_FaIL

* Clad fails if any axial unit-volume fails:

0.2

0.1r

0 .
10° 107

Stress (Pa)
 Time-dependent fracture probability:

Prlo <t <t =P(max(opl0<t<ty))

10°
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- Multi-Layered SiC Cladding

Properties Solid & brittle Porous & pseudo-ductile Solid & brittle
Function Fission gas retention and load sharing  Primary load-bearing structure and SiC fiber separation from H,O
catastrophic shatter prevention
Failure mode A fast fracture without a sign of Quasi-ductile failure and carbon fiber Fast fracture and high-temperature steam
plasticity degradation by H,O oxidation
Failure Effect Status
Fail to retain fission products Fail Fail
Fail to maintain coolable geometry Fail Fail
Water ingress to fuel pellets Fail Falil Fail
Duplex Clad Inner: CVI SiC Composite Matrix Outer: CVD SiC Monolithic
Function Primary load-bearing structure and SiC fiber separation from H,O
catastrophic shatter prevention
Failure Effect Status
Fail to retain fission products Fall
Fail to maintain coolable geometry Fail Fall

Water ingress to fuel pellets Fail Fall
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- Reference LBLOCA Scenario
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Triplex SiC parameters in Reference LBLOCA scenario
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Duplex SiC parameters in Reference LBLOCA scenario
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- Clad Failure Probability
Triplex

Clad Layer 1 failure probability before time t
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(a) Layer 1 failure probability

Clad Layer 3 failure probability before time t
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Clad Layer 2 failure probability before time t X 1E_9
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Il Objective Statement UO2-SiC system

ECCS performance uncertainty

UO2-Zr system 0.032]
ECCS actuation probability distribution N -

0032 Pcp-sic = f Pgces X Peiaa | o\ | ECCS criteria for SiC ?

0.028 00248

0.024 t=0 Z ool

PCT > 1204 °C \ > PCT2>2730°C

e ECCS performance criteria for Zr Optimize ECCS criteria for SiC: 00121 5
= 0016 ) n.008 {8

R ECCS failure probability Peccs I PCD-Sic < PCD-Zr hooe) \ g

0.008 [] - F——— ; pal alaliaiate wiealalelt Snfelelole e —

0004 \ 0 s 100 180 00

4 | | ECCS actuation timing (s)

LI L B L B L B L B R B L L B BN B R LR
1] 50 100 150 200 250 300 350 400 450 500 550 GO0

ECCS actuation timing (s) Cumbersome to simulate

many scenarios

A SiC clad failure uncertainty

4+ Zr clad failure probability Deterministic failure
1 R
. Deterministic failure \_/ Stochastic failure
Use surrogate model 0 T .
for time-efﬁciency ECCS actuation timing (s)
0

ECCS actuation timing (s)'
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- RELAPS Uncertainties
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- Surrogate Design

 Global trendline + uncertainty term
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X 1E-6

- Response Surface Surrogate
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Il ECCS Performance

Deterministic

criterion

Probabilist ECCS relaxation provides more time window for DGs
robabl Istic & pumps to start, reducing components’ failure

criterion probability.

ECCS may be re-classified from safety-significant to
low safety-significance following 50.69, eliminating
special treatment requirements and reducing O&M

costs.
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Steam generator

Pressurizer

ECCS

ECCS

Reactor core

Steam generator

Pipe break

ECCS

ECCS

PWR 1000 MWe model

2 Primary loops @ 2 ECCS systems
ECCS @ 1 passive tank & 1 active HP & LP systems




- Equations

« Underlying equations: ‘
- Lame equations > cylinder stress from pressure on=A+ 75  or=A-—  Ga=pi-
— Hooke’s Law —> stress-strain proportionality

« Assumptions:
— Plane-strain assumption - negligible axial displacement
— Isotropic elasticity > Constant elastic modulus for all directions

* BCs:
— Continuity at layer boundaries
— Constant axial strains
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Il Stress from pressure-loading

[
U(T)QL =A; + ZJRI =T £R1+1J1_1;2;3
r
— —
— A-1
XP - AP bp
1 - 0 0 0 0 0 0
R}
1 ! 1 ! 0 0 0 0
R3 R3
1-vg, 1+Vg, Vo= 1 —1—-Vp, 0 0 Vzg,1 Vzg,2
Ego Egg1R3 Egg,2 Egg 2R3 Ese1 Eseo
1
0 0 1 -— —1 1/R? 0 0
R3
1— 1,45 1+ 1,54 Vgz— 1 1+ v,54 Vg 2
0 0 - 2 . — 2 0 .
Egg2 Egg 2R3 Egg3 EggaR3 Egg2
1
0 0 0 0 1 = 0 0
Ry
0 0 0 0 0 0 Aer A,
21}6‘2.'1 0 2”6‘2.'.2 0 0 0 1 _ 1
Ezz 1 Ezz,z Ezz,l Ezz,z
21, 2v, 1
0 0 _ 6z,2 0 6z,3 0 0
E|zz,2 Ezz,?. Ezz..z
_>
— [— _ 2 _ 2 T
b,=[-P;, 0 0 0 0 —P, PwR}—PmR? 0 0]
—
— T
X,=[A1 B1 Ay By A3 B3z 0z1 0z2 03]

