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Context of the work

Severe Accident Management Guidelines (SAMGs) W.[HQH{H;'
are devoted to prevent accident escalation and ==
avoid release of radioactive materials "’

SAMG = f(Knowledge, Information, Data) =>

limited/missing Level

SAMG=f (prototypical accident scenarios)
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Problem Statement

1) Plant Damage State
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2) Developing scenario
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3) Set of alternative candidate actions
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CONDITION BASED
RISK INFORMED
DECISION-MAKING
(CBRI-DM)

Sequence of actions
“enveloping” most of
the accident scenarios

escalations




CBRI-DM: Desiderata (1/3)

A to identify:
1)  The Plant Damage States (PDSs) (and estimate their probability);
2) The developing scenarios (and estimate their probability).
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CBRI-DM: Desiderata (2/3)

A DYNAMIC RISK EVALUATOR to provide:
1) The probability distribution of the Grace Time (GT);
2) The (time-dependent) risk index R @future times;

A
Probability

_ JLGT
- P » PDS
& QQ%:LQO%’ &
PLANT DAMAGE STATE /\
r 3 > t
Probability GRACE TIME .
LSRN | Sequence of actions
DATA FROM SENSORS Dynamic RISK L “enveloping” most of
mmmg EVALUATOR R the accident scenarios
PRI escalations
DEVELOPING SCENARIO /_/
> t
TIME-DEPENDENT
actions —
A, i=1,..,1
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CBRI-DM: Desiderata (3/3)

A DECISION-MAKING MODULE to prescribe the best sequence of actions (i.e., the one
“enveloping” most of the accident scenarios escalations)
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Proposed technical solution
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The dynamic risk evaluator

BAYESIAN NETWORK (BN)
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Dependencies are:
* Qualitatively represented through arrows;
* Quantitatively represented through

Conditional Probability Tables (CPTs), e.g.:

$1=0 $1=1
X,=0 | X,=1| X,=0 | X, =1
¢$,=0 0,99 0,95 0,80 0,5
$,=1 0,01 0,05 0,20 0,5

(Example of CPT for binary nodes)

The simulated scenarios are used to compute the CPTs
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Case study (1/2)

Emergency
Pump (EP)

s System: Electric Heating System [6] ; Q ouree
e Model: Simulink; | ét
* System goals: Tank .

=  Water Level (L) > 2m; () creiaion

=  Water Temperature (T) < 80 °C;

e Transient time: t = [0s,1000s];
Electrical heater (H) @ t=400 S

——( [ [ T e | Heat |, Secondary
-
Exchanger circuitinlet
Outlet 4
Valve Secondary
Ly
circuitoutlet

Loss water
flowrate

* Assumptions:
* The EP and the H cannot be simultaneously switched ON and OFF, respectively;

* The heater H and the EP have two possible operational status (i.e., ON-OFF);
* Once the heater become OFF it will not become ON again;

* No running failure for the EP.

EP= Emergency Pump;
H= Electrical Heater;
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Case study (2/2)

Emergency
Pump (EP)

* Accidental Scenarios characteristics: ) Water
NG

source

=  Primary circuit pipe rupture @ t=400 s; l >4
Valve

= Random variables for scenarios generation: |1«

Circulation
Pump

1. Fraction of loss flowrate: Y
Uniform U[0.05, 0.10]; ()

2. Type of operating option:
Uniform UJ[turn on the EP first, turn off

the H first]; Electrical heater (H) @ t=400 s

3. Time to turn ON the Emergency Pump (EP): — L1 [ T[] | g | S e
Uniform U [100 s, 350s]; Salie ¢

ot
4.  Time to turn OFF the Heater (H): o cireuttout
Uniform U [100 s, 350s] flowrate

Four actions are compared:
» A; = (EP =on @t = 500s,H = off @t = 600s);
= A, =(EP =on @t = 600s,H = off @t = 500s);
» A; = (EP =on @t = 500s,H = off @t = 700s);
= A, =(EP =on @t = "700s,H = off @t = 500);
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The DBN

The BN of the system System nodes are discretized
Pipe_state Sys_state
State | Description State Description

Temperature (T)
State| Description
L1 L<2m T1 OT <20°C o
L2 [2m<L< 3m T2 |20°C < T< 40°C

L3 |3m<L<4m T3 40:C <T< 60:C
L4 L>4m T4 |60°C<T< 80°C
T5 T>80°C

Water Level (L)
State| Description

@ TRUE Pipe failed TRUE System failed
FALSE| Pipe working FALSE | System working

Heater (H)
State |Description Emergency Pump (EP)
The DBN of the system ON Hon State | Description
OFF H off ON EPon
OFF EP off

Monte Carlo Simulations are
performed to compute the CPTs

At =505 - k=(0,1,...,21)
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Case study: Results (1/2)

System state @t=450s:

. X9 =13;
. X\ =T4;
Action —1:

. Turn On EP @ t=500s;
e Turnoff H @ t=600s;

Action — 2:
. Turn On EP @ t=600s;
*  Turnoff H @ t=500s;

Action — 3:
. Turn On EP @ t=500s;
e Turnoff H @ t=700s;

Action — 4:
. Turn On EP @ t=700s;
¢ Turn off H @ t=500s;

POLITECNICO MILANO 1863

0.16

0.14 -

o
[N
N

0.08 -

Probability mass function
o

Grace time
T

0.7

o
o

b
3}

Cumulative system failure probability
o o
N w

4
o

o
Py

o
~
T

Grace time @ t=450s [s]

& 1 I .
100 200 300 400

.
500 600

T T T T T T

—©6— Action 1

—©6— Action 2
Action 3

—O— Action 4

0 100 200 300 400 500 600

time [s]

700 800 900 1000



Case study: Results (2/2)
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Conclusions and future works

1. A framework based on DBNs for combining condition-monitoring data with dynamic risk
assessment has been proposed for decision-making in support of SAMGs;

2. The feasibility of application of the proposed framework has been shown on a case study;

3. Technical issues for the informed construction of the DBN need to be addressed with
respect to the opportunity of using:

a) Multilevel Flow Modelling (MFM) or System Theoretic Accident Model and Processes (STAMP) to model the
interdependencies in the system;

.....

