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= Leverage advances in PRA, simulation, and machine learning
can be used to build comprehensive understanding of
accidents, before they happen.

= Explore how to use that understanding to improve used
during severe accident management

= Near term: Identify which plant parameters are most helpful in a
Sodium Fast Reactor (SFR) design

= Long term: Evidence-based, automation-assisted guidance; Build
detailed, context-specific severe accident management guidelines
(SAMGs)




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




Problem Space: Human Response [

Diagnosis Response Planning
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Source: Chang and Mosleh 2007
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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: SAS4A, 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 ) e,

= SAS4A (Reactor simulator)

= Argonne’s severe accident code for sodium & lead reactors

= Proceeds slightly beyond core damage but does not model
radionuclides and/or containment response

= ADAPT (Discrete Dynamic Event Tree scheduler)
= Sandia/Ohio State DDET scheduler

= Simulates multiple accident sequences by branching based on physics
calculations.

= GeNle (Bayesian Networks)
= University of Pittsburgh BN tool w/diagnostic features.

= Bayesian Networks (BNs) are used to support diagnosis activities in a
range of industries
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Observations:
« Sex: male

» Irregular liver: present

» History of alcohol abuse:

present

« Platelet count: 0-99

ow BNs support diagnosis 1) .

[prior] probabilities
+ Components of the system,
* How physical conditions manifest through symptoms,
test results, parameter changes, etc.

Users make observations about known symptoms or
test results for a specific situation/person

[
Parvent | Pr(a) | Pr(a)
. Pr(b)y | Pr(bla)y | Pr(bla)
Child = — =
Pr(b) | Pr(bla) | Pr(bla)

P(Xl,XZ, Xn) = l_LP(Xllpa{'(;(

X)) (diseases, symptoms, tests).

Observations are propagated (forward and backward)
through the network to provide posterior probability of every node

Raried Targets
Resc gexies preset

_-||Il||I|II

Carcroma presert

Crvonc hepatits actve

Hepatc Soss presert

Crtcss compersate

Furctiord yoebiebrena resert
PEComsert

Toue hepatts preset

Crvon: hepits persstent
Feactve heptts presert

T VT

A TEE

Posterior probability can be used for reasoning
(e.g., ranking diseases, selecting tests, calculating value of
information for tests)




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




Sodium Fast Reactor design ).

= Generic Small SFR design _
u ~100 MW ggg%éﬁ%‘&i“TURE GROUP

AIR DUMP
ELEVATIONS ARE IN METERS HEAT EXCHANGE

= 4 Electromagnetic Pumps 215 I
- Vid E22 —7=13.43

= Large earthquakes creates == LA
the potential for: | B i
EL5 E26) |[E24
= SCRAM Failure Pr:dﬁpz"’"” TI0| |g17,111 e R
E20 7=4.92
= Sinusoidal core motion ol C mos .
" Sinusoidal control rod motion |\ w1 T
H B2l =41 e
= Primary decay heat removal T ore i
i 7=3 go— | 5 POOL
failure i»;é:_% T i B
= Accident management HEr
O pt I O n S EE SUBA;E?E]I::BLIES 26 7=2.86
oa | B9 pumi
= |ncrease and/or decrease T
pump flow rates to reduce . T _gasas
fuel temperatures o POl | L j A
E‘ CVL. INLET PLENUM || g5 _Z;:g:%
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Case study/problem description =~ @,

" Create proof-of-principle BN model which can
differentiate between

— Unprotected Transient Overpower (UTOP)
— Protected Transient Overpower

— Unprotected Loss of Flow and

— Protected Loss of Flow

" Provide insight into operator deployment of accident
mitigation strategies (e.g., effectiveness of
overworking the coolant pumps to address UTOP)
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Proof-of-concept model for LOF and TOP ) i

diagnosis

(- EM Pump 1

Operational 99 96% -:| Operational 99 96% Operational 9. 96% Operational ¥9.96% -:|

