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SUMMARY

A) Review of tools for monitoring plant safety equipment
reliability and readiness, before an accident

Performance indicators for monitoring the risk and reliability
performance and for determining when degraded performance
alert levels are achieved.

B) Brief reviews of tools for use during an accident:

Emergency Operating Procedures (EOPs>,
prepared by plant designers and/or Utilities, for use by
plant operators.

Emergency Response Data System (ERDS). USNRC
Installed in the USNRC emergency response center, to provide
the Reactor Safety Team, on-line, with a set of important
plant data as they are being measured during an incident.

Reactor Safety Assessment System (RSAS)
A real-time expert system, developed to help the USNRC Reactor
Safety Team, at the Emergency Response Center, make its
assessment during nuclear power plant incidents.

Computerized Accident Management Support
To provide more extensive support than the existing Safety
Parameter Display System (SPDS). Relies on fast running plant
analyzers and other computerized tools.
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1.0 MONITORING PLANT SAFETY. BEFORE AN ACCIDENT: RISK-BASED
ANALYSES OF TECHNICAL SPECIFICATIONS

The probabilistic safety assessment (PSA) of a nuclear power
plant provides a tool for a quantitative assessment of
technical specifications (TS) requirements, or their
changes, to risk contribution. The computed core damage
frequency can be taken as the measure of risk(1).

- Risk contributions associated with an Allowed Outage Time
(AOT), either single event risk or the yearly risk, possibly
from interactions of- multiple AOTs.

- Preventive Maintenance (PM):

* Risk-based scheduling (power operation viz. shutdown).
Shifting PM to shutdown periods may not be the best
strategy.

* Risk impact of maintenance schedule, where multiple
components may be taken out of service at a time
and at pre-defined frequency.

- Surveillance Test Interval
The test-limited risk increases with the test interval
while the test-caused risk decreases. Hence, a minimum in
the total risk can be found at some specific test
interval.

- Comparative Analysis of Operating and Shutdown Risks
When a safety system enters a Limiting Condition for
Operation (LCO), Tech.Specs allow for one of two -
alternatives: a) continuous power operation and
repair of the failed equipment within the defined
AOT: LCO operating risk, or b) shut down the plant
to complete the repairs: LCO shutdown risk.

- Managing Plant Configuration
Probabilistic safety assessments (PSAs) provide an
effective tool to identify risk implications of plant
configurations, and to avoid or reduce the likelihood of
occurrence of those that are the risk-significant.

According to Ref.l, the risk associated with plant
configurations resulting from simultaneous outages of
multiple components is similar to that associated with
the outage of a single component.
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2.0 EMERGENCY OPERATING PROCEDURES

They are based on two concepts w:

- The Optimal Recovery, based on diagnosed events of the
type that were previously analyzed, and

- Critical Safety Function Restoration.

In the Optimal Recovery path the plant operators are first
asked to undertake a set of verification steps (e.g. is the
reactor tripped, is the turbine tripped, is safety injection
(SI) actuated, etc), before attempting to diagnose the event
and proceed with the prescribed (optimal recovery) guidelines
for that event. In the case of PWRs, the Optimal Recovery
guidelines are consolidated into four basic categories:

* Reactor trip (with no accident) E-0
* Loss of reactor coolant E-l
* Loss of secondary coolant E-2
* Steam generator tube rupture. E-3

Guidelines for each of the basic categories are subdivided
into several sub-guidelines (ES-series). Furthermore,
Emergency Contingency Action guidelines (ECA-series)
supplement the above for the low probability or unique event
scenarios.

If, however, results of any of the initial verification
actions are negative or while attempting the event diagnosis,
the operators are asked to ascertain that Critical Safety
Functions are satisfied, by checking the Safety Parameters
Display System (SPDS). The latter is based on automated checks
of plant status and comparisons with setpoints. If SPDS
indicates that all critical safety functions are not
satisfied, operators are directed to the Function Restoration
Guidelines, consolidated within six categories (FR-series),
before proceeding with the Optimal Recovery guidelines:

* Maintenance of subcriticality,
* Maintenance of core cooling,
* Maintenance of heat sink,
* Maintenance of reactor coolant system integrity,
* Maintenance of Containment integrity, and
* Control of reactor coolant inventory.

By making sure that the Critical Safety Functions are not
violated the plant safety is maintained while efforts are
being made to accurately diagnose the event and undertake the
Optimal Recovery steps.

The reason for this brief description is to provide the basis
for the below described efforts in automating the written
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guidance and in accelerating the process to pinpoint the
actual cause of the abnormal plant behavior.

