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Foreword

The 5th International Meeting on Thermal Nuclear Reactor Safety was held
in Karlsruhe on September 9-13, 1984; it was attended by some 500
scientists and engineers from 25 countries. The conference was jointly
sponsored by the European Nuclear Society (ENS), the American Nuclear
Society (ANS}, the Canadian Nuclear Society (CNS) and the Japan Atomic
Energy Society (JAES). The meeting was further endorsed by, and
organized in cooperation with, the Nuclear Energy Agency (NEA) of the
Organization for Economic Cooperation and Development, the International
Atomic Energy Agdency (IAEA), and the Commission of the European
Communities (CEC). Host organizations were the Kerntechnische
Gesellschaft (KTG) and the Kernforschungszentrum Karlsruhe (KfK). The
meeting was the fifth in a series of international meetings in the same
subject areas with ANS and ENS as primary sponsors.

The Karlsruhe reactor safety meeting was held to reflect on the present
status of engineered safety systems in nuclear power plants and to
represent the findings of international safety research.

Seven invited experts of international reputation outlined the present
state of the art in survey lectures. Moreover, more than 200 technical
and scientific papers selected from 280 submitted papers, dealt with
recent findings in reactor safety technology and research in the.
following areas: safety systems and functions optimization; man machine
interface and emergency response; code development and verification;
system and component behavior; fuel behavior during severe accidents;
core debris and core concrete interaction; fission product behavior;
containment response; probabilistic risk assessment. We wish to thank
all speakers for their valuable contributions.

The meeting was concluded by a panel discussion on "Progress and Trends
in Reactor Safety Technology and Research - What Has Been Achieved to
Date? - What Remains to Be Done?"



II

It is not possible to acknowledge individually all persons who
contributed to the meeting. We are greatly indebted to H.H. Hennies,
President of the German Kerntechnische Gesellschaft (KTG), and J.M.
Hendrie, President of the American Nuclear Society (ANS) who served as
General Chairmen, and to A. Birkhofer as Chairman of the Technical
Program Committee. Many thanks are due to the members of the Steering
Committee, the Technical Program Committee, the Review Committee and the
Organizing Committee.

The 6th International Meeting on Thermal Nuclear Reactor Safety was
announced to take place in February 1986 at San Diego, California.
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SAFETY PARAMETER DISPLAY SYSTEM FUNCTIONS
ARE INTEGRATED PARTS

OF THE KWU KONVOI PROCESS INFORMATION SYSTEM

(SPDS Functions are parts of the KWU-PRINS)

W. Aleite and K. H. Geyer

Kraftwerk Union AG
Erlangen, FR GERMANY

ABSTRACT

As a consequence of the TMI accident it is US practice
for Safety Parameter Display Systems (SPDS) to be
required by the NRC for old fashioned control rooms.

In Germany the extended Safety Systems with their high-
ly developed "Leittechnik" (I&C) and the human factors
oriented control room design using "Kleinwartentech-
nik" (miniaturized control room equipment) meant that
there was no urgent requirement for backfitting of
control room equipment.

For many years however the desirablity of having flexi-
ble overview as well as extended detail information
with pictorial and abstraction features and easy and
quick access throughout the large-size control rooms
in German plants has been recognized. Developments
over the last years now make it possibile to add on
extensive computer driven VDU-sytems to the three
German KONVOI NPPs (Isar II, Emsland and Neckarwest-
heim II) thereby creating the Process Information
System "PRINS",

The new system is driven by multiple computers at dif-
ferent locations controlling about 30 full-graphic,
high resolution Video Display Units. They are arranded
singly and in three "mxn - Information Panels" distri-
buted about the control room and present all thinkable
kinds of display formats with more than 1000 separate
pictures.

The display of only single "Safety Parameters" or even
complete "Safety Goal Information" on single or multi-
ple VDUs in parallel is only one aspect of this compu-
terized part of the entire integrated Information
System.
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INTRODUCTION

Following the TMI accident one of the "lessons learned"
resulted in the NRC requirement for computerized operator aids
such as the Safety Parameter Display System to allow better ac-
cident handling in plants with old fashioned control rooms - and
also for plants where only limited numbers of protective actions
are automated.

For these reasons, control rooms in German plants did not
require any urgent alteration or backfitting. The German Reactor
Safety Commission (RSK £ ACRS) did, however, recommend the
consideration of long-term improvements to information on satura-
tion pressure/temperature, coolant outlet temperature, reactor
vessel water level and primary system status with the aid of
VDUs. Also quicker access to the contents of the Operating
Manual and still higher (!) automation of protective tasks were
recommended.

The plants operating in Germany already have very advanced
Safety Systems and high-level intelligence Leittechnik /1, 2, 3,
4/ for normal as well as accident situations.

They have human factors oriented "Kleinwartentechnik" - control
rooms which feature miniaturized hardware on control panels and
boards with extensive use made of mimic diagrams.

There has, nevertheless, been for many years a strong
desire to optimize the information (and control) capabkilities.
This information capability includes the following:

- paramount plant status and trend information

- control/protection system status and action information
- transient management and optimization of operation

- maintenance monitoring and directing.

PRINS FEATURES

ongoing developments in computer based video display sys-
tems now permit the design of an overall information system of
high diversity, based on 20 years of NPP research, development
and design, construction, extensive commissioning and long-term
operating experience with different types of NPPs: the Process
Information System (PRINS) /5/.
The system consists of all information equipment already inclu-
ded in the "Kleinwarten type" control rooms of NPPs in operation
in conjuction with a new computer driven information system with
multiple Video Display Units distributed around the control
room.
This new part of the system (Fig. 1) will be applied to the
three KONVOI Plants Isar II, Emsland and Neckarwestheim II and
to Brokdorf NPP. There are to be some simplified forerunners
installed in the NPPs Biblis, Grohnde and Philippsburg II, two
ofthese plants scheduled for backfitting to the same status as
the KONVOI versions at a later date.
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Four distributed data acquisition computers - located in the
four rooms of the redundant Leittechnik equipment - sample about
2000 analog (1+5 sec scanning) and 10 000/16 000 binary (10 ms
resolution) signals and transmit them all to both of the data
processing computers.

These "host computers" feed 30 VDU-controllers (32 bit and with
high computational capability)] and a number Of other recording
devices.

The 30 VDUs are located in the Main Control Room (Fig. 2),either
singly or in mxn-arrangements at three locations. Two of these
locations are in front of the two plant operators and the third
of these (with scope for extension) is to the left of the
reactor operator: this is the "Information Panel'.

gic planes, high resolution, high repetition frequency and a re-
fresh time of about a second. Best estimate call-up time for a
format is about 2 to 3 seconds, highly sophisticated formats
requiring a little longer. There are numerous display formats
(Fig. 3) used to generate and store about 1000 separate pictures
with widely varying complexity and content. "Single" as well as
"picture group" calls together with "hierarchical" and "proxi-
mity search" capabilities permit rapid access to the most inte-
resting picture {set) at the right moment. (rig. 4)

The engineering and programming activities for this system have
already taken and still will take several hundred man-years.
Simulator based qualification and plant operation will need
further work and shall contribute to the perfection of the
system which is designed to be highly flexible so as to allow
for changes and extensions and also for backfitting of
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PRINS SPECIAL DISPLAY FEATURES

A number of essential differences between PRINS and previous

systems follow, together with the main system properties:

- minimization of alphanumeric information by transforming
this into pictorial displav formats up to a high abstraction
level

-~ display of several formats in parallel to form superpictures
or arrays of different formats (e. g. trend logs displayed
vertically using VDU columns, overviews with related detail
information,system pictures to complement logic or trend logs

- sufficient space available for monitoring of different com-
plexes by using more than one display unit for information
and easy shifting of important information to prefered
locations and of unimportant information to "parking
positions" ‘

- possibility of high abstraction levels for display formats
for expert use and interpretation as well as system and
equipment oriented information levels for operators or
maintenance specialists.

- mini-picture menues (pictograms) displayed to assist in the
selection of further helpful information

- the full extent of plant information is used for all kinds of
overview or detail formats

- large computational capacity for preprocessing and signal re-
duction as well as iteration for strategy optimization
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OPERATIONAL TASKS OF PRINS

The flexibility and scope of the PRINS allows experts as well as
the operators to perform the following tasks in an adequate
manner:
1. optimum plant operation

- 'optimizing efficiency by parametric studies

- minimizing the severity of operational transients and

scheduled changes
- generating data for later analysis of experience gained

2, monitoring status and trend of systéms and components to
detect small deviations at an early stage (and thereby
prevent these deviations from increasing in size) by:

- comparison of redundant information

- verification of consistency in complementary information

- monitoring of overview and detail information at the same
time and for different locations (e.g. during tests and
maintenance work).

- comparing information at different levels of abstraction

3. to alert operators to increasing abormalities by providing
mini picture menues (pictogram sets) to assist in rapid and
uncomplicated selection of more relevant formats or format
arrays (displaying possible complementary information so as
to give the required information scope).

4. to be guided by adequate display of the relevant parts of
the operating manual, continuously updated with actual plant
data and intentionally reduced to the extent which is of in-
terest in the present state of the plant:

- control and safety system functions in power operation

- safety functions secured and/or protective goals reached
with considered allocation of appropriate priority levels
(set of formats)

- well-known operational occurrences identified and
displayed

~ proposals for alternative strategies with manual actions
in operational or accident situations (including
communication for external help) made by showing different
possibilities for how to proceed (success paths).