National
Laboratories

Equipment
? status

[} TOP

Shutdown 1.50%

() Differential_pressure

Failed
[} DRACS
Operational 38.50% Enhanced  0.00%

CRs_fully_in 1.50%
CR=_nominal 98.50%
CRs_withd ... 0.00%

x_25Spct  0.00%

Operational 100.00...
0.00% -

T ——— pu{Total  0.00%

Unprotected 0.00% ||

rotected - 150% | A scidents

None 58.50% |~

o LOF

Partial ~ 0.18%
Ho_LOF 959.82% ¥

Plant

PF'® 1 parameters

at various
times

BN-based tool can be used to provide insight into instruments are most essential
for diagnosis of specific accidents. This information can provide insight into,
reactor design e.g., which instruments need to be accident hardened
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Input data D

State Probability
Enhanced 1.19x10°12
u Eq uipment & Accident DRACS  Available 0.999999999998
i Unavailable 3.97x10713
parameters: assigned by experts punps OPCTIOnl 0599
based on available historical CRs Tully T 0.0150
Scram CRs_nominal 0.985
data on SFRs CRs_withdrawn  3.04x10°
. Operational 0.985
= Plant parameters: 7188 o Shutdown 00150
scenarios from coupled Decay 7.95x10°
D D ET/SAS4A N | 0.5 g quake UTOP initiator - peak coolant temperétures

—— +25%flow at 5sec
====1pump trip at 515 C in cold pool
—— all pumps trip at 515 C in cold pool

= Branching parameters include:
TOP magnitudes, LOF magnitude,
BOP availability (LOHR), Scram
state, DRACS state, Inherent
Reactivity Response... = ':'3?..‘::::':::::4-“.; ......

1150
== ==+25% flow at 500 C in cold pool
= === -25% flow at 500 C in cold pool

\ I~ ) p—
Na Tsat = base UTOP (no trips or further actions)
1200 1 i 1 ——1 pump trip at 5sec

1100

=
o
&
o

Temperature (K)
-
g

0 20 40 60 20 100 120 140 160 180 200 220 240 260 280 300
Time (s)
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Plant parameter data parsing ).

= 7188 scenarios from coupled DDET/SAS4A

= Parsed into 100 times steps using SAS4a data parser
= Steps 0-24: First 6 minutes of the accident (~15s steps)
= Steps 25-49: Minutes 6-60 (~“2minute steps)

= Steps 50-74: Hours 1- Hour 10 (~20 minute steps)
= Steps 75-99: Hour 10-Hour 100 (~3.5hr steps)

= Plant parameters each binned as low/medium/high
(each 33% of the range of that parameter).




Diagnosis of Protected TOP: Prior @&

Case library « | Case: |no cases in librany *| Save.. | Entropy./cost ratio: |1 - |— Maz: |10 hd
Ranked Targets | Probability | Ranked Obs... | Diagnostic Value | -
TOP:Protected 0.015 | | | T_Coolant_25 < 0.001 [
LOF:Partial 0.002 | | | T Coolant_26 < 0.001
EM Pump 1:Failed < 0.001 T Coolant_33 < 0.001
EM Pump 2:Failed < 0.001 T Coolant_83% < 0.001
EM Pump 3:Failed < 0.001 T Coolant_50 < 0.001
EM Pump 4:Failed < 0.001 T Coolart_51 < 0.001
Scram:CRs_withdrawn < 0.001 T Coolant_52 < 0.001
LOF Total < 0.001 T Coolart_53 < 0.001
TOP:Unprotected < 0.001 T Coolart_54 < 0.001

T Coolant_35 < 0.001
T Coolant_27 < 0.001
T Coolant_23 < 0.001
T_Coolart_32 < 0.001
T_Coolart_36 < 0.001
T_Coolart_45 < 0.001
T _Coolart_23 < 0.001
T _Coolart_28 < 0.001
T_Coolart_30 < 0.001
T _Coolart_31 < 0.001

T Coolant_43 < 0.001
T Cnnlart AN « M

Cither observations | Eviden... | State
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Diagnosis of protected TOP ) .