3.0 EMERGENCY RESPONSE DATA SYSTEM (ERDS)

The purpose of ERDS is to provide, in the event of an
emergency, direct real-time transfer of data, from the
affected nuclear power plant, to the USNRC Operations Center.
The aim is to encompass 110 nuclear power plants located
within the United States.w The following is the listing of
data that would be transmitted, from a PWR plant, at intervals
ranging from 15 seconds up to 15 minutes, depending on the
plant computer capabilities:

PRIMARY COOLANT SYSTEM:
Pressure
Hot Leg Temperature
Cold Leg Temperature
Core Exit Temperature
Subcooling Margin
Pressurizer Level
Charge/Makeup Flow
Reactor Vessel Level(if available)
Reactor Coolant Flow
Reactor Power

SECONDARY COOLANT SYSTEM:
Steam Generator (SG) Levels
SG Pressures
Main Feedwater Flows
Auxiliary Feedwater Flows

SAFETY INJECTION:
HPSI Flows
LPSI Flows
Borated Water Storage Tank Level

CONTAINMENT:
Pressure
Temperatures
Hydrogen Concentration
Containment Sump Levels

RADIATION MONITORING SYSTEM:
Reactor Coolant Radioactivity
Containment Radiation Level
Condenser Air Removal
Radiation Level
Effluent Radiation Monitors
Process Radiation Monitor Levels.

288



METEOROLOGICAL:
Wind Speed
Wind Direction
Atmospheric Stability.

In the NRC Operations Center, the information is stored in a
raw data file and processed for display on work stations and
transfer to a 72-hour archival file. The plant remains on-line
until the plant management and the NRC agree that the
emergency is over.

4.0 REACTOR SAFETY ASSESSMENT SYSTEM tRSASl

The plant data, received through ERDS at the USNRC Operations
Center, are used by the Reactor Safety Team, and others. One
function of the Reactor Safety team is to assess current and
projected core and containment status. A real-time expert
system, called Reactor Safety Assessment System (RSAS) was
developed to help the team make its assessment during nuclear
power plant incidents***. Functions of the RSAS include:

* Monitoring the Critical Safety Functions (CSF) status

* Controlling the availability of success paths needed
to restore and maintain CFSs

* Analysis of the effects of safety-related support
system failures, on the success paths availability

* Determination and prioritization of data required from
the plant under emergency, to complete the core and
containment status assessment. If data received via
ERDS are not sufficient, additional data are requested
via the secured phone line

* Identification of critical conditions which indicate
the imminent degradation of safety-related systems.

RSAS is a practical implementation of the Goal Tree Success
Tree (GTST) methodology as a knowledge base of the expert
system. It requires, however, a large amounts of data about
the plant being considered and such data would have to be
updated each time plant equipment changes are made.

In order to minimize the huge task of collecting such data for
110 nuclear power plants, RSAS has defined about four types of
data, reflecting the types of plants. This simplifies data
entries for plants that belong to the same type.
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5.0 COMPUTERIZED ACCIDENT MANAGEMENT SUPPORT

5.1 As designed for the LOFT test facility(5)

A Kalman filter was used to generate estimates of the current
plant state vector, x, based on a set of diverse
measurements, y, which are usually noisy, and a set of
finite-difference equations that model the most important
aspects of the plant dynamics. The state vector would
include such variables as fuel and cladding temperatures,
which would allow estimation of the non-measured
variables such as DNB ratio and Linear Heat Generation
Rate. They are compared with their limiting setpoints and
used by the Optimal Controller to control the plant, and
by the Plant Protection System.

A non-linear (yet highly simplified, single-phase) LOFT model
included: reactor kinetics, core heat transfer, a very
simple primary loop (5 nodes), pressurizer, steam
generator, air cooled condenser, condensate receiver, and
feedwater supply. Prior to their use in the Kalman
filter, each non-linear equation is linearized by
expansion in a Taylor series about some steady-state
operating point and retaining only the first order term.

The linear LOFT model input vector was comprised of the
following elements:

- Control rod reactivity,
- Volumetric primary loop flow,
- Demanded main steam valve position,
- Demanded feedwater valve position,
- Demanded condenser fan blade pitch,
- Average core coolant boron concentration.

5.2 As investigated at Dvnatrek. Inc. under USNRC Contract®

A set of plant measurements, Y^, that are considered to be
trustworthy, are continuously supplied (by the plant
computer) to the Plant Analyzer Controller (PAC). The
PAC computes continuous changes in Boundary Conditions,
Uc, to the Plant Analyzer (running in real time) in such
a manner that the same plant variables, computed by the
Plant Analyzer,Yc, track,-as closely as possible, their
measured values, Y^.