/ N
5 o . . —%T -‘:'-
I VS e
T e e e
T DD T ‘ —— H H
\__ _
b) Dynamic PRA methodologies for a comprehensive coverage of accidental scenarios for the inference of CPTs;
i - ,//4 \\.

c) Hybrid Bayesian Network to avoid parameters discretization.
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Appendix 1: Identifying interdependencies within the system (1/3)

ISSUE

Classical approaches:
* Fault Tree;
* Event Tree;

- EP

Low Heat
Exchange

e Bow-Tie

Increasing
Temperature

\ 4

Used to find relations
between system’s

~ EP

Level

Decreasing water

¥

No explicit
representation of
system/component’s
functions and
objectives.

XX,

Legend:

CP= Circulation Pump;
HX= Heat Exchanger;
EP= Emergency Pump;
H= Heater
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PROPOSED
SOLUTIONS

Two alternatives:

A. Multilevel Flow
Modeling (MFM);

B. System Theoretic
Accident Model
and Processes
(STAMP)




Appendix 1: Identifying interdependencies within the system (2/3)

Multilevel Flow Modelling [7] | System Theoretic Accident Model and Processes [8]

1) Representation of the system’s:
* Goals;
* Functions to reach the goals;
* The relationships and interactions
between them.
2) Hierarchical decomposition of the system
in sub-systems and components.

1) Representation of the system in terms of:

* Controllers;

* Controlled processes/variable;

* The relationships and interactions
between them (in terms of control
actions and feedback).

2) Hierarchical decomposition of the system
in sub-systems, components and

processes.

I

* Temperature

ifs.H

Tank (sfo)

Heaf Exchanger Circulation Pump  Tank outlet valve Outlet valve

Functions
Mass and Energy Flow Control
Source unctior .
source transport  storage steer trip
© & O © ©
structu
sink barrier balance regulate  suppress C)

Relations

Influence Means-End Control

produce
e enable e

influencer mediate
> <> maintain —t
—>

producer- cupprase
participant product

Legend —— — e =%
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Appendix 1: Identifying interdependencies within the system (3/3)

Steps to build the structure of DBN:

1. Identify interdependencies within the system through MFM or STAMP:
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Appendix 2: Coverage of accidental scenarios for the inference of CPTs (1/2)

ISSUE

Classical approach:
* Event Tree (ET);

PROPOSED SOLUTION

Dynamic PRA
Methodologies (e.g., DET)

l Break Break Operating l
Initiation size Option
Turn on the
EP first
Used to generate 005 * Integration of deterministic (i.e.,
accidental scenarios. 0,055 Tu of th simulator) and stochastic processes
eater first
— (i.e., degradation and failure event
l o1 occurrences)
L . . . ]
«  Timing of events not = !Expllat .modelllng of the plant-crew
. \ . interactions.
taken explicitly into I
account @ ---------- SI?.‘ITJSL-LE%R
. . " Physical model
* ET headers a priori ey
Chosen 4[% gglt.l?:mésr;t ‘\\\ Monitor plant

v M indicators
Alarms Y 7y

Event engine generated \\
AY

actuation

Crew model

(procedures,

Operator actions training)
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Appendix 2: Coverage of accidental scenarios for the inference of CPTs (2/2)

DET logic Advantages

* Events in the system occur at specified branching * Timing of events is explicitly considered;

points according to the branching rules; * Identification of accident scenarios which may have

* Branching rules are specified by users (through been overlooked by the analyst in the (static) PRA
PDFs); analysis;

* According to these rules, the simulation spoons * Time-dependent PDFs of components and process
different branches variables can be found;

* For each spoon, the system is simulated until
another event occurs and a new set of branching
is spooned;

e The simulation ends when an exit condition or a
maximum mission time is reached.
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Rabiti, Cristian et al. “HYBRID DYNAMIC EVENT TREE SAMPLING STRATEGY
IN RAVEN CODE A.Alfonsi**,.” (2014).
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Appendix 3: Discretization of nodes’ states

TECHNICAL

I5SUE SOLUTION

Node Discretization

Hybrid Dynamic Bayesian Networks [9]

Xz

working _degraded __failed \ 1. No need to discretize critical parameters (which may
impact on the reliability assessment);

2

O

- 2. Continuous and discrete variables (nodes) handled
X, § simultaneously.

©

o DRAWBACK

= Higher computational cost;
= Need to explore suitable inference algorithms.
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|
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|
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|
|
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|
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|
|
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Appendix 4: The Integrated Framework

Issue 3 \ RISK EVALUATOR

Issue 3

Scenarios
Simulation

Scenarios
Generation

\ 4

Issue 2
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