(33)

(34)

(3.5)

(3.6)

B;
o(r)yi =4 ——,Ri<r <Rj,,,i1=123
r?

where r is the radial distance from the
fuel centerline, R is cladding radius, v is
the Poisson ratio, E is elastic modulus,
and Ac is cross-sectional area of clad.
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Il Thermal expansion stresses (1)

. _ a;E; E; cy C; Vi€o
o(r)yirn = (1= v,)r? f ATrdr + 1+ v, (1 —2v; r? T 1—2v;)’ (3.7)

Ri<r <Ri,,i=123,  j=LILII

GEAT | E ( ¢ uis{,)

aiEi J‘
J(F)Q,I,Th ( rar 1 — v; 1+ V; 1-—- 2'1)1- r? 1-— 2121'

1—v))r?

(3.8)

Ri<r <Ry,i=123  j=1LI1I1I

GEAT | 2uECl  20fEe
l—v;  (I-2v)(1+v) (1-2v)(1+vy) (3.9)

U(T)z,i,m = k&g
R; <r <Rjyiq, i=1,23, j=111I11

Xrn = AThbry (3.10)

Xpn=I[CI ¢l ¢l ¢l ¢ ¢l g (3.11)

where a is the thermal expansion coefficient, AT=T (r)—Trr IS the radial temperature
deviation from the strain-free temperature Tret, £0iS the constant axial strain




- Thermal expansion stresses (2)

E, Ey 0 0 0 0 Eyvy
(1-2v)(1+vy) (1+v)R} (1+v)(1 = 2vy)
Eyvy
Ey B Ey B E, E, 0 0 (1 +vy)(1—2vy)
(1=2v)(1+vy) (1+v,)R: (1—2w)(1+vy) (1+vy)RE E;vy
(1+vy)(1 —2v,)
1+v, =1 -1,
1 — -1 — 0 0 0
(1+vy)R3 (1+v2)R3
Esv,
0 0 E, _ E, _ Eq Eq (1+v)(1—2v,)
(1—2v,)(1 +v5) (L+wv)R?  (1—2vy)(1+wvy) (1+vy)RE2 Eqvg
(1+vy)(1—2vy)
1+, 1+,
0 0 1 — 2 -1 -— 0
(14 v2)R3 (1+ v3)R3
E. E E;v.
0 0 0 0 2 - 2 — 2
(1—-2v3)(1+v3) (1+v3)R] (1+ vg)(1 —2vs)
Eill1+ 2vi
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11(?. 1) 0 ?.1(3 2) 0 33(4 3) 0 ]TE21.+ 2
(1=2v,)(1+ v,)
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211(
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(14 v3)(1—2v,)
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0
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Eiay
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ay (1+wvy)
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Ry
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E,a
% J ATrdr
(1—vz)R3
Ra

Ry
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R
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Il Radiation swelling stresses

E; S:(T E; c’ cl. e
0_(?.)?- = i f 1( )?‘d?‘ n i 1S ~2s + i€0,s ’
" (1 —wv;)r? 3 1+v;\1=-2v; 71?2 1-2y (3.19)
R, <r <Ry, i=123  j=LILII
‘ B E; Si(T) i E;S;(T)
G’(f)e,f,i"h - (1 — I?i:]?'zf 3 rar —m
E; cly ¢l wviegs o (3.20)
1+ (1 —2v; 12 1o 2v; )’ Ki=1 =Ry,
i=1,2,3, j=L111I1
E;S;(T 2v;E;C! 2v2E;e
J(T')ZlTh — EIEDS _ 1 f.( ) + L=1*>1,5 + L 10,5 ,
" T3 -v) (A-2v)(A+v) A-2v)(d+w) (3.21)

R,<r <R,, i=123  j=LILII

where S(T) was taken as the temperature-dependent dose-saturated volumetric swelling IDAHO NATIONAL LABORATORY



- Radiation swelling (2)
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   𝑷  𝑪 𝑫 − 𝑺 𝒊 𝑪 =   ∫  𝒕 = 𝟎 ~   𝑷  𝑬 𝑪 𝑪 𝑺 ×  𝑷  𝒄 𝒍 𝒂 𝒅


   P f  | 0 ≤ t ≤  t 1 =  P f  (  max ⁡   (  𝜎  ( t ) | 0 ≤ t ≤  t 1 ) )


   P s  ( V ) =  exp ⁡   [ −  1   V 0   ∫ V      (    𝜎 r  (  r → )   𝜎 0 ) m +    (    𝜎 𝜃  (  r → )   𝜎 0 ) m +    (    𝜎 z  (  r → )   𝜎 0 ) m   d V ]
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     ( 𝜌 ×  C p ) 3 ,    k 3


     ( 𝜌 ×  C p ) 2 ,    k 2


     ( 𝜌 ×  C p ) 1 ,    k 1


  T =    T i +  T  i + 1 2


  𝜌  C p


  T =    T  i − 1 +  T i 2
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