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Introduction ATHENA

Motivation & Objective

s+ Motivation

= Complex thermal-hydraulic phenomena in severe accident analysis

= Computational codes essential for accurate simulation & accident management strategy

Containment Spray System
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Introduction ATHENA

Motivation & Objective

+ Objective

Uncertainty in severe accidents Scenario dependency
“ Quantitative evaluation
Various physical phenomena interact in complex r-- Thermal-hydraulic conditions differ fundamentally — of parameter influence per
ways during severe accident analysis, inevitably across scenarios, causing the influence of uncertainty scenario is essential ”
introducing uncertainties parameters to vary accordingly

10 . °a _ = ‘.. %, . .
e % o2% L Pl . o Uncertainty Correlation
| P i, B ] > ‘ analysis analysis
02 :‘.. B :°. ..":. % ..":’.. . —'._>

.°.', '0’.-.‘. ..,::‘. e .0 2 Uncertain Input Uncertain Output

Identify dominant
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Methodology

Uncertain Parameters and Figure Of Merit

ATHENA

«» UA Parameters and FOM

FOM

1 SAMG entry timing
2 LH relocation timing

RPV failure timing
4 H2 generation

5 Csl release fraction in containment

VF_c Sensitivity coefficient for radial heat transfer 0.3-0.7 Uniform

Exp_blockage Exponent for the calculation of flow blockage area 1.0-4.0 Normal

TZr_melt Zircaloy melting temperature 2029 — 2229 Uniform

TZrO,_melt Oxidized Zircaloy melting temperature 2199 — 2399 Uniform

TUO,_melt UO, melting temperature 2400 - 2600 Uniform

e Csl combination ratio 0.0-1.0 Uniform
(1 — Csl)

(285?623%&) Cs,Mo0O, combination ratio 0.0-1.0 Uniform

CSF Aerosol (Csl) collision shape factor 1.0-4.0 Uniform

SSF Aerosol (Csl) particle settling factor 1.0-4.0 Uniform

DCF Aerosol (Csl) density correction factor 05-1.0 Uniform

PCE Aerosol (Csl) adjustable particle capture efficiency 0.5-1.0 Uniform

. In-vessel core degradation parameters

COMPASS

SIRIUS

: Fission Product behavior parameters

 UNIVERSITY




Methodology ATHENA

Uncertainty Analysis Method

Input set UA result Uncertainty
Quantification

Reference case

Horsetail Plot for Accumulated H2

L ® Measurement ]
o ’_/' —_ Regressiqn .
E;ﬂ ,_r.--‘ ""'t_, e 95% confidence interval o
\ Y g g
g iaa =
Emu i = g
= -
U t . - | @
ncertain Sampling Code run o e —wan v | Statisticall 7|
0 20000 adon sodon soian . .
Parameters Analysis .
! The X values

@ =—=-

é

Wilks’ Formula Simple Random Sampling Linear Regression
o .- 'SRCC value (p): 0.24
n n: sample size [e) o) _ T - PCC value (r) : 0.25
n, n—k= a : CDF value ) e i | e {
(k)a (1 - (1) = ﬁ B : confidence level QL N I ? Lo, =150 === | ru _— 1.0f o o o O
k=n—p+1 p : order of wilks' formula o 00 I 0o © - | - | | %% °° o0
5 : . 6, — el e X
o _f-: an e 'r;&“ .
& 0 ®0°® @ o0 ’ o r - . Oo °°° ¥ 8
rank Confidence / Coverage combination 1 0% o & ° 08 o —_—
95%/ 95% 95%/99% 99% / 95% 99%/ 99% 80 € © .S — — 0 %o 0§@O °°
Bound Interval Bound Interval Bound Interval Bound Interval <] 0o %o e L Fo o o & g | 1 Fos l 0 Or (o] o
1 59 93 90 130 299 473 459 662 ° o SR ’ o | . .~ > )
2 o3 153 130 198 73 773 862 | 1001 e ° o - = o = 0.0 0.5 1.0
3 124 208 165 259 628 1049 838 1307 ——— e e X




Methodology ATHENA

Uncertainty Analysis

% UA Scenarios
Framework SBLOCA SBO
time (hrs) time (hrs)
Scenario Base case (SBLOCA and SBO) Start of core dry-out 0.12 1.36
Code version CINEMA 2.2.0.442
Number of cases 59 (Wilks' formula 95/95, 1st order) End of core dry-out 0.57 1.99
Computation Time 3 days (72 hours) CET > 923.15 K 0.58 203
COMPASS value SIRIUS value Start of gap release 0.58 209
VF_c 1.0 Comb_ratio1 1.0
Exp_b|ockage 4.0 Comb_ratio2 1.0 Initiation of oxidation 0.62 2.09
TZr_melt 2129.15K CSF 1.0
Relocation to core material to CSP 4.08 2.65
TZrO2_melt 2350K SSF 1.0
TUO2_melt 2400K DCF 1.0 ) i
- Relocation to core material to LP 6.83 4.31
PCE 1.0
RPV failure 8.84 5.38
Accident sequence for SBLOCA and SBO from base case

