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1 Research Background: Why PCCS

matters

Partial PCCS degradation can directly erode containment margin

| o LOCA
«  Fouling, NCG accumulation, aging S22 PCCS ds

Moot 2deg = A=

PCCS heat removal
« [2tA containment integrity= PCCS performance

of AYHo = JEE -
Peak containment pressure

Containment integrity
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1 Objective and Contributions

Problem 1

PCCS & X5t} containment pressure
capacity EQ.MEJS | S A0 =Y

/{ Key Contributionsw
I PCCS BHANE 1K M x2 )

parameterization

Approach J
Dymola/Modelica {4 + surrogate demand} 2. binary counting CHAl expected-

+ probabilistic capacity model fragility 7|2t 37 Atd B}

3. U/H/Lds 780 Thgt screening
DIZE 24 = /

SB-LOCAR2} LB-LOCAO]| Clgt x74 S|
containment failure probability &

Output ] \ -
|- }




02 Methodology



1 Integrated Evaluation Framework

Dymola / Modelica model

PCCS degradation sweep

Scenario J

Peak pressure extraction 1. SB-LOCA : small-break LOCA

PCHIP surrogate f,(X) 2. LB-LOCA : large-break LOCA

Lognormal capacity C

In(p/Py
Fe(p) = P(C < p) = & (20

Evaluate N4

Peak containment pressure is used as the structural load metric

PCHIP : Piecewise Cubic Hermite Interpolating Polynomial 7



1 PCCS performance

parameterization

« PCCS degradation2 normalized effective
cooling capability X € [0,1]2 E¥
« X = 1: nominal PCCS performance
« X = 0: fully degraded PCCS
performance
« DymolaOl| A& active parallel tubes /

=

conduction component =& HHY g5
XSS A}
« screening case= U, H, L Al 7}X| & H|I
« Case U : Uniform
« Case H : High biased performance
» Case L : Low biased performance

Probability density, p(X)
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1 Structural capacity model and failure

formulation

| Capacity Side |
/_{ Demand Slde] ~ /_[ apacity Side |

« 657| discrete degradation stateOf| CH « Containment capacity«= lognormal
8 simulation 22t random variableZ2 &2 &
o Zb statel| XL EEHS F=E * Median capacity: 10.1324 MPa
« PCHIP2ZE continuous surrogate 7 « Baseline g, = 0.15
N % N + Sensitivity range: 0.12 / 0.15/ 0.18 )

Final probability formula J

Prai = Ex[P(fs(X) > C)] J

PCHIP : Piecewise Cubic Hermite Interpolating Polynomial



03 Case Study



1 Peak pressure response and SB-LB

Ccrossover

Under severe PCCS degradation, peak pressure under SB-LOCA exceeds LB-LOCA near
X = 0.09.

X" =0.09 —— SB-LOCA (surrogate)
. s 475 - e T
+ PCCS 450] ZOFE 42 peak containment g = LBLOCA (umoga)
L ZFA < OB et
pressure— o= Q 450 - O - LB-LOCA (data)
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 Physical interpretation: Why SB can

exceed LB?

Parameter LB-LOCA SB-LOCA L S S :'_.
Time to Peak Pressure 3,000 s 3,089 s Rl T e e
x
Total Discharged Mass 66,012 kg 51,571 kg g»
TR UG |[oernorsronersesesiiionsvinaansonsuesiithnsessssomsnsentivraressissaneasusstnsnsssravessonsas iyssensornezeng
Liquid Mass in CV 44,017 kg 29,222 kg E‘
------ =)
Peak Vapor Mass in CV 21,994 kg 22,349 kg z 07 | P s e e i e s A TR R S B o e AT BRI
& ]
/M .~ { —— SB-LOCA (Degraded)
N 02 J’ﬁ ................... o -—-LELOCA(chradcd)
° LB-LOCAE %— I'E Al2 I:% E—I 3_X|DI' OHX‘” H|%0| %‘ & SBPeakPrcssure
0.0 |erecemsesmserenirmaceenseensensedeenssusnnscesasnes A = L.E.B@ak.f.’m%m ...........
© SB-LOCAE ZYO| L3 57| US/h O gR Y2 0w w0 @ w0
1me since S
= ANt O 4.
L =1 = L =~
« PCCSe| 80| odotA| XotEM 71 AlZh =X = S7(7}
_ (@) o o
kXL 7H= SB-LOCAY [ § =2 ¥H = 7|FE.
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1 Failure Probability under Screening

Assumptions
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1 Sensitivity to structural capacity

uncertainty

Distribution Case ~ LOCA Scenario Bc=0.12 Bc =0.15 (Base) Bc=0.18
Case U SB-LOCA 1.53x10°11  2.31x10°8 1.51 x 106
(Uniform)

LB-LOCA 1.07 x 1011 1.96 x 10-8 1.42x 1076
Lol | SB-LOCA 8.40x10°1  889x10"11  2.33x10°8
(Optimistic)

LB-LOCA 1.15x 10714 1.27 x 10-10 3.33x 108
CaseL SB-LOCA 9.32x10-12  2.10x 108 1.77 x 1076
(Pessimistic)

LB-LOCA 7.56 x 10-12 2.01 x 108 1.81 x 106

« Sensitivity to probability of failure P;: The
probability changes significantly depending on the
change in the logarithmic standard deviation (B;).

 Distribution Tail Dependence: The probability of
rare accidents is absolutely dominated by the
extreme 'tail shape' of the capacity distribution.

» The relative risk ranking between SB and LB is
maintained.
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04 Conclusion



Conclusion
MODELICA 7|8t A| A8l A[=2{ 0] M1} probabilistic structural capacityE 225l i-SMR containment
reliabilityS E7tat

PCCS ds =X 7tHO| failure probabilitd]] 2 42 &

PCCS7t &l 2ot HatzEl ZHO0|M = SB-LOCAZL LB-LOCAELH H 222 = U2
A7t HHO|EE[H surrogateBt CHA| ‘45l frameworkE €A MEES = U=

Future work
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4 Appendix 1

1. p=f.(X),s € {SB,LB}, X € [0,1]
2. Pr(s) = E[F:(fs(X))]
3. n€{0,1,..,Npax} Npax= 64

4. X €[0,1]

5 Fe(p) = P(C <p) = ® (—l"(gé Fm)

6. Pr(s) = Ex[P(C < f;(X) | X)] = Ex[Fc(f; (X))
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