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Challenge: Managing severe accidents is() s _
difficult

Fukushima response was especially challenging due to severe
information limitations plus inherent human limitations

» Plant Design: Current sensors were not designed for accident
monitoring

laliel nF=1ileJa M + Poor Guidance: Lack of procedures and training to guide

limitations: information gathering and diagnosis

« Complexity/Dynamics: Rapid scenario evolution, short
response window

» Understanding: Developing a “big picture” from partial
information
@%eo[o]I(\/>Wl - Filtering: Deciding which information is relevant to the

challenges: RESEEIE

* Prioritizing: Deciding which information is worth expending
limited resources to obtain




Objectives ) .

= Build comprehensive, context-specific severe accident
management guidelines (SAMGs)

= Detailed, specific guidance for fault detection and data gathering

= Leverage advances in PRA and computation to build
comprehensive understanding of accidents, before they
happen.

= And enable that information to be used during severe accident
management
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Methodology Overview .

Generate spectrum of accident scenarios

Goal: Identify potential accident scenarios
Tool: DDET/ADAPT simulation scheduler

Goal: Predict range of plant
parameters for known system faults

Tool: MELCOR

Goal: Build a map between known
parameters and known faults

Tool: Bayesian Networks

Goal: Enable users to diagnose specific [z Darese e Best add'l
- . = b .oy [-RPV 07 T ] parameter
faults, identify key indicators, ask “what-if ;_%%T’?dmﬂ) e BT CLecks
: ilisti ' ' ' T_Corebxt ¢=46) 0436 NN | Porked .| Pbabiy
Tool: Probabilistic queries, differential R 03t TSRV Concs 056 N |
diagnosis, value of information Prob. of faults lmggs;‘; rg—




Tools (1a) - MELCOR [Simulator]

Modeling and Analysis of
Severe Accidents in
Nuclear Power Plants

Severe accident codes are the "Repository" of
phenomenological understanding gained through NRC
and International research performed since the

TMI-2 accident in 1979

Integrated models required for self consistent analysis

Important Severe Accident Phenomena

Accident initiation NI

e Reactor coolant thermal hydraulics I
L —= Loss of core coolant I
e Core meltdown and fission product release IS

—e Reactor vessel failure I
—e Transport of fission products in RCS and Containment HEEMN

T Fission product aerosol dynamics I

» Molten core/basemat interactions I

—e Containment thermal hydraulics IS

—e Fission product removal processes IS
——* Release of fission products to environment I W HEN

lodine chemistry, and more I
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Tools (2) - Discrete-Dynamic-Event-
Trees (DDET) [Uncertamty Exploratlon]
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"1 National

Laboratories

= DDET is a methodology
for exploring large
spectrum of possible
accident scenarios via
Dynamic Programming.

= Simulates multiple
accident sequences by
branching based on
physics calculations.
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= Scheduler (ADAPT) was
created by a Sandia
LDRD completed in 2008.

Evolution of accident sequences is
determined by physics and
engineering calculations, not a
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Tools (3) - Bayesian Networks (BNs) @&

= e <R

“wgg The generic knowledge base (BN) contains variables
= and [prior] probabilities
+ Components of the system
| * How possible defects manifest through symptoms, test
Observations: ol results, error messages etc.

« Sex: male
» Irregular liver: present

C hrecayctaiconotabuses I Jsers make observations about known symptoms or
* Platelet count: 0-99 test results for a specific situation/person
[
Parent | Pr(a) Pr(a)
b|a)

1
Pr(b)y | Pr(bla)y | Pr
1

Child ‘Y Observations are propagated (forward and backward)

(
(
Pr(b) | Pr(bla) | Pr(bla) . . -
through the network to provide posterior probability of every node
P(X1,Xz, .- Xn) = l_[i"(xilf’“+a(xf)) (diseases, symptoms, tests).
[

Raried Targets Probabity
Hepatic gestoss presert g

Carcroma presert

Crvonc hepatits actve 0
Hepatc fomes presert 0156
Crtcss compersate e
Furciora ool brens sresert
PEC oresert 00
Toue hepatts preset 00se
Crvon: hepits persstent 0083
Feactve hepatts presert e

Posterior probability can be used for reasoning

(e.g., ranking diseases, selecting tests, calculating value of
information for tests)




Example system: iPWR ) .
"= Generic LWR SMR design (one
unit)
= 120 MW, Reactor
= Submerged in a pool

= Emergency Core Cooling System
(ECCS) is composed of:

= Depressurization Valves (DVs)
= Feed Valves (FVs)

= Passive flow system, no safety
related pumps

" Goal: diagnose loss of ECCS by
assessing status of FV and DV.