SAFETY PARAMETER DISPLAY FUNCTIONS

Bearing all the above features of PRINS in mind, it is evident
that it is an ideal system for displaying the status of "Safety
Parameters" or even complete information on how to reach

and observe "Safety Goals", particularly during such accident
handling which can only be taught by theoretical training or
training on simulators:

Here the entire concept of accident handling is of importance!
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In KWU NPPs highly automated and reliable mechanical and Leit-
technik systems first transfer to and hold the plant in a safe
status in the case of design basis events and accidents. Increa-
sing deviations from normal status first activate the optimized
automatic Controls, then the more reliable Limitations - with
their early and soft but intelligent countermeasures - and
finally the Protection and Safety Systems - with their simple
but very higly reliable measures.

There is a 30 min time limit specified for these automatic
actions in severe accidents (and in most cases the measures are
even valid for a number of hours). This means that the
operating crew has time to make long-term decisions - and to
take external advise where necessary.

But there are no objections to act earlier - if the crew is
very sure to be on the "right way". For in our opinion sophis-
ticated information systems of the PRINS type make it possible
to reduce the length of the above mentioned automatic accident
handling period in a number of cases. This can, however, not be
interpreted as a requirement nor does it imply that further
operator aids, such as computer driven pictorial information,
have no advantages or are of no assistance.

On the contrary, additional systems are extremely effectivel
The basis of the recommended strategy for accident handling
laid down in the Operating Manual is as follows: supervision of
performance of the automatic actions at first, followed by moni-
toring of ahout 10 "Safety Goals" (a specified fraction of the
total of about 100 "Information Goals")and finally deciding the
necessary manual actions with careful consideration of the
feedback effects of these.

"Safety Goals" are here understood as tasks which must be
sustained for plant compliance with basic safety criteria. They
are not event or accident-specific. The information for one sa-
fety goal may be displayed by between one and eight Pilctures.
Here the benefit of an integrated Info-System is obvious, as
this not only shows the ultimate permitted limit, but also has
the capability and space to show trends, margins to limits,
priority of conflicting parameter combinations and also to dis-
play diverse information about the same event. A further
feature here is that this system is not restricted to use in
accident situations: during normal operation plant surveillance
and operational aids train the operating crew and inform them
about and familiarize them with the system

INFORMATION EXAMPLES

KWU specialists in conjuction with customer personnel have spe-
cified about one hundred "Information Goals" across the entire
plant and for all occasions. These include the "Safety Goals"
mentioned previously.

Each of these goals gives paramount information about its spe-
cial aspects. It has been attempted to concentrate the informa-
tion as much as possible in each VDU-format (Fig. 5-10). But
there is only limited space available while keeping this infor-
mation readable and easily intelligible including advice on
rapid access to complementary information ("proximity search").
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The call for presentation of an information goal is given by a
functional pushbutton on the keyboard. The selected VDU then
shows the one representive or the "pictogram set" for this
info-goal on the selected VDU. (a possible - unrealistic -
combination of a set of 8 pictures is shown in Fig. 11) ano-
ther artificial (!) combination given in Fig 12).

Figure 11:
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The operators recognize these simplified pictograms which bear
no alphanumeric descriptions (!}, and they select those pictu-
res which they think could be of assistance on free screens,
arranging them in their order of selection or "shifting" them
later on to match their momentary needs.

This information may also include procedural advice, displaying
"success paths" with all appropriate data on actual status and
assoclated limits, so contributing to the process of knowledge
based-behaviour in accidental situations as intended Dby the
introduction of Safety Parameter Display systems.
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MAN-MACHINE INTERFACE ENHANCEMENT UNDERTAKEN
BY EDF TO MINIMIZE HUMAN ERRORS

R. MARCILLE

Electricité de France / SPT

75384 PARIS FRANCE

ABSTRACT

The analysis of operator's behaviour during incidents has highlighted the
need of improving the interface between operators and systems. EDF deci-
ded to implement in all his PWR units a safety panel to assist operating
teams for : detecting the events by identification of parameters which actua-
ted protective actions and initiated safety actions - assisting the diagnosis
by selecting a procedure =~ assisting in application of the procedure
- assisting the safety engineer to apply a state oriented supervision
~ giving informations to the crisis teams.

To complete the safety panel, EDF decided to improve 900 MW PWR control
rooms as follows : — critical review by consultant, - test of various propo-
sals on a full scale mock up, and operators approval, - definition of rede-
sign principles conducting to exchange of support platen and new distribution
of instruments and controls.

Such works are to be performed during refuelling outages, without exten-
sion of their duration.

INTRODUCTION

The analysis of incidents and accidents which have occurred at nuclear power
plants in France and elsewhere has highlighted the need for improvements in a
number of areas related to post accident operations ; for example :

= Better organlzation of post accident operations

- Improvement in the form and content of operating procedures

- More effective assistance for operators through the provision of safety
panels

- and better control room design.
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OPERATION ORGANIZATION

To understand the French Philosophy of safety panel, it's necessary to say
some words about the first two topics.

Three types of actors are involved in operation organization :

- The team of operators with its shift supervisor in charge of applying pro-
cedures. They perform all the operation steps and act according to four
stages @

. Detection of events,

. Confirmation of automatic actions,

. Event diagnosis and selection of the procedure to be applied,
. Application of operating procedures.

- The safety engineer, called for to the control room upon detection of an
event, watches the trend of the NSSS parameters, thanks to a surveillance logic

diagram independant of the event. Under definite state criteria, he can :

« Request from operators additional actions to be performed without either
disturbing or forsaking altogether the procedure under way.

. Ask the operators to abandon the procedure under way and to apply an
emergency procedure with a view to safeguard the core and limit radioactive
releases through all the means at their disposal, irrespective of the future
facility availability. While the operators are performing the emergency proce-
dure, the safety engineer goes on monitoring the trend of the main parameters
through specific means and according to determined criteria.

— Crisis teams, made-up of top-level specialists, they can be summoned by
the plant superintendant within a few hour's time. These specialists divide into
two teams @

« A local crisis team that joins the technical support center of the dama-
ged plant,

. A national crisis team that convenes in Paris.

The safety panel is aimed at assisting in their tasks these three types of
actors.

THE SAFETY PANEL ARCHITECTURE

The safety panel includes :

- A computer with data collection and input devices for processing and
transmission to three data communication terminals for each of the three
actors.
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These systems are not redundant and are not indispensable to operators.

Nevertheless, two important functions are duplicated by redundant means for
the operators :

- A serie of annunciators directly connected to the plant protective relay
circuitry, displays the status of the main safety functions and components.

= A microprocessor directly connected to the temperature and pressure sen—
sors indicates core outlet maximum temperature and subcooling margin.

Two terminals are located in the control room :

- one for the operators, close to the main board where the NSSS is control-
led ;

- the second one for the safety engineer, deliberately located in a corner
of the room because the safety engineer has not to check what the operators are
doing. ’

SAFETY PANEL UTILIZATION BY OPERATORS

If an event occurs, the first stage for the operators is to understand
what is happening and whay is the status of the plan ?

The first goal of the safety panel is then to point out very clearly to the
operators the time sequence of the failures which initiated safety actions.

Upon detection of a cause or an order for action, a picture is automatically
displayed on the operator terminal.

It sets forth :

- the identification of the physical parameters, which actuated the protec-
tive action and the time of the occurrence.

- The safety action or actions initiated on each of the trains. Such picture
is updated as successive protective systems are called upon.

In a second stage, the operators must check that the automatic systems have
operated satisfactorily. They are helped by the previous picture which gave
after a delay, the account of the right or wrong execution of each protective
action.

Should the account prove fautly execution, they can call synoptic pictures
of the safeguard systems on a second screen.

This picture displays : the component's position and their possible discre-
pancy with respect to a reference position. The operators can then try to remedy
the defects in the automatic system by triggering individual actuators from the
control room or by requesting local control operations to be carried out.
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In the third stage, a distinctive picture set up in the form of a logic
diagram helps the operators in selecting the procedure to be applied.

For each logigram test based on values of physical parameters, such assis—
tance is implemented through proposal of an answer that the operator must vali-
date by consulting the normal control devices. These diagrams are exactely the
same as in the diagnosis procedures.

In the last stage, the operator's safety panel screens are therefore used to
present displays designed to help the operators to implement the redrafted post
incident procedures.

These new procedures resort to utilize some diagrams X, Y. Such diagrams are
rarely used, then the safety panel assists operators by displaying pictures
using the same flgures as the procedures.

The display includes the current operating point as well as the position of
the operating point during the previous 30 minutes and its expected position
over the next ten minutes.

For exemple, the plot of pressurizer level v subcooling margin has a green
zone permitting the operator to reduce safety injection and a red zone requiring
safety injection to be increased.

Similar displays are available showing primary pressure v temperature
permitting to cool down or to heat the primary circult.

The safety panel aids also in the application of surveillance procedures,
for instance effective core cooling through residual heat removal system.

SAFETY PANEL : UTILIZATION BY SAFETY ENGINEER

In the same way as for operators, the safety panel displays pictures in the
form of loglc diagrams to assist the safety engineer in performing his state
oriented surveillance procedures :

- during performance of event-oriented procedures,

- during performance of the emergency procedure.

