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Background

• Draft rule 10 CFR 50.46c

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

− Any fuel or cladding
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• Design ECCS performance 
criteria for SiC clad
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Clad Reliability in LOCA Accidents

Initial condition: 
P(0), T(0)

P(t), T(t)

Thermomechanical 
stresses

Clad fracture 
probability

Fuel performance code 
(MATLAB) 

Low-fidelity fuel model

Steady-state 
parameters

Plant model 
(RELAP5) of PWR 

1000 MWe

Transient 
parameters 

(Primary cold-leg 
LBLOCA)

High-fidelity fuel model

Cladding

3.81 m

Triplex SiC clad

I & III: CVD SiC monolith
II: CVI SiC matrix composite

I II

III

Cold-leg break

PWR 1000 MWe model
2 Primary loops @ 2 ECCS systems
ECCS @ 1 passive tank & 1 active 

HP & LP systems 

Triplex SiC cladding

Fuel rod

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



Code Validation

• Steady-state • Transient



Cladding
3.8
1 m

• Boundary conditions from RELAP5:

− Heat source: Linear heat generation rate 
history q’(t)

− Heat sink: Pressure P, Tliquid, Tgas, Void 
fraction, hconvection

Cladding Temperature
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• Spatial mesh for triplex clad model: 

• Substitutive parameters for single-layered clad model: 
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ΔrLeft

Ki-1(T),  𝜌𝐶𝑝 i-1(T), q‘i-1(T)
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R1
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Heat 
source

Heat 
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Layer 1
CVD SiC

Layer 2
CVI SiC matrix 
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Layer 3
CVD SiC
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• 3 stress directions:

• 3 stress components:

− Thermal expansion (T)

− Mechanical pressure loading (P)

− Irradiation swelling (T) → Conservative 
assumption: no annealing

• Equations in Appendix slides

Cladding Stresses
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Hoop 𝜎𝜃

Axial 𝜎𝑧

Radial 𝜎𝑟

Radial stress Axial stress

Hoop stresses at beginning of accidentx 1E8

x 1E7
x 1E8



• Clad functional failure at each axial unit 
volume:

• Brittle fracture

• Weibull reliability function:

SiC Clad Failure
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• Clad fails if any axial unit-volume fails:

𝑃𝑓ห0 ≤ 𝑡 ≤ 𝑡1 = 𝑃𝑓 max 𝜎(𝑡)|0 ≤ 𝑡 ≤ 𝑡1

• Time-dependent fracture probability:
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OR

AND AND AND

Clad 
fracture 

probability



Multi-Layered SiC Cladding

Triplex Clad Inner: CVD-SiC Monolith Middle: CVI SiC Composite Matrix Outer: CVD SiC Monolithic

Properties Solid & brittle Porous & pseudo-ductile Solid & brittle

Function Fission gas retention and load sharing Primary load-bearing structure and 

catastrophic shatter prevention 

SiC fiber separation from H2O 

Failure mode A fast fracture without a sign of 

plasticity 

Quasi-ductile failure and carbon fiber 

degradation by H2O

Fast fracture and high-temperature steam 

oxidation 

Failure Effect Status

Fail to retain fission products Fail Fail

Fail to maintain coolable geometry Fail Fail

Water ingress to fuel pellets Fail Fail Fail

Duplex Clad Inner: CVI SiC Composite Matrix Outer: CVD SiC Monolithic

Function Primary load-bearing structure and 

catastrophic shatter prevention 

SiC fiber separation from H2O 

Failure Effect Status

Fail to retain fission products Fail

Fail to maintain coolable geometry Fail Fail

Water ingress to fuel pellets Fail Fail



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



Clad Failure Probability

(a) Layer 1 failure probability (b) Layer 2 failure probability

(c) Layer 3 failure probability (d) Clad functional failure probability
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Objective Statement

ECCS actuation timing (s)

UO2-Zr system
ECCS actuation probability distribution

PCT ≥ 1204 oC
ECCS performance criteria for Zr

Zr clad failure probability

1

0

ECCS actuation timing (s)

UO2-SiC system
ECCS performance uncertainty

SiC clad failure uncertainty

1

0

Deterministic failure

Stochastic failure

𝑷𝑪𝑫−𝑺𝒊𝑪 = න

𝒕=𝟎

~

𝑷𝑬𝑪𝑪𝑺 × 𝑷𝒄𝒍𝒂𝒅

Optimize ECCS criteria for SiC: 

PECCS | PCD-SiC < PCD-ZrECCS failure probability

ECCS criteria for SiC ?

ECCS actuation timing (s)

ECCS actuation timing (s)

PCT ≥ 2730 oC

Cumbersome to simulate 
many scenarios 

Use surrogate model 
for time-efficiency

Deterministic failure
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RELAP5 Uncertainties



Surrogate Design

• Global trendline + uncertainty term



Response Surface Surrogate
x 1E-6



ECCS Performance

Deterministic 

criterion

Probabilistic 

criterion

ECCS relaxation provides more time window for DGs 

& pumps to start, reducing components’ failure 

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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Nodalization

PWR 1000 MWe model
2 Primary loops @ 2 ECCS systems

ECCS @ 1 passive tank & 1 active HP & LP systems 

Steam generator
Pressurizer

Reactor core

ECCS

Pipe break
Steam generator

ECCS

ECCS

ECCS



Equations

• Underlying equations: 

− Lamé equations → cylinder stress from pressure

− 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



Stress from pressure-loading

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. 



Thermal expansion stresses (1)

where α is the thermal expansion coefficient, Δ𝑇=𝑇(𝑟)−𝑇𝑟𝑒𝑓 is the radial temperature 

deviation from the strain-free temperature Tref, 𝜀0 is the constant axial strain 



Thermal expansion stresses (2)



Radiation swelling stresses

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



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
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  T =    T  i − 1 +  T i 2
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