SMR 1 Example — Depressurization @i
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Valves Fail to Open

18.0

16.0

14.0

12.0

10.0

%
()

Two-phase water level relative to RPV bottom (m)

0.0

—

= == -12 cycles, fails closed, low decay power

12 cycles, fails closed, high decay power

12 cycles, fails open (high or low power similar)

= = =44 cycles, fails closed, low decay power

= ==-44 cycles, fails closed, high decay power (containment overpressure)
44 cycles, fails open (high or low power similar)

= = =58 cycles, fails closed (high or low power similar)

58 cycles, fails open (high or low power similar)

«s =« o lONg term SRV cycling (80+ cycles) - no SRV failure

]
Dashed lines: no core damage for 7 days
Solid lines: core damage predicted
]
|

Time (hr) 9




SMR 1 - iPWR Proof-of-concept
structure(compact)

i SRV

- DV - Fv Cycling 99.00% Y Equipment status
open 99.90% ]| |Open oo.cow [ [Faiati2 0.33%| (disease)

Closed 0.10%| [#] [Closed 0.10% 7| [Faiatés 0.33%]

\H / ' \ Failat5s {9.34%| =
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ﬁ Indicators to
check (tests)

) SRV
o oV ()] P Cycling 59.00% ]
open 90.90% IEIMOpen 050 I 212 033%|
Closed 0.10% . closed 0.10%)| ==ralaidd 0.33%|
Failats8 0.34%| 7
] P_RPV ) Lev_RPY ] T_CoreExit [ P_RPV (t=1) o LB RPV (1) e T Corebxt(t-1) [
High 98.79% [N| [High 0.77%] High 98.79% | High 92.97% (I ®™nign 0.77%|| High 98.70% ||
Med 0.80%) Med 98.79% (]| [Med 0.79%| Med 0.80%| Med 98.79% (]| [Med 0.79%|
Low 0.42%) & |Low 0.45%] o I 0.42%| = Low 0.23%)| 7l |Low 0.45%] w |Low 0.42%)| ™
Sitepd00 Sterdd
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Generic PRA data o SRV
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N -
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-0256 00 02 05 075 10 i
a ', T&mpora| Plate {459 time stepsj
Failure Median Mean
Mode
FTO 1.89E-03 7.71E-03
FTC 3.62E-04 7.95E-04
SO 1.24E-07 5.08E-07
FTCL 5.20E-02 1.00E-01
MELCOR runs
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Backward reasoning (diagnosis)
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National

mh

= Changing about T_CoreExit (to “Low”) changes belief about
status of FV and DV (....and also the other parameters)

Prior:

] SRV
oV ] Fv yeling 99.00% (I
( efor o 58.90% IERIIcren oo.50% I )12 *3%%|
sed 0.10%| 7l |Closed 0.10%| lat44 u_saaal
Failat5a 0.34% 7
(o] F_RPV ) Lev_RPV (o] T_CoreExit (o] P_RPV (t=1}) O Lev_RPV (t=1) | [ T _coreExtt (t=1} B
High High 0.77%)]] High 9&.79% || High 98.97% ] ™ tigh 0.77%]] High 93.79% L
e ed 05.79% M| [Med 079%| Med 0.80%| Med 93.79% ]| [Med o7e%|
L&y 0.42%] v ow 0.45%] W |Low 0.42%] = Low 0.23%] v [Low 0.45%] B [ow 042%| =
Stepddd Stepldd
L
| |
osterior: )
O SRV
Aft oV (] Fv Cyciing 46.62% [
open 7651% ] Mopen 76.42% IR Failat12 0.16%|

5ad 23 49% ][] =

Closed 23.52% ]

P_R

High 17.71% ||}

Med 18.93% (1]
£3.36%

o Lev_RFYV

High 63.31% (R d
Med 18.06% (1]
v |Low 18.63% 7

Failate4 26 21% [}
Failatsa 27 01%|ll 2

(] T_CoreExit

High  0.00%
Med 0.00%
Low 100.00...