SAFETY PANEL IN THE ON-SITE TECHNICAL SUPPORT CENTER

On site, the crisis team in the technical support center has at its disposal
its own safety panel terminal giving access to all the displays available on the
safety engineer and operator terminals as well as a set of 40 curves giving a 30
minute time history of trends in the main NSSS parameters.

In the future it is expected that the National Technical Support Center will
also have a display of the main parameters and their progress over time. This
possibility is currently being investigated.
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SAFETY PANEL : SCHEDULE AND VALIDATION

Tests and validation programs have been performed to verify the consistency
of the logic used in the first two stages (event detection and confirmation that
automatic actions have operated properly).

Further, functional validation using a simulator is scheduled for the end of
1984, This will aim to validate panel performance during the other two stages :
fault diagnosis (third stage) and assistance with the application of post-—inci-
dent procedures (fourth stage).

EDF's thirty-four 900 MWe PWR's and its four simulators will be equipped
with the safety panels by the end of 1985. It 1s possible to proceed with
installation of the panels before completion of the validation tests because
final adjustements will essentially consist in alterations to the software.
Meanwhile, operators are to be trained in post—accident operations on simulators
which are to be equipped with safety panels identical to those which will be
installed at the plants themselves.

CONTROL ROOM IMPROVEMENT

To complete the creation of the safety panel, EDF has undertaken a study to
improve 900 MW PWR Control room.

EDF engaged a consultant to perform a general ergonomic diagnosis of the
control room. This review began in October 1980 and the main results, in April
1981 were :

- No upsetting of the control room, because, in the initial lay out of the
desks and boards, the standardization and functional regrouping has been com—
plied with.

- Necessity of studying enhancements of the panels and desks to :

. Make easier the recognition of controls
+ Reduce risks of mistakes
. Have a better relationship between controls

. Have a better general integration

- And for that, buillding a full scale mock-up permitting to submit the
improvements to many operators.

In May 1982, after definition of the set of principles and rules, the mock
up of the new control room was terminated and all the improvements were approved
by many operators and ergonomists,
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The main principles and rules observed are described now.

- The generalization of functional regrouping methodology consists in colo-
red zones containing various functionally linked controls. and instrumentation
with a general title, framed by a thick line, with secondary zones framed by
thinner lines, with if necessary its own title. To each functional zone one of
ten colors was assigned, i.e., three shades of blue, green and beige, plus a
general sand colored background. These colors do not represent any special
coding system. They are intented to make it easier to distinguish one zone from
the other ones.

- The functional distinctions made in the horizontal platen are carried over
to the vertical platen as much as possible, by extending lines and colors, to
integrate horizontal and vertical controls.

Without chart-recorders, all controls are positioned in a functional zone.

= Standardized distribution defines functional hierarchy. Direct analog con-
trols are placed on the right and on a lower position of the analog setpoint
device.
Status lights are positioned up and near the associated switches. Controls rela-
tive to situation risk are positioned in the upper part of the plates.

— The shape and size coding defines control function

« Pumps, air-compressors, fans, that is to sgy all running machines have
round labels.

. Valves have rectangular labels.

~ The label's color are green and orange for safety train A and B and white
for non-safety train A.

— Inside some functional colored zones, to improve relationship between con-
trols, the controls are placed as a mimic in the good positions "open" or "run".
To improve the functional understanding of the system, some grey symbols are
included in the mimic. These symbols figure passive components like tanks and

heaters.

- To have a better understanding of the labels, we limit the number of words
used as strictly necessary, sometimes no word is necessary on a control label
because the title of the zone is self supporting.

Applying such principles requies the shifting of the components, essentially
within the same platen and, consequently, the removal of all the components,
exchange of support plate and new installation of the components.

Such works are to be performed during planned shutdowns for refuelling
without extension of their duration. For that purpose, a strict scheduling must
be worked out to prioritize modifications of platens, according to the status of
the unit and the technical specifications. )

A module remains inoperable from the start of the work and till the manda-
tory requalifications of its last components have been completed.
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For each platen, the modification implementation is recorded in a document
including :
- Functional contrainsts of each of the systems pertaining to it.

= Provisional operating instructions used as substitutes to the normal ones
while the platen is out of sService.

— The procedure of requalification for all the components, standard proce-
dures for the components to be found in great number, particular procedure

specific to each particular component.

It took four weeks to carry out the first modification on Unit 3 of
DAMPIERRE Nuclear Plant, with complete fuel unloading in August 1983.

It took only ten days to carry out the second modification on Unit 4 of the
same plant, in April 1984,

Planned modifications will affect :

- In 1984 : 4 units in operation, one simulator, 4 units under construc-
tion.

— In 1985 and 1986 : 8 units in operation and one simulator.

- and in 1987, the last 4 units in operation and the last simulator.
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INTERNATIONAL RESEARCH AND INFORMATION DISSEMINATION IN THE
FIELD OF HUMAN FACTORS OF NUCLEAR POWER

Part 1: NORDIC COOPERATION IN THE FIELD OF HUMAN RELIABILITY

Bjorn Wahlstrom

Technical Research Centre of Finland
Electrical Engineering Laboratory
Espoo, Finland

ABSTRACT

The safety of nuclear power is in many way relying on the
condition that human actions are carried through timely and
without errors. Investigations indicate that human errors are the
main, or an important contributing cause, for more than half of
the incidents occurring. This fact makes it important to try to
understand the mechanisms behind the human errors and to
investigate possibilities for decreasing their likelihood. A
Nordic cooperation was started 1977 in this field and the present
phase of the project will be completed in 1985. The work is
divided into the following fields

~ human reliability in test and maintenance

- safety oriented work organizations

— design of information and control systems

- new approaches for information presentation

— experimental validation of man-machine interfaces

— planning and evaluation of operator training

In the paper a brief description of the project is given and some
preliminary results are presented in more detail.

1. INTRODUCTION

Extended Nordic cooperation was started in 1977 in the field of
nuclear safety. This cooperation is partly financed from project funds
of the Nordic Council of Ministers and partly from national funds in
Denmark, Finland, Norway and Sweden. The safety programme was
originally divided into five program areas of which one was Human
reliability. The first phase of the program was finished in 1981 and
was followed up with a second phase which is due for completion in
1985.

The first phase (cf./1/) of the work was divided into the

following projects

— a system and job analysis

- control room design

- human reliability

~ operator training
The second phase is based on the findings of the first phase, however
some of the investigations are carried through into more detail. The
findings included the following:
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- Human errors committed outside the control room have a large share
as causes for unsafe conditions at nuclear power plants. Errors made
during test and calibration activities can also introduce common mode
failures in cases where several redundant systems are made
unoperational at the same time.

- Another important cause for common mode failures could be the work
organization when routines are badly structured or have been allowed
to deteriorate. Maintaining the efficiency of a safety oriented
organization for handling safety threats 1s thus a challénge for the
nuclear industry.

- The design process leading to an automation concept for a nuclear
power plant and to the lay—out of the control room is an important
phase. Errors made in this process can cause serious deficiencies in
the man-machine interface. The management of the design process and
the use of computer aided design methods have potential benefits for
improving the quality of design.

- The present methods for information presentation in the control rooms
of nuclear power plants are based on conventional approaches
regardless of the used technology. The advent of cost efficient
computers makes it however possible to base the man-machine interface
on completely new approaches.

- It is necessary to validate experimentally the systems proposed for
the man—-machine interface in nuclear power plants before they are
ready for full scale implementations. The problems are then to
establish the performance measures and to collect and analyze the
data from the experiments. '

~ Human error data can be collected during simulator training and that
information can be used to improve the feedback given to the
trainees. In addition the diagnosing of complicated transients is a
critical task influencing the safety of a nuclear power plant and is
therefore a task to which emphasis should be given during the
training.

2. PRELIMINARY RESULTS FROM THE CURRENT NORDIC PROJECT
2.1 TEST AND MAINTENANCE ACTIVITIES

The goal of the project was to investigate the possibilities
- to select an optimal test interval for standby components
~ to identify important risk contributions of human errors
during test and calibration.
Detailed descriptions of actual test and maintenance practices and of
ten selected incidents have been worked out as a part of the project.

The results indicate that there is a risk of decreased
availability for standby systems as a consequence of a too frequent
testing /2/. There also seems to be need for tests almed at a more
accurate identification of different time dependent fault mechanisms.

The work on test and maintenance is also concerned with:
- relationships between probabilistic risk assessment (PRA) and risk
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management - i.e., which human risk contributions can be expected to
be covered by a pre-construction PRA as well as which contributions
will have to fall under a risk management (RM) program during the
operational phase of the plant. This creates the need for a
well-documented PRA for use during RM.

- deriving requirements for and developing tools for the identification
of potential human risk contributions. For well-structured
activities - such as test and calibration — the Work Analysis /3/
method was generated and used.

- providing aids for risk management in the form of systematic
post—event analyses of incidents involving human malfunctions as a
feedback mechanism from actual operating experience.

2.2 WORK ORGANIZATION

The goal of the project has been to develop an understanding of
how the work organization will influence the safety of a nuclear power
plant. The subproject has been divided into the following main tasks

— the establishment of an organizational theory

- collection of case stories

— development of checklists for the search for
organizational deficiencies.