Since the plant analyzer used in this research considered only
the primary coolant system and the secondary sides of each
steam generator (SG), the boundary conditions provided by the
PAC to Plant Analyzer involved:

- Main or auxiliary feed flow rate to each SG,
- Steam flow rate leaving each SG exit nozzle,
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- Pressurizer heater power and/of pressurizer spray flow
rate,

- Reactor control rods total reactivity,
- Correction to each SG heat transfer rate,
- Letdown or charge flow rate,
- Combined flow area of the currently (fully or

partially) open safety and motor operated valves within
the pressurizer,

- Flow area of all ruptured tubes in the steam generator
experiencing increase in radioactivity in the secondary
side,

- Flow area of any primary coolant pipe break,
- RPM for each primary coolant pump.

When tracking is successful, then it is assumed that other
plant variables that are not measured (or cannot be measured,
such as fuel clad temperatures, the rates of change of
mass and energy) can be accepted as valid and used for a
variety of displays and plant protection strategies.
This activity is similar in the intend but not in its
method, to that of the "Tracking Mode Simulator"
mentioned in section 5.3 below.

Since the Plant Analyzer (at least the one used in this
project) provides very complex, non-linear relationships
between inputs and outputs that are not amenable to the direct
application in the control algorithm, an Internal Model is
defined which forecasts or estimates Ym based on a series of
the previously computed inputs, Uc, and outputs, Ye, and the
model parameters. The model parameters are first initialized
through an "identification" process and thereafter, during the
transient, updated recursively, utilizing the Kalman filter.

Hence, the Plant Analyzer Controller is comprised of two
parts:

(a) Internal Model (adaptive) Parameter Estimation
Module, and

(b) Predictive Control Module which minimizes the
difference between Y^ and Ym.

Several MIMO (Multiple-Input-Multiple-Output) and SISO
(Single-Input-Single_Output) controllers were utilized by
the PAC, chosen in such a manner that their domains of
action have minimal impact on those of the others.

The RETACT code, developed at Dynatrek," Inc. was used as the
Plant Analyzer and its outputs were graphically displayed
in the manner which was deemed to be most comprehensible
and informative^. The display superimposed, and
constantly updated, numerical values of pressures, flow
rates and temperatures of constituents, temperatures of
fuel, pumps rpm, etc., over the diagram of the RCS and
SGs. Color coding indicated the void fraction and liquid
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level distributions. In addition, a table displayed
numerical values of mass and energy of all sources
"sinks", such as breaks, valves, SI, letdown, etc.,
including their overall sums.

This was yet another attempt to greatly accelerate the
diagnosis of the incident, thereby directing the operator to
the Optimal Recovery path and allowing him to track the
efficacies of the remedies.

Tracking ability was found to be a function of the number and
quality of the available plant data. After vapor appears
within the primary coolant loop hot leg then, since void
fractions are not measured, tracking ability was greatly
diminished.

5.3 As part of the OECD HALDEN Reactor Project***

A Computerized Accident Management Support, CAMS, is being
developed, currently containing the following modules:

- DATA ACQUISITION. Operates as an interface between CAMS and
the plant.

- SIGNAL VALIDATION. Based on Artificial Intelligence
application to signal validation, using the neuro-fuzzy
techniques. Needs a large amount of experimental data.

- TRACKING SIMULATOR. For signal validation and for state
estimation, the latter providing information on plant
data that cannot be measured (see 5.2 above). Currently
employs the APROS computer code to model a BWR plant r^-with
very few plant data being tracked (cladding temperature,
relief valve flow, steam and water leakage inside
containment).

- STATE IDENTIFICATION. Identifies state of the plant, e.g.
presence of steam, water leakage within containment, steam
flow through relief valves, etc., the status of the
critical safety functions, and availability of safety
systems, utilizing the same type of the inference engine as
that mentioned above in connection with RSAS.

- PREDICTIVE SIMULATOR. To test out the proposed strategies.
Must run faster than real time. Presumably using the 3-
equation version of the APROS code. The co.de is initialized
using data computed by the tracking simulator.

- PROBALILISTIC SAFETY ASSESSMENT. Computes the Core Damage
Frequency (CDF), based on the pre-calculated results of the
level 1 Probabilistic Safety Assessment.
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- MAN-MACHINE INTERFACE. Features process-oriented
pictures, diagrams, reference plots, etc.

There are plans f&r additional modules, Such as the STRATEGY
GENERATOR, and the CRITICAL FUNCTION MONITOR.
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