Ranked Targets | Probabilty | | Ranked Obs... | Diagnostic Value [«

Scram:CRs_withdrawn 1.000 I | T_Coolant_52
TOP:Protected 1.000 N | T_Coolant_48
EM Pump 1:Faled  <0.001 T_Coolant_49
EM Pump 2-Faled < 0.001 T_Coolant_50
EM Pump 3-Faled  <0.001 T_Coolant_51
EM Pump 4Faled < 0.001 T_Coolant_53
TOP:Unprotected <0.001 T_Coolant_54
LOF:Total <0.001 T_Coolant_60
LOF-Partial <0.001 T_Coolant_61
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Other observations | | Evidence | State [

2 :
T 22 82 High Hot Pool
T_Coolant_24 Bin2

TCooart 25 8n2  lemperature
T_Coolant_26 Bin2

flow_ch5_22 Bin

flow_ch5_23  Bin R -
flow_ch5_24  Bin

flow_ch5_25 Binl educed ow
flow_ch5_26 Bin1

3
-
N
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Diagnosis of a Loss of Flow ) S,

Ranked Targets
LOF:Total
Scram CRs_withdrawn
TOPProtected
EM Pump 1:Failed
EM Pump 2:Failed
EM Pump 3:Failed
EM Pump 4:Failed
TOP:Unprotected
LOF-Partial _
“Coolant_61
T_Coolant_62
T Coolant_63
T Coolant_64
T_Coolant_65
T Coolart_66
T _Coolant_67
T Coolant_68
T Coolart_69
T Coolant_70
T_Coolant_71
T Coolant_74  0.983 —1 |
Other observations | | Evidence | State =
T_Coolart_22 Bin2 .
Tcoont_23 Bz High Hot Pool
T Coolant_24 Bin2
TCooent 25 Bn2  [€Mperature
T Coolant_26 Bin2
T_Coolant_80 Bin2
Tcooarnt 81 B2 Late Low Cold Pool —
coldpoolT_80 Bin0
codpoolT_81 B0 Temperatures
flow_ch5_22 Binl ;I
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Instrument insights from the model L

Loss Of Flow Diagnosis

= Experiment with model to get |i== 2 =
insights on value of specific =mesa g

indicators (in progress). ==

Example insights: e

doppler_4

= Power and Reactivity are mEaes 3

redundant Rosdm S

" Reactivity is a better diagnostic  Transient Overpower Diagnosis
indicator than Power akced Obsarvasons ———

1000000000000
1388283828382838

= Hot pool temperature e
(T_Coolant) has high diagnostic tats s —
value for both LOF and TOP S 3 =——

= Cold Pool Temperature has = 3 =
better diagnostic value for LOF =rF T =
than TOP = i =

= SCRAM status provides no = 2l =
additional info for power-to- Tt 3 =
flow ratio. = e

flow_ch5_1 0.002 [
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Conclusions )

= Preliminary model illustrates possibilities for using
Dynamic PRA offers insight into accident diagnosis
and management

= Requires multiple parameter inputs (no single indicator for diagnosis)

= Preliminary insights match expectations (redundancy between
power/reactivity, high diagnostic value for T_coolant)

= Qutstanding questions around: scalability (diversity of
scenarios, amount of equipment modeled); optimality of
different discretization schemes

"= Ongoing work focusing on testing predictions of
models against additional simulations.