The basis resourcies of an organization are the value system, the
decision making and executive system, and the information system (cf.
/4/. The value system has an influence both on how the organization is
prioritizing different goals and on how the individuals are responding
to those goals. Many of the human erros made in connection with power
plant operation can be shown to be due to organizational deficiencies.
An important class of the organizational deficiencies are associated to
different limitations in the information system. The checklist
developed are intended to make it poéssible for the organization to
maintain its efficiency by a regular review of organizational factors.

2.3 THE DESIGN PROCESS

The goal of the project is to assess how the design quality
could be improved and how computers could be used as design aids. The
project is divided into the following tasks

- an assegsment of present design practices

— the conceptualization of an idealized design process

- assessment of the use of computer aided design methods
- implementation of a demonstration system

The reults indicate several benefits from the use of computers
during the design process for the construction and verification of the
design data base (cf. /5/). The computerized methods should certainly
be used for all new designs, and it seems even beneficial to
computerize parts of the design data base as a retrofitting for old
plants. The project also is investigating the flow of information
during the design process i.e. when and by whom it will be generated
and who will be using it. In documenting the design it is important



to describe the link between the requirements and the technical
solutions.

2.4 COMPUTERIZED OPERATOR SUPPORT

The goal of project is to establish a basis for the design of
computer—based decision aids for supporting the monitoring and
supervisory control of complex technical systems such as nuclear power
plants, chemical plants, etc.

At the conceptual level, work is being carried out on the
establishment of a design and evaluation basis for the allocation of
the decision tasks between the operating staff and the computer -
especially in situations that affect availability and safety. This
requires studies of the strategies as well as structure and forms of
knowledge utilized by the operators in coping with the system.

On the experimental side, the Generic Nuclear Plant (GNP) /6/
facility has been created to carry out experiments related to these
conceptul problems. One of the areas dealt with is the assessment of a
display approach utilizing mass and energy pictures based on a
multilevel flow modelling (MFM) method /7/. This results in a
consistent functional representation of the plant and, among other
things, leads to a systematic identification of control tasks,
information requirements, etc.

2.5 EXPERIMENTAL VALIDATION

The goal of the project is to use simulators in order to access
different proposals for suggested man—machine interfaces.

The validation of new solutions for man-machine interfaces has
to rely on a careful design of experiments. It was thus necessary to-
develop experimental methods and experimental equipment as a part of
the project. The following four phases should therefore included:

~ analysis of proposed concepts and definition
of performance measures

- training of persons for the experiment

- experimentation and data collection

— analysis of collected data

The results indicate that the analysis of data may become very
time consuming and efforts should therefore be made to analyse tha raw
data by means of computers. The approach in using the multilevel flow
models has been assessed as a part of the project /8/.

2.6 OPERATOR TRAINING

The goals of the project is to develop methods for
~ collection of data on human errors during
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- training for diagnosing complicated events.

The full scope training simulators in Finland and Sweden will be
used during the project.

Results indicate that it is possible to collect data on human
errors committed in the control room and their causes. The method also
has the benefit of providing additional training feed back to the
trainees.

Diagnosing of plant events is very complicated task. Results from
experiments indicates that different fault finding strategles are
utilized in different situations. The teaching of explicit search rules
for identifying faults has a potential for improving diagnosing
performance., The project is also trying to identify such rules as they
are used by skilled operators.

3. CONCLUSIONS

The Nordic cooperation in the human reliability field is
presently in its final reporting phase. When it has been completed a
total of about 40 persons years will have been spent on the projects.

The results will point the way to improving the human factors
aspects associated with the various phases of a nuclear plants life
cycle i.e. design, operation, maintenance, modification etc. The final
reports of the projects will be available from the participating
organizations

- Risd National Laboratory, Roskilde, Denmark

- Technical Research Centre of Finland, Espoo, Finland
- Institute for Energy Technology, Halden, Norway

- Swedish State Power Board, Stockholm, Sweden

- Swedish Nuclear Power Inspectorate, Stockholm, Sweden.
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ABSTRACT

The written control room procedures used during nuclear power
plant operation is one of important component contributing to the
safety of the plant. The approach for the emergency operating
procedures (EOPs) has until recently been to write detailed
procedures for a number of events. This event-oriented approach
has however its drawbacks and new approaches have been suggested.
The paper describes a survey of approaches to EORs used in
different MEA countries, prepared by the CSNI PWG on operating
experience and human factors,

INTRODUCTION

Operator actions during a reactor incident can be decisive to
regaining control of the plant, or to minimizing any consequent damage
and risk to the public. In recent years, with the increasing
recognition of the importance of the human factor in safety, the
content and form of the procedures provided to operators to cope with
emergency situations have come under increasing scrutiny.

The content of the procedures relies on the best estimate for how
the plant will behave under adverse conditions and the difficulty is
then to write procedures which are applicable to all the situations
relevant. The form of the procedures, their layout and readability are
also important because such factors will influence the way they are
used by the operators.

This paper describes a recent review of various new approaches
being considered to the design and validation of emergency operating
procedures (EOPs), and to training operators in making the best
possible use of them. The study was conducted by a special NEA Task
Force of experts, which was set up early in 1983 under CSNI Principal
Working Group No., 1 (Operating Experience and Human Factors). In 1983
the Task Force compiled and assessed descriptions of EOP-related
practices in eleven MEA countries: Belgium, Finland, France, Federal
Republic of Germany, Italy, Japan, Netherlands, Spain, Sweden, United
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Kingdom and United States. The study showed up the particular
importance of several factors in procedure design, in particular the
significant additional guidance provided by new types of procedures
keyed to accident symptoms, critical safety functions or operating
conditions rather than simply specific sequences of events. Additional
conclusions from this review are described in the following sections.

COMPARATIVE ANALYSIS OF THE CURRENT FORM AND
USE OF EOPs

For most countries, it is impossible to identify one unique
"national” philosophy underlying the design and intended use of EOPs,as
several reactor types are used, which are supplied by different vendors
and exploited by different utilities. The Task Force nonetheless tried
to identify some important features in the various EOP approaches
developed recently.

Recent guides for EOP preparation exist (or are in preparation) in
several countries. A number of quidelines have been published in both
France and the United States. Generic technical guidelines are also
being developed by Nuclear Steam Supply System (NSSS) vendors and
owners' groups. Utilities in Spain, Sweden, Netherlands, Belgium and
Japan tend to use NSSS vendors' guidelines, when applicable.

Operating procedures must be authorised by licensing authorities
in the Netherlands and Switzerland (at least for the most important
EOPs), and in the Federal Republic of Germany. In the other nations
surveyd, the writing, approval, backfitting and modification of EQPs
are internal utility matters. However, the regulatory authorities must
be kept informed of the most important modifications, and they can
suggest changes if felt necessary. The process by which EOPs are
modified generally invoives different hierarchical levels, according to
how important the alterations are.

VALIDATION OF CONTENT OF EOPs

In order to ensure the effectiveness of EOPs under real emergency
conditions, the EOPs should be both verified and validated (that is,
demonstrated not only to be free of errors, but also to accomplish the
ultimate goal). In verifying and validating procedures, all other
factors which can affect total preparedness for situations {e.q.
organisation and training of operators, new instrumentation, etc.)
should be evaluated as well as the EOP design itself.

Use of simulators seems essential in validating procedures, and
should include simulation of real accidents which have occurred,
two-phase thermal-hydraulics and random failures, in order to test the
continued applicability of the EOP and relevance of the contingency
actions. The design of experimental matrices for EOP validation
{conditions on parameters under which the EOPs are tested) should also
be studied for use in optimising EOPs.
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Validation carried out on full scope training simulators seems to
be a viable approach as reported from some of the countries. The
validation of EOPs to be used in situations behind the design basis
accidents (DBAs) will however require a further development of the
reactor accident codes.

HUMAN FACTOR CONSIDERATION IN PREPARING EOPs

Psycholinguistic approaches and typographical arrangements are
specially considered in the various guidelines for preparing EOPs
mentioned above. Several principles based on human factors
considerations are common to these different sets of guidelines:

- Instructions should be short and simple, with a precise use of
conditional and logic statements;

- Explanations of the reasons for operator actions are not
included in the EOP itself (but in associated technical
background documents);

- The EOPs are sometimes presented in a multiple column format,
including a column for notes and contingency actions;

- Flow charts and diagrams are used.

In most countries, computers are normally used only to record the
chronological sequence of events during an emergency. No utility has
introduced computer-assisted presentation of EOP text. A few advanced
applications of computers are being developed, and it seems likely that
the use of computers will increase in the future both for the
preparation of procedures and for their presentation to the operators.