3 P_RPV(t=1)

High 61.82% (R
Med 18.93%
Low 19.25% ([l

) Lev_RPV it=1)

High 63.31%
Med 18.06%
v| |Low 18.63%

.

2 T_CoreExit (t=1)
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High 17.93% (Il
Med 17.38% (1]

Low 64 19% (I
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Forward reasoning ) i,

= Changing belief about FV (to FV=Closed) changes expectations
about the parameters

Prior:

(BEfC ov o N oo+ I

Open 99.90% Open 95.20% NI 2"} - 0.33%
Closed 0.10%| Closed 0.10%| dy 0.33%|
Faffatsa 0.34% || 7
[ P_RPY Lev_RPV (] T_CoreExit (] P_RPV (t=1} [ Lev_RPV (t=1} oreExit (t=1} ;
High 98 7' High 0.77%]| High 95.79% || High 95.97% I ®™nigh 0.77%] High 98.79% K
Med 0.80%| Med 95.79% [ || [Med 0.79%| Med 0.80%| Med 95.79% | || [Med 0.79%|
Low 0.42 7 |Low 0.45%] W |Low 0.42%] = Low 0.23%| vl |Low 0.45%] w |Low 0. "

Posterior: |
(Afte I') @ DV ) nw ?cnng BB.DE:V-]

Open 99.90% Open  0.00% a?lat12 0.33%|
Closed 0.10% S\ictosed 100.00. [ Vot 033%]|
Failat58 0.34% 7
L] = (] Lev_RPV ] T_CoreExit (] P_RPV (t=1) O Lev RPV (t=1 T Corebxt (1) 2
- High 95.24% | ™ rign o6 1% I | | Hioh Teg B

Med 0.80%
w 98 B9% "

Med 1.78%| Med 0.80
Low 2.05%| = |Low




Assisted diagnosis (real-time, iteratiVe§=.

ndia

Prior (Generic day)
oot 0ot L T Suggests checking
A Comd 0001 | |[TCowsa 036 RPV level (10),
1.0% chance of SRV failure |+ oo mmmmmm—— RPV pressure (t0),
0.1% chance of DV failure TS T —-::|| | Core Exit temp (t0)
0.1% chance of FV failure T CoreEsit =72) 0443 I I

T CrraFit 407

mnA7s T [ 1

Observation:

RPV Level (time 0) = low

Posterior (Condition-specific)

Ranked ... | Probability

SRV:Closed  1.000 N
Fv:Closed < 0.001
DV:Closed < 0.001

~100% chance of SRV failure
<0.1% chance of DV failure
<0.1% chance of FV failure

Ranked Obsery...

Lev_RPV =110}
Lev_RPV =157)
Lev_RPV =93)
Lev_RPV =62)
Lev_RPV =35)
Lev_RPV =83)
Lev_RPV =37)
Lev_RPV =153)
Lev_RPV t=165)
Lev RPV #t=65)

Diagnostic Value

- Suggests checking
- RPV level (110,
- 1157, t93)

A single key observation dramatically changes belief about
ECCS status and value of additional tests




Diagnostic value of tests ) .