= Which discretization scheme is

18
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Ranked Observ... | Diagnostic Value

Plant Simulator/Scheduler

@ - - oV - Fv @ SRV 22—
oot M T
b o open 99.90% | |open oo.00% (I [Oren 99.00% (] Vo E—

[ ———

1.0 Closed 0.10%| 7] |Closed 0.10%| 7 [Closed 1.00%| RE s ne—

12.0

/

Y Temporpl Plate{169 tipie stepsy T CorsBxt 4-63) bt E

lev_RPV #=160) 0433 ] |
Lev_RPV #-61) 0421 T

T CoreBxt ¢=44) 041 ] |
P_RPV =58) 040c R |
Lev_RPV =156 0406 NN |
T CoreBxt¢=123) O2 ] |
T CoreDxt ¢=108) 0372 M |
lev RPVE=161) 0364 ] |
T CoreBxt §=98) 0361 M |
PRPVR-128) O35 N ]
T CoreBat¢=70) O35 ] |

10.0

Dectsion Analysis

via Bayesian Network

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

Model Cognitive
Impacts on Accident

Response

Human Cognitive Model/Plant
Simulator/Scheduler

Time (hr)

Thank youl!

Katrina Groth
Risk and Reliability Analysis
Sandia National Laboratories
S
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Approach: “Smart Procedures” I\/Iod@sm
development methodology

Laboratories

Accident Scenarios (ET or DDET)

-l !Scenariosl

Knowledge base (BN )

L I - > Safety Vaive
I | Equip. Open 99 00%
status Cosed 1.00%
j — =) ]
{ HETTumen
‘ “Smart SAMG” User Interface

Systems analysis code (MELCOR)

Reactor Pressure Vessel Water Level

E 140 §

E 120 - o w12 cycles, fails Clomd
o 12 cycles, fails cpen
S 100 : SO 00 b s 3 ien bk S
g 80 g lllllll ‘:‘M“'“mﬂ
z 60 -------

I TE

&

$ 203

P .............................................

00 20 40 60 80 00 120 40 60 180
Time (hr)

RPV Level (time = 0) = High

Ranked ... = Probabiity

FVOosed 0313 I
DVCosed 0313 NN

T_CoreExt §=146) 0472
P _RPV §=7S 0.343
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Supporting diagnosis ) i

= Bayesian Networks (BNs) are used to support diagnosis
activities in a range of industries

m Medicine

HEPAR II: Diagnosis of liver disorders

CHILDE: Congenital heart disease diagnosis

MUNIN: Preliminary Diagnosis of neuromuscular diseases
SWAN: System for insulin adjustment for diabetics
PATHFINDER: Diagnosis of breast cancer

= Business and Management

Finance-Fraud/Uncollectible debt collection

= Engineering & Science

BOBLO: Expert system based for cattle blood group determination
Diagnosis of faults in waste water treatment process

21
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1 1 1 r.h National
uantl ylng t e prlor Laboratories
Generic PRA data o SRV
T L DV o Fv Cyciing 99.00% ]
e en 99.9&%‘_] Open HH.HI]%‘-] Failat12 0.33% |
N -
S ol losed 0.10%| [7] |Closed 0.10% w7 [|Faiatss 0.33%]
T \ / \ FailatSs 0.34%|| 7
-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

[Er——

NS EREEEE

[ P S ——

E
ol i 1
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Sas4A data parser ) S

= Build Java-based data fm:iiww- mﬁ“
parser to automate part of o
insertion of SAS4A results |
into inputs for BN model _ e
= Allows handling of larger e S
sets of SAS4A data ] s |\

APt L T i b Deie i b
1, TR R y LA e L A LD i \

= (e.g., input 10,000+ N e e VIR
SAS4A runs into BN in a o = — =
few days instead of - - e e
months (first 84 runs)) . ™ st I
rieser e s B ot
n Currently addre55|ng bug f:::ww*wwrmnwnwwmmww | s \:F e —

in memory handling
which is limiting intake B =

& by Harshid g i A Dol -

[ d . F—
Slze 'mmsarrimu ivger Kl ochie . rdy
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Types of reasoning/inference

Causal: ® @

(Forward, Inference)

\\.
Evidential @ @
>

(Backward, Diagnosis)

Intercausal: @ @




Backward reasoning (diagnosis)

Sandia
Nationa

mh

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

Laboratories

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)

High 17.93% (Il
Med 17.38% (1]

Low 64.19% |




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 =




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.
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