DIFFERENT APPROACHES TO EOP DESIGN

Whilst the now-classical "event-oriented" approaches to EOP design
have long been used in most countries, "non-event-oriented" approaches
have recently been intensively studied and developed, and are now in
the process of being introduced in France and the United States. The
"event-oriented" procedures are in principle written one procedure for
each of the events considered. The selection of the correct procedure
is usually guided by a graphic decision tree aiding the operator to
diagnose the event. The "non-event-oriented" approach has been
introduced as a remedy to some of the problems observed with the
"event-oriented" approach,

The "non-event-oriented" approaches include the "symptom" and
"function" oriented.approaches developed in the United States, and the
"state" approach under study in France. The classical "event-oriented"
approach and the new approached can be described as
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(1) event-oriented approach: at an early stage of the transient,
the operators shouTd Tdentify what type of event has occurred
on the basis of the information given by the instrument
measurements and take remedial action as defined in the
procedure;

(2) non-event-oriented approaches:

- symptom-oriented approach the procedure defines a set of
symptoms which are an indication that something abnormal
has occurred. The operator can then take remedial action
according to the procedure and additional information
collected without knowing exactly what type of event
occurred;

- function-oriented approach the procedure defines a limited
set of safety reTated functions (Core cooling,
subcriticality etc.) which have to be maintained during the
operation and how these could be restored if put in
danger;

- state-approach the procedure defines a set of critical
state variabTes and how the operators should take actions
to return the plant state from an unsafe region to a more
stable state.

DEFICIENCIES OF EVENT-ORIENTED PROCEDURES

It has been recognised that the event-oriented EOPs cannot fully
cope with the operational needs in the case of an unforeseen incident
because

- event-oriented procedures can cover only a limited number of
plant malfunctions,

- human errors in diagnosing the event or controling it could
render the operator stuck in an incorrect procedure.

The non-event-oriented approaches are directed to more general safety
goals and could therefore cover also cases with multiple plant

mal functions. One non-event-oriented procedure is also applicable to
several events which makes the practical handling of the procedures
more easy. The event-oriented approach is crucially dependent on the
correctness of the initial diagnose of the event. The
non-event-oriented approach tends to give more guidance and time for
the diagnose and the resulting procedures tend to be more robust for
human errors.,

The gravity in the impact of possible deficiencies of
event-oriented procedures depends on the reactor type, the degree of
plant automation or operation methods.

In spite of the deficiencies with the event-oriented procedures
they will offer however an optimal sequence of remedial actions when
the event has been diagnosed with sufficient accuracy. This will
probably at Teast with respect to easily diagnosed events lead to some
kind of mix between both approaches.
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LATEST APPROACHES IN FRANCE AND THE UNITED
STATES

The Task Force reviewed in some detail two newly-developed
approaches to overcoming these deficiensies; the function-oriented
procedures of the Westinghouse owners' group (United States), and the
physical state-oriented procedures of EdF (France).

One similarity between these approaches is that efforts are being
made to maintain the compatibility of new procedures with the existing
EOPs, so that the new approach does not pose any drastic changes to
operators' tasks. To ensure this, the existing procedures are improved,
taking account of human factors, and then the new procedures based on
new concepts or methods are added to extend the events which the EOPs
can cope with.

The new approaches facilitate the detection of operators' errors,
and also include optimal recovery actions for such errors. Operators
can thus take appropriate actions for these human errors without
knowing the actual causes of the event.

Whilst the objectives and the final results of approaches seem
equivalent, there are important differences in the Togic applied. In
the Westinghouse approach, the six most significant "Critical Safety
Functions" (CSFs), are monitored in sequences with the help of status
trees prepared for each CSF.

On the other hand, in the French state-oriented procedures, a
physical state of the plant at any time is defined in terms of a matrix
of all the plant parameters being monitored and the availability of the
safety system functions. Operating procedures are provided for each of
these states in the matrix (called the “U1 grid"). The French approach
does not specifically stipulate the contingency actions to take if
additional events take place, because as the state evolves, different
operating procedures corresponding to the new state are called into
play. The Ul procedures are used until the plant reaches a stable
state,

CONCLUSIONS

In spite of the differencies in the use of the EOPs in the
different countries surveyed it seems to be a broad consensus on their
importance and the main principles of their use. It is important to
assess the EOPs not in isolation but as a part of the whole work
situation, where the control room, staffing principles, training, other
operational support and documentations also play important roles.

With respect to the development of EOPs one could note that:

- procedures are now assessed from both technical and
human-factors point of view;

- the need to introduce non-event-oriented procedures is well
understood; however, the necessary preliminary step to do so are
not yet well established in all countries.
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The approch for assessment and validation will in different
countries take a course which is depending on

used approaches for control room design {non-computer based or
computer based)

the organisation of the operating crew and their
responsibilities

the role and influence of regulatory bodies in the preparation
of EOPs

simulators available for the validation of EOPs
used training methods for the introduction of new procedures

new plant constructions

EOPs is continued in the next future, within the CSNI principal working
group activities, by application to some real cases.
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SIMULATOR MODELLING OF THE PWR

K. Hartel

Technical University of Brno
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Department of Thermodynamics and Nuclear Energetics
Tr. Obrancu miru 65, 662 42 Brno

Czechoslovakia

ABSTRACT

The project of the mathematical modelling of physical proces-
ses in the PWR for the 1lst Czechoslovak full scope simulator
of the nuclear power plant is given. The mathematical models
formation issues from the formulation of basic laws and equa-
tions of nuclear physics, thermodynamics and mechanics of
liquid. Numerical analysis of this problem leads to the choise
of one-step explicit difference schemes for the numerical
solution of differential parts of the mathematical model. The
special programme system SIMULACE enables numerical simula-
tion of plant transients in the PWR in real time including
simple incorporating other simulator models of the nuclear

power plant.

INTRODUCTION

The problem of the mathematical modelling of a nuclear power
plant components for a full scope simulator purposes is specific
by the existence of great number of physical quantities to be mo-
delled, the requirement of modelling a wide spectrum of operational
regimes and the necessity of achieving the operational level of the

simulation precision at the securing of the simulation in real time.
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The necessity of the full scope simulator for nuclear power
plants with WWER 440 reactors in the Czechoslovakia has been given
by the present state and the outlooks of the further development
of the Czechoslovak nuclear power complex. Specifications of the
WWER 440 reactor: thermal power 1375 MW, electrical power 440 Mw,
number of control rods 37, number of fuel assemblies 349, number of
pins per assembly 126, concentration of fresh fuel 1.6-3.6% U 235,
coolant borated water, operating pressure 12.25 MPa, coolant flow
9000 kgs—l, coolant temperature at inlet 2760C, coolant‘temperature
at outlet 29600, number of circuits 6.

The 1lst Czechoslovak simulator for nuclear power plants with
WWER 440 reactors is built in Brno and its operating is planned in
the 2nd half of 1984. Principal application spheres of this simula-
tor are all phases of granting the operational licences to the
relevant worker groups of nuclear power plants. Specifications of
the computer system of that full scope simulator: 2 our own digital
computers RPP 16 (main memory 128 kbyte, disk store 15 Mbyte)

complimented with special analog system.

FORMATION OF THE MATHEMATICAL MODEL OF THE REACTOR

The stage of the mathematical model formation of the PWR
represents the adequate application of conservation laws for mass,
momentum and energy, equation of state, equations of neutron and
xenon balances, initial and boundary conditions and relevant cons-
tituing relations on the problem to be solved. In a general case,
is the complete mathematical model of the PWR represented by a
system of nonlinear partial differential, integrodifferential and
nondifferential equations and relations conditions, which must form,
from the point of the solution possibility, a closed system of
equations. Hence it is not real, and for the simulator requirements
advantageous, to simulate numerically in real time that model of
the PWR without a adequate simplification.

For our own full scope simulator the approximation of the
reactor core by means of a system mutually not reacting channels
appears to be sufficient with a simplified geometric configuration
is used /3/. The simulation of the physical behavior of the entire
reactor core is obtained by means of a suitably celected parametric

calculation, related to the physical model simplified in this way.
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STRUCTURE OF THE REACTOR CORE MODEL

By the»application of general formulations of fundamental
laws and relations of the continuum mechanics and nuclear physics
on the considered physical model (a one-dimensional channel consis-
ting of n-section), while respecting the simplifing assumptions, we
can obtain the following system of equations of the mathematical
model:
from the substantial form of the conservation law for mass we then

have for the coolant (the index c):

A Se) , 06 g (1)

o Oz
where g (kgm_3) is the mass density, S (mz) the cross section, T (s)
the time, G (kgs_l) the mass flow rate, z (m) the Cartesian coordi-

nate of the channel;

the substantial form of the conservation 1£W for momentum leads

for the coolant to:
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where 1 (m) is the lenght, h (m) the height, p (Pa) the pressure,
wfr (-) the friction coefficient, d (m) the diameter, f (-) the
coefficient of local losses, N.(—) the velocity parameter, index j
is the index of the j-th channel section, n denotes the total

number of channel sections;

from the conservation law for energy we obtain for the fuel (the

index f):
0T, { ) ‘
h—'&f”%’[d‘v(kf grad T+ qyf ] (3.1)

1Knl) the specific heat

1

where T (K) is the temperature, c (Jkg
capacity, k (kgm—a) the mass density, A (Wm™ K_l) the termal con-
ductivity, a, (Wm—s) the heat power source;

and then have for the coolant:
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T, 0T, 4 . 0 3.
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where in addition w (ms_l) is the velocity, z (m) the Cartesian
coordinate of the channel, q. (Wm_z) the heat flux density to the

coolant, OS (m) the wetted circuit, S (m2) the cross section;g

the equation of state reduces for the fuel:

X{ = const (4.1)

and gives for the coolant:

= (4.2)
fo = fe (e, Te)
where as function kc is used the polynomical function;

the equation of the neutron balance gives:

dCi e
F A e

(5)

where n (m—s) is the neutron density, 9 (-) the reactivity, ﬁ(-)
the portion of delayded neutrons, A (s) the mean time of the ins-
tantaneous neutron origin, A,(s_l) the decay constant, C (m_3) the
nucleus concentration, the index i is the index of the i-th group
of delayded slow neutrons, m denotes the total number of delayded

neutron groups;

the equation of the xenon balance leads to:

Frakl PN R AR (6)

‘%%L=ymi%¢‘kmcm“6mécw

where g (~) is the relative yield, ZT.(m—l) the total macroscopic

2

cross section for fission, @ (m~ s_l) the particle flux density of

neutrons, indexes I and Xe refer to I 135 and Xe 135;

the conditions of uniqueness:
these determine geometric, physical, initial and limiting peculia-

rities of the problem to be solved.
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MATHEMATICAL APPROXIMATION OF THE PWR MODEL

In regard to the different character and numerical peculiari-
ties of the mathematical model equations, the next stage of the
model formation is the selection of a suitable mathematical appro-
ximation.