For FV failure For SRV failure
Ranked Observ... | Diagnostic Value Ranked Observ... | Diagnostic Value |
T_CoreExt t=46) 0315 N Lev_RPV o.23¢ Y] ||
Lev_RPV 0.316 I P_RPV o2 I
T_CoreBExt ¢=146) 0.232 I T_CoreExit 085 I |
P_RPV=160) 0224 I T Coreboit ¢=46) 0651 NN |
P_RPV{=128) 0217 I P RPVE=160) 0650 NN 2 |
T_CoreExt ¢=108) 0.202 IR T Corebxit =146) 0615 ] |
Lev_RPV ¢=157) 0200 P_RPV =79) 0425 I
P_RPV {=58) 0.157 I P_RPV =25) 0464 I
Lev_RPV#=68)  0.1955 ] T CoreBxit =72)
T_CoreBxit 0191 R T CoreExit t=63)
P_RPV 0191 I Lev RPV ¢=160)
Lev_RPV =159 0.138 R Lev_RPV §=61)

Lev_RPV ¢=151) 0.187 I

T CoreExit f=44
T Corebst §=44) 0124 [ ~CoreBai £=44)

P_RPV §=52)

P_RPV ¢=79) 0.124 IR N

Lev RPV =46) 0122 IR Lev_RFV ¢=156)
T CoreBdt #=123) 0.176 IR T CoreExit =108
P RPV&=101) 0175 I Lov ,E{EW {’EE'lﬁU}

T CoreEdt #=72) 0.174
T CoreEdt #=63) 0171
Lev_RPV ¢=106) 0.167 I

T_CoreExit ¢=58)
F_RPV ¢=128)
T_CoreExt t=70)

Different tests provide greater diagnostic power for different diseases
(and some provide little value for either disease)




Conclusions )

= Fukushima accident drives need for new procedures

= “Smart SAMGs” — a new paradigm for accident
management:

= Evidence-based, automation-assisted guidance

e  Comprehensive —thousands of scenarios

 Detailed — Examines accidents that experts may overlook.

 Defensible — Built on the best knowledge

* Faster-than-real-time — allows operators to project future
states, and predict future impact of various corrective
actions.

16
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Ranked Observ... | Diagnostic Value
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Katrina Groth
Risk and Reliability Analysis
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How are IMGs currently created? @

= Combination of expert judgments and Best Estimate (BE)
simulations
= Hidden assumption: Active management is almost always safer.
= |s this true?

= BE vs Risk-Informed

= Flaw of Averages — Risks are underestimated in BE calculations

f(x) + ff(x) x dx ,unless f(x) is linear

= Severe accidents are not linear.
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Probability is not really about numbers;
it is about the structure of reasoning.

Glenn Shafer

Rutgers University




Smart SAMGSs in a nutshell ) e

Accident Scenarios (ET or DDET
1

Equip.

status
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°
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Knowledge base (BN )
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“Smart SAMG” User Interface

Systems analysis code (MELCOR)
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OVOosed 0313 INNEEGEGEGEGN
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T_CoreBxt 0.765
P_RPV $=160) 0521
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B §=146) 0472
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Output Suggested response: Activate CVCS
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Theories underlying this work ) .

1. BN-based decision support systems (DSS) can be built to
support diagnosis of severe accidents in NPPs.
= Rationale: Direct analogue to work in other industries
=  Progress: Built proof of concept model to demonstrate this

2. These decision-support systems can also function as
surrogate humans (following procedures).

= Rationale: BNs are an expert system. The whole point of expert
systems is to emulate human experts.

=  Future work:— Must implement sampling approaches to tie into
ADAPT/IDAC.




Technical methods used to develop e
Smart SAMGs

e |dentification of Accident Scenarios with temporal dependence
(Discrete Dynamic Event Trees [DDET])

o Reduces model simplification by realistically modeling the time-dependent aspects
of physical phenomena — unlike traditional risk analysis tools.

* Accident sequence pathways proceed “naturally” based on the evolution of specific
plant conditions rather than a priori developed event trees.

e Accident Simulation (e.g., MELCOR for Nuclear Power Plants)
o State-of-the-art severe accident physics simulator.

e Used to model the spectrum of possible plant responses.

e Probabilistic Knowledge Base (Bayesian Networks [BNs])
e Encodes the DDET and MELCOR results into a probabilistic knowledge-base.
o Facilitates decision-making with uncertain and limited information.

o Establishes a relationship between unobservable equipment status with observable

plant parameters.
23