 UNIVERSITY



Result and Discussion ATHENA

Uncertainty Analysis : SBLOCA & SBO

‘ [ ] [ ]
% FOM 1. SAMG Entry timing
= Scatter plot
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Result and Discussion

ATHENA

Uncertainty Analysis : SBLOCA & SBO

‘ L] L]
% FOM 1. SAMG Entry timing
= PCC/SRCC correlation coefficient
SAMG Entry Timing — SBLOCA SAMG Entry Timing — SBO SAMG Entry Timing
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Result and Discussion

Uncertainty Analysis : SBLOCA & SBO

ATHENA

‘ L] L] L]
% FOM 2. Lower Head Relocation timing
= Scatter plot
= Mean = 32,433
== Median = 31,627
----- pos = 26,329
----- p95 = 40,038
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Result and Discussion

ATHENA

Uncertainty Analysis : SBLOCA & SBO

‘ [ ] [ ] [ ]
% FOM 2. Lower Head Relocation timing
= PCC/SRCC correlation coefficient
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Result and Discussion ATHENA

Uncertainty Analysis : SBLOCA & SBO

‘ (] (] [ ]
< FOM 3. RPV Failure timing
= Scatter plot
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Result and Discussion ATHENA

Uncertainty Analysis : SBLOCA & SBO

‘ L] L] L]
< FOM 3. RPV Failure timing
= PCC/SRCC correlation coefficient
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Result and Discussion

Uncertainty Analysis : SBLOCA & SBO

ATHENA

» Horsetail plot

% FOM 4. Hydrogen Generation
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Result and Discussion ATHENA

Uncertainty Analysis : SBLOCA & SBO

‘ L]
% FOM 4. Hydrogen Generation
= PCC/SRCC correlation coefficient
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Result and Discussion ATHENA

Uncertainty Analysis : SBLOCA & SBO
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Result and Discussion

ATHENA

Uncertainty Analysis : SBLOCA & SBO

¥ FOM 5. C | ion in C i
*» FOM 5. GCsl Release Fraction in Containment
= PCC/SRCC correlation coefficient
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Result and Discussion

Comparative Study : SBLOCA & SBO

ATHENA

s Correlation coefficient comparison

CINEMA version 2.2.0.442

Positive: TZrO,_melt (0.20)
Negative: SSF (-0.22)

SAMG entry timing

Positive: Comb_ratio2 (0.26)
Negative : TUO,_melt (-0.16)

LH relocation timing

Positive: CSF (0.19)
Negative : DCF (-0.23)

Reactor failure timing

Positive: Exp_blockage (0.22)
Negative : TZrO,_melt (-0.36)

H2 mass production

Positive: TZrO,_melt (0.23)
Negative : VF_c (-0.23)

Csl release fraction in containment

2.2.0.442

Positive: TZr_melt (0.25)
Negative: TUO,_melt (-0.24)

Positive: TZrO,_melt (0.30)
Negative : Exp_blockage (-0.41)

Positive: PCE (0.30)
Negative : Exp_blockage (-0.40)

Positive: TZr_melt (0.67)
Negative : TZrO,_melt (-0.23)

Positive: Exp_blockage (0.20)
Negative : Comb_ratio2 (-0.41)

Case study }

Sign reversal of
TZr_melt effect on
Hydrogen generation

Low TZr_melt cases

SBLOCA — Higher H, Generation
SBO — Lower H, Generation

v

Cross-Scenario
Influence evaluation of
Zr melting temperature
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Result and D

+ Hydrogen generation

Hydrogen generation mass

Relocation

Relocation

SBO
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to CSP SBLOCA

Oxidation

—— Case_1l
—— Case_2
— Case_3

Case_4

2 Relocation 4

o o (=] o (=] o o
o (=] o o o (=] (=]
~ 0w ["a} T m ~ -
(63) ssep
| | |

— Case_l
—— Case_2
— Case_3
—— Case_4

Relocation

toLP

(62) ssep

10 12 14

8

Time (hours)

10 12 14

8

Time (hours)

to CSP

Event Sequence

Initiation of Oxidation === Relocation to CSP === Relocation to Lower Plenum

—=- RPV Fail
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Conclusion ATHENA

Conclusion and Future work

Conclusion

= Uncertainty Analysis: SBLOCA and SBO — Different TH conditions
= Key Finding: Sign reversal of Zr melting temperature — Hydrogen generation (two scenarios)
= Case Analysis: Same parameter — Opposite effects of FOM depending on scenario characteristics

= [mplication: Cross scenario comparisons is essential in severe accident uncertainty analysis

Future work

Same FOM Scenario

sampling | oytension | addition

= Same sampling set: Fair cross scenario comparison "
se

= Additional scenarios: LBLOCA expansion

@
= Fission Products related FOMs: Broader uncertainty evaluation :

. o Scenario-Dependent Influence Analysis
= Case expansion: Wilks’ formula 95/95 2nd order (93) of Unclzoertainty Parameters y
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