For energy equations of the fuel (3.1) and of the coolant
(3.2), the approximation has been selected by the quasistationary
method, the basic idea of which is the assumption of a weak time
dependence of the space component of the thermal fields solution
within a cerfain, limited time interval. For the modification of
time depending equations of the short termed kinetics of a nuclear
reactor (5), the approximation by the method of the singular per-
trubation analysis has been used, which with the help of the inner
and outer asymptotic solution development eliminates the numerical
stiffness of the initial system of differential equations.

After the above mentioned mathematical approximations, the
mathematical model of the PWR is formed by 9 submodels (Fig. 1),
consisting of the sequence of differential sections (the system of
linear and nonlinear ordinary differential equations of the 1lst
order), and nondifferential sections (the systems of algebraic

relations and logic conditions).

PROGRAMME SYSTEM

Before the final classifying of formed mathematical models of
individual components of the nuclear power plant (reactor, steam
generator, turbine, etc.) in the software of own nuclear simulator,
their accouracy is checked, and the selection of the advantageous
numerical methods is carried out. For this purpose, the special
programme simulation system SIMULACE has been assembled and debuged
/3/, which after a simple incorporation of these mathematical
models enables their real time simulation by the selected numerical
method from a system of 5 programmed one-step explicite methods
(the Euler’s of the 1lst order, the Runge-Kuttov’s of the 2nd order,
the Heune s of the 3rd order, the Gill’'s of the 4th order and the

Merson’s of 5th order).
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NUMERICAL RESULTS

The correctness selected approaches to the problems solution
of the simulator mathematical modelling of anticipated and abnormal
plant transients in PWRs of the type WWER 440 has been tested by
the numerical simulation of 38 different, stationary and nonsta-
tionary, operational regimes. The simulation calculation was made
by the Euler’'s explicite metod with the different steps of the nu-
merical integration of differential parts of individual mathemati-
cal submodels.

The results of the numerical simulation of one group of nonsta-
tionary operational regimes, caused by the failures of the main
circulation pumps with the subsequent operation of the automatic
reactor power regulator are enclosed in Fig. 2 and Fig. 3. Values
of represented parameters of the reactor are relatived to the nomi-
nal parameters. Used symbols: NR the heat power, GC the mass flow
rate, tcl the coolant temperature at inlet, tcz the coolant tempera-
ture at outlet, Pao the coolant pressure at outlet, the index O re-

fers to nominal value of the parameter.

CONCLUSIONS

The carried out comparison of obtained results to the experi-
mental results accomplished at the nuclear power plant V1 at
Jaslovske Bohunice /4/ and 3-D calculations for the nuclear power
plant V2 /6/ have shown for the full scope simulator purposes the
sufficient agreement of the reactor fundamental parameters, whilst
achieving simultaneously the simulation in the real time (the time
factor of about 0.3).

The profound theoretical analysis of the solved problems ena-
bles realisation of the full scope nuclear simulator on the

available computer equipment.
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v & mn ¢ 3-D calculation

v 4 o ¢ simulation

Fig. 2 Results of the plant transient simulation
in the PWR of the type WWER 440 - failure
of all circulation pumps with the subsequent
operation of the automatic reactor power
regulator
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Fig. 3 Results of the plant transients simulation
in the PWR of the type WWER 440 - failure
of one circulation pump with the subsequent
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SIMULATION FOR NUCLEAR REACTOR TECHNOLOGY
J.D.Lewins

University of Cambridge
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ABSTRACT

Rapid developments in digital computers have allowed nuclear
reactor simulators to take an important role in the nuclear
power design . and operating industry. The Cambridge
international meeting on nuclear reactor simulators clarified
national attitudes to simulator use in areas of design,
training, accident study and licensing. Papers given to the
meeting were useful in making a first approach to a philosophy
for the methododlogy of simulator design and their verification
and validation.

INTRODUCTION

The Institution of Nuclear Engineers organised an international
conference entitled BSimulation for Nuclear Reactor Technology at Cambridge,
9-11 April 1984, It was attended by over 150 specialists for many countries
and the material covered in the four sessions will be of interest to those
concerned with thermal reactor safety in many aspects.

REACTOR DESIGN AND ANALYSIS

The simulation of reactors for design purposes has gone beyond the
original concept of static reactor physics coupled with elementary neutron
kinetics, to a full-scope simulation of reactors so as to display their
dynamic behaviour. At first sight, there 1is a difference of requirement
between the present United Kingdom single-phase gas-cooled reactors and the
greater challenge of LWRs with their emphasis on two-phase flow. Dr Wulff and
his co-authors from the US Brookhaven Laboratory outlined their special
simulation developments on the AD1O processor for BWR technology and A.D.Alley
and co-workers from General Electric offered similar insights into the Liquid
Metal dynamic simulators. Yet it was clear that the difference between such
studies and simulation in gas-cooled systems is actually less marked since the
latter, being steam-raising plant, imply that the simulation of boiler
dynamics is as much a part of the overall plant representation as the reactor
core. What was interesting then in Professor Jeffries' case study of boiler
dynamics was the illustration of a different approach to two-phase flow
problems wusing a linearized technique and employing the United Kingdom (UK)
Central Electricity Generating Board (CEGB) suite of programs, DYMEL.

Two further papers in this session dealt with the problem of two-phase
flow simulation. The first was from Belgium's Mol Centre, with de Greef giving
an efficient description of both pressurizer and heat exchanger of a PWR in
terms of their common-form equations. The second was one of a pair of papers
from Canada on the PHWR-CANDU system in which Dr Kahn described the simulation
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study, rig verification and design changes brought about in the 660 MW(e)
design. The simulation study revealed an unexpected coolant oscillation, with
potential consequences of downgrading reactor power. An experimental rig
confirmed both the problem and the efficacy of the design modification to
correct the situation. It was brought out in the discussion of this paper how
difficult it had been to convince management of the seriousness of the
simulation study when analysis by existing codes had apparently not shown any
such divergent oscillations. It was a human part of the story to hear that
previocus studies had indeed predicted such oscillations but these had been
attributed to "machine error" and patched out of the programs. When the
analyst has justifiable and sufficient faith in his programs to reject such a
"fix'", we can indeed say that simulation for design and analysis has come of
age.

Underlying the particular illustrations of reactor design simulation,
valuable as they were, is a more difficult question of the purpose of such
simulation and the methodology by which a simulator might be verified and
accepted, Such questions were addressed again during the conference and in
relation to accident studies and the philosophy of training.

TRAINING AND OPERATIONS

Dr Stammers, an industrial pyschologist, set the scene for a study of
simulators in training and operations. He pointed out that it is as dimportant
to study the effectiveness of simulators for their psychological role as their
physical accuracy. The point was further illustrated by papers from the head
of the CEGB Nuclear Power Training Centre (Peter Myerscough), a paper by
Scoland of the Westinghouse Corporation (presented by Walsh) and by M.Felignes
from Electricité de France. It is evident that all utilities now see a major
role for full-scope simulators in training although some variance remains in
respect of a different emphasis on plant specific and plant generic models.

This difference, between specific or generic, was tackled several times
in the meeting. Part of such discussion showed +that there was considerably
more PWR operating experience originating in +the UK than the role of the
Sizewell Inquiry into the proposed first CEGB PWR might suggest, in that the
Royal Navy has experience of operating some 20 small PWR submarines and indeed
was able to contribute considerably <to the meeting in respect of training
based upon simulators.

A reflective and philosophical paper, pointing out a number of weaknesses
in so-called full-scope simulators, was given by Eugene Thames. He contrasted
the nature of +the TMI-II accident with its long-term developmeﬁt over a
critical period of at least 48 hours with the limited ability of present
simulators to do more than illustrate a specific accident condition and the
immediate action that operators might take to correct for it. In reality,
accidents of a serious nature can have long and slow developing histories.
Thames asked the critical question, whether such a training of operators in
unreal simulated conditions was satisfactory.

A paper from the CEGB's Wylfa station (the largest commissioned Magnox
reactor) discussed a special purpose simulator and its role in providing for
the correct choice of emergency cooling.



SIMULATION METHODS, LANGUAGES AND TECHNIQUES

In one sense, the conference had already focussed on an underlying
technical problem, the simulation of two-phase flow. Papers on the second day
brought attention to another problem: the difficulty of securing stable
numerical behaviour over adequate time intervals arising from the "stiff"
nature of the coupling of the various physical components from prompt neutron
behaviour to slow graphite temperature transients.

Budd's paper from the CEGB gave a practical solution to this problem in
what he called '"local eigenvalue protection" though this approach was not
without dispute. Two interesting papers from Scotland (where the South of
Scotland Electricity Board is commissioning the Hunterston-B AGR with a
full-scope simulator) carried solutions to these problems through to a working
result.

We were also able to hear of applications of simulators to assist
operations, in Dr Horne's paper on the essential systems integrity monitor and
an account of Finnish work by Hanninen and Miettinen for primary circuit
accidents in a training reactor.

General discussion in the Conference raised two points in which national
practices differed. There was some puzzlement from North America that UK
practioners should not use modern purpose-~written simulator languages for
digital computing work but expressed a preference for FORTRAN, The UK
philosophy seemed to put more emphasis on the need to maintain the program
during the necessary plant life of the simulator (say up to 40 years for the
station it represents) and the need for clear structure in the programming.
Surely this is true, in the sense that CPU power and computer speed are
unlikely to be overriding limitations as the years bring further rapid
advances in computer hardware. Good programming in this context is far more a
matter of good structure, to make it apparent what the program is actually
doing, than clever tricks to speed the simulation.

Both sides, however, accepted the desirability of using fundamental
physics rather than empirical fitting, particularly where the simulator is to
be used to extrapolate into unverifiable accident conditions. There was much
less agreement on the methodology of validation for full-scope simualtors.
Essentially, one must ask what the purpose of the simulator is. Is it then
proper to represent a "best estimate" model and determine how the reactor will
most probably behave in an accident, or to employ what might be called a "best
accident" model to include pessimism that allows for the dangerous accident to
be that which departs from "best estimate'" behaviour?

FUTURE OF NUCLEAR REACTOR SIMULATION ,

Discussion was stimulated by Wachtel's paper, giving the US Nuclear
Regulatory Commission's view of developments of the role of simulators in
licensing. The first thing we have to absorb is that the purpose of such
simulators is, now, not training but operator licensing. Wachtel anticipated
that in about three years it would be mandatory to test a reactor operator on
a simulator, but he was careful to avoid the term 'plant-specific!" and used
'plant-referenced" instead; no one can build a lawyer-proof 'one-to-one'!' scale
simulator.
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CONCLUSION

Major points that arose from the meeting included: firstly, the need to
identify the purpose of the simulator and, in many cases, the lack of critical
study of whether existing simulators met such a specific purpose. Secondly,
there was the challenging problem of two-phase flow simulation with its
continuing basis of empiricism in heat-transfer correlations. There remained a
divergence of views on how %to deal with "stiffness" in speeding machine
convergence and an even bigger uncertainty in just how to go about
verification and validation of simulators. It remained an unanswered question
perhaps, what objective criteria can be written into a purchasing contract.

Proceedings of the Conference (ISBN O 521 27785 4) are published by the
Cambridge University Press for the Institution of Nuclear Engineers (ed
D.G.Walton).
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ABSTRACT

The TMI-2 accident in March 1979 became a starting point for a
reconsidering of the levels of ambition for Emergency Planning
and Preparedness (EPP) in many countries. At the same time
that accident lead to new and deepened studies of the basis
for accident analyses and for emergency preparedness.

Many existing or planned EPP measures are based on assumptions
concerning accident sequences, release of radioactivity and
accident consequences which in many cases are far too pessi-
mistic. A higher level of ambition for EPP measures based on
these assumptions does therefore not seem to be justified.

The present criteria and practices for EPP in the EC countries
have recently been brought together in studies made (or under
preparation) for the Commission of the European Community.
Some results of these studies will be presented and proposals
will be given for a harmonized approach to EPP, with special
attention to the needs of EC countries.

INTRODUCTION

In many countries the accident at the TMI-2 reactor at the end
of March 1979 became a starting point for studies and action in the
area of Emergency Planning and Preparedness. Mostly, safety autho-
rities started to question the efficiency and appropriateness of
the existing measures but at the same time as the TMI-2 accident
underlined the need for revisions of procedures for Emergency Plan-
ning and Preparedness (EPP) it also created a new basis of knowled-
ge for judging what EPP were needed. Unfortunately, the new infor-
mation and knowledge have emerged slower than the need for it. The
pressure for improvement of EPP, which was both a technical and a
political pressure, came so soon that the new information which
should be the basis for the changes was not yet available.
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Countries of the European Community have been cautious in
their implementation of new requests for EPP measures which has
given them the opportunity to learn from what has been tried in
other countries and to study needs and consequences more in detail.

THE TECHNICAL AND NON-TECHNICAL BASIS FOR EMERGENCY PLANNING
AND PREPAREDNESS

Nuclear facilities are designed, constructed and operated in
such ways that the probability for a serious accident is extremely
small. '

However, general safety and political considerations and the
experience of incidents during nuclear power reactor operation jus-
tify effective emergency planning and preparedness programmes. It
is much more difficult to say on what level of ambition the effec-
tive EPP programme should be placed.

Two entirely different technical approaches could be chosen.
The first is to rely on extreme conservatism. In that case "a model
accident" should be assumed independent of its probabilities. That
"worst possible accident" should then be used for defining what
emergency measures would be needed. Probably you would then get an
EPP programme which would be fit for handling more difficult situ-
ations than would ever occur. The other approach would be to start
from a best estimate of a range of possible accidents. That would
quite naturally lead to EPP programmes being much less ambitious
and more flexible than in the former case. You could anyhow show
that they would be sufficient for all reactor accidents which would
reasonably occur. In both these approaches you would get an EPP
programme which would be much more ambitious than corresponding
programmes for any other - or at least almost every other - acti-
vity in society of comparable risks.

Technical approaches, as described above, are of course the
only possible for establishing the basis for the choice of techni-
cal EPP measures - and most of those are technical. At the same
time it is self-evident that political considerations and political
decisions lie behind all EPP programmes.

When considering the technical and non-technical basis for the
choice of a general "EPP ambition level" and of different EPP mea-
sures, the following aspects are important:

- Risk scenarios

- Protective actions

- Sensitivity of emergency planning assumptions

- Costs and benefits of different protective actions.

It is evident that with the existing knowledge several diffe-
rent risk scenarios can be chosen to describe not only a "best
estimate accident" in nuclear power reactors but also to describe
"the worst possible accident". The choice of a risk scenario is

decisive for the consequence picture of the assumed accident. It
is also evident from recent studies and experiments that previous
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analyses of core-melt accidents have over-estimated the consequen-
ses of many accident sequences, including a core-melt. Most in-
teresting, anyhow, is that estimated radiocactive releases from a
severe accident probably have been too high. The uncertainty is the
degree to which it has been overstated. Ongoing work will remove
that uncertainty, but probably not entirely until some years from
now.

In July 1984 the ANS Topical Meeting "Fission Product Be-
haviour and Source Term Research" gave a picture of the many on-
going international research activities concerning severe acci-
dents. In our view it was evident that there is now a widespread
agreement on the technical questions:

- Reactor containments can resist severe accident sequences
better than assumed in the WASH-1400 study

- Some of the most violent sequences can be excluded for
physical reasons

- Fission products from the reactor core are captured in the
reactor more efficiently than assumed earlier and source terms
will therefore be smaller

However,

- There are accident sequences which will decrease the efficien-
cy of the containment, and

- The source terms and the activity released to the environment
will thus depend on what kind of nuclear power plant is in-
volved.

An illustrative comparison of the impact of a "WASH-1400
accident" and an accident with smaller release factors has been
made at EPRI:

IMPACT OF SMALLER RELEASE FACTORS RELATIVE TO WASH-1400
(Iodine and particulates considered)

WASH-1400 1/5 1/10
Number of early
injuries 1 0.032 0.002
Number of latent
cancer fatalities 1 0.35 0.22
Area interdicted
more than 10 years 1 0.11 0.037

It is evident that a reduction of the estimated releases by a
factor of ten, or even less, would markedly affect the basis for
present EPP programmes. The EPP areas which are of special interest
in this situation are
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- The size of the emergency planning zone (EPZ)

- The conditions mandating evacuation or sheltering of the
public or parts of it

~ Public alerting and warning systems requirements
~ The possible distribution and use of stable iodine tablets.

There is a choice of suitable protective actions when a
release has occurred or when there is a threat of a release.

Very few studies of the cost effectiveness of different coun-
ter-measures to a nuclear accident have been performed. Even stu-
dies of the cost of counter-measures are rare.

Some counter-measures could a priori be considered to be cost
effective because there are no realistic alternatives to them.
These are:

- Emergency planning
- Simple personnel protection measures

- Control of access to contaminated areas

A second category of counter-measures, when judged on a cost-~
benefit basis, is sheltering. Sheltering can be done in existing
buildings, where great parts of the population will stay already
when an emergency situation is declared. The costs for sheltering
will be low as long as it is imposed for relatively short periods
of time. Also risks and harm associated with it will be low.

Others of the counter-measures should be subject to more de-
tailed cost-effectiveness considerations. These are:

- Evacuation

- Distribution of stable iodine tablets

-~ The size of emergency planning zones (EPZ)
- Installation of warning- and alarm systems
- Bans on food consumption

- Decontamination of land.

Recent studies show clearly that the cost-effectiveness of the
distribution of iodine tablets can be strongly questioned. Also in
the United States and in Sweden where preplanned stockpiling and
predistribution of those have been applied, safety authorities are
reconsidering their attitudes.

The most important "protective action" for the health of the
public is not included in Emergency Planning and Preparedness. It
is the safety functions of the nuclear installations, determined by
design, construction, operation and management, which will be the
primary contribution to the protection. This is self-evident, but
must anyhow be underlined in any discussion about EPP. Planning for
emergencies will seldom produce plans which can be applied word by

word on a real emergency, but good planning will produce an ability
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for correct, improvised actions in an emergency. Therefore, plan-
ning as such might be one of the most effective protective actions.

THE PRESENT SITUATION IN THE EC COUNTRIES

The EC countries and also some other countries have answered a
questionnaire from the Commission of the European Communities on
off-site emergency planning and preparedness. The questionnaire
covered the following itens:

- The planning basis, i.e. the kind of accident conditions
considered

- Organization and responsibilities

- Emergency facilities and functions

- Emergency response measures and means
- Accident assessment

- Training, drills and exercises

- Records keeping

- Guidelines and criteria for emergency measures.

The answers to this questionnaire are at present being brought
together into a summary report describing national positions and
practices.

The "Emergency Reference Levelg" (ERLs) used in different
countries {also non-EC countries) are given in the tables below. It
must be noted that a policy applied in some countries is that
general ERLs should not be used, but that the need for counter-mea-—
sures should be judged from case to case depending on available
information. In some countries the ERLs are recommended values, in
others they are mandatory. In for instance the UK and the FRG ERLs
are defined as ranges. If predicted dose equivalents exceed the
lower level, implementation of the counter-measure is desirable,
but not essential. There is also a higher level at which counter--
measures are expected to be introduced whatever the circumstances.
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EMERGENCY REFERENCE LEVELS FOR EVACUATION

Country Whole Body Thyroid
(rem) (rem)
CEC Guideline 10-50 30-150
Canada 1-5 15-75
Finland 10 201)
FRG 25/>1008) >500/2)8)
Ttaly 153),254) 25
Japan 5
Luxembourg 1-5 15
Netherlands 55),156) 10°),308)
Sweden 104)
Switzerland 30
UK 10/508) 30/1508)
usa”) 11),56) 51),256)

1) for children

2) 100 rem is ERL for iodine tablet administration

3) for children and pregnant women

4) for adults except pregnant women

5) for children

6) for adults

7) from inhalation

8) see comments in the text about low and high levels

EMERGENCY REFERENCE LEVELS FOR SHELTERING
Country Whole Body
(rem)

CEC Guideline 0.5-2.5

Canada 0.05-0.5

France 0.5

FRG <25%)

Japan ll),52)

Sweden 1-10

Switzerland 101),302)

UK 0.5/2.5

1) sheltering only

2) sheltering and evacuation

3) see comments in the text about low and high levels
4) sheltering is desirable up to 25 rem, above that it is

necessary
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The "CEC Guideline" in the two tables above refers to the
ERLs proposed as broad dose ranges in a CEC guide "Radiological
Protection Criteria for controlling doses to the public in the
event of accidental releases of radioactive material" (V/5290/82
EN, July 1982).

Emergency Planning Zones (EPZs) can be defined as the areas
around a nuclear installation for which planning is recommended to
ensure that prompt and effective actions can be taken to protect
the public in the event of an accident. The EP%s required in some
countries are given in the table below.

EMERGENCY PLANNING ZONES (expressed in radius from the site)

FINLAND 5 km - not densely populated areas
20 km - evacuation planning
100 km ~ general planning
FRANCE 5 km - evacuation planning
10 km -~ sheltering
FRG <10 km - evacuation planning, warning

systems installed, iodine tablets
available etcetera

<25 km - warning systems and monitoring
points defined

NETHERLANDS 5 km - early warning systems and evacu-
ation planning
20 km - monitoring
SPAIN 10 km - evacuation planning
30 km - foodstuff control
SWEDEN 2 km - no new dwelling houses allowed;
limitations on other activities
2-15 km - evacuation planning, warning

systems installed, iodide tablets
distributed to households and in-

stitutions
~ 50 km - monitoring prepared
SWITZERLAND 3-5 km -~ warning systems installed,
sheltering
20 km -~ 2 hours warning, sheltering
220 km -~ foodstuff control
UK <3 km -~ evacuation and distribution of
iodine tablets
<40 km - monitoring prepared
USA 16 km - sheltering and evacuation
planning

80 km -~ foodstuff control
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The CEC has set up a working party on transfrontier emergency
planning. Its terms of reference are:

- to collect information on existing bilateral contacts and
agreements between Member States on transfrontier emergency
planning and on experience gained therefrom;

- on the basis of the information thus obtained to draw up a
report setting out the most important aspects of emergency
planning which reguire to be covered by bilateral agreements
between Member States.

Bilateral agreements have been made between EC Countries con-
cerning reactors situated close to borders involving Belgium, Den-
mark, France, FRG, Luxembourg and the Netherlands. There are also
agreements between EC and non-EC countries. Between the Nordic
Countries there are agreements on consultations before decisions
about border installations and on mutual assistance. The IAEA is
preparing a multilateral agreement on mutual assistance in accident
situations.

AN APPROACH TO HARMONIZATION

The distribution of risk around a nuclear installation de-
pends on population density, land use and similar parameters, but
of course not on whether a national border passes close to the ins-
tallation. The emergency preparedness in one country at one side of
the border could differ from that on the other side, and the pro-
tection of the public could then be of different quality on diffe-
rent sides of the border. Attitudes to emergency preparedness are
so similar in the EC countries that this situation would probably
not occur. Further harmonization of criteria and practices in the
EC countries will decrease the risk that divergencies in EPP in two
neighbour EC countries should cause public anxiety.

There are areas where harmonization between countries might be
difficult due to differences in administrative or organizational
patterns, like

- Organization and responsibilities
- Emergency facilities and functions
- Monitoring during and after an acccident.

On the other hand, these areas are not those in which the
greatest advantages of harmonization could be found.

There are other areas, however, where harmonization is more
needed and could be more easily achieved, like
- Emergency Assessment and Notification
- Communications: Organization, Procedures
- Emergency Planning Zones

Evacuation
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~ Other Counter-Measures than Evacuation
- Training, Retraining and Emergency Exercises

- Public Information.

On the other hand some of the areas where harmonization could

be achieved ought to be treated with caution because the basis for
decisions is still insufficient. Decisions about changes of the EPP
situation, which have far-reaching consequences, ought to be avoi-~
ded for the time being in the areas:

- Action levels
~ Emergency Planning Zones
- Evacuation organization

- The use of stable iodine tablets.

More specifically a number of recommendations can be given in

areas where harmonization is possible:

*

Emergency Reference Levels (ERLs) should to be used as criteria
for decisions during at least the first phase of an accident
concerning

- sheltering

- distribution of stable iodine tablets (or ordering of con-
sumption of previously distributed tablets)

- evacuation.

An ERL should never be used as the one and only criterion for a
decision about iodine tablet consumption, evacuation or any
other far-reaching counter-measure. These decisions should be
founded on all available information about the accident situa-
tion to the extent that it is practically possible to take the
information into account.

When defining Emergency Action Levels (or "Criteria") for the
use of the nuclear utility, a clear distinction should be made
between those intended to put the site emergency plan into func-
tion and those intended for a general off-site emergency.

The characteristics of Emergency Planning Zones are very much
dependent on assumptions about accident sequences, source terms
and release behaviour. Taking into account the rapid reconsider-
ation of these elements in the total risk scenarios, changes of
present EPZs should be avoided during the few more years before
the less Conservative assumptions for these elements have been
confirmed.

A decision about evacuation of any population should be taken
only if such an evacuation has been preplanned or if time is
available for careful planning, or if other counter-measures are
judged to be definitely inadequate.
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* Plans should be established to cope with possible unplanned and
spontaneous evacuation by parts of the population.

* Sheltering in buildings where members of the public live, work
or dwell should be considered as a first choice of counter-
measure. '

* Distribution of stable iodine tablets (normally potassium iodi-
de) should not be made in advance of an accident to households
in the vicinity of a nuclear installation.

* An agreement should be set up between the EC countries on how
mutual aid in an emergency situation in one country should be
organized. The agreement should cover, inter alia:

- Assistance from experts travelling to the site of the
accident or working from their home country

- Equipment and materials to be sent to the site

- communication means to be used between the EC countries
during the emergency situation

- Financial and legal arrangements for the support given,
both as concerns personnel and equipment.

The basis for harmonization is of course a common assess-—
ment of what is important and what is not for achieving a suffi-

cient protection of the public. Therefore, a general recommendation

is that the ongoing work to verify best estimate values and suffi-
cient safety margins for parameters forming the basis for EPP

should be encouraged and followed closely. Until the results of
this work are available - which will be within some years from now
- EPP efforts should be concentrated on measures which have a low
sensitivity to variations in assumptions of accident parameters.

FPurthermore, priority should not be given to measures of which the
possible benefits are small compared to the costs and where the

existing planning and preparedness could be judged to be sufficient

in the short term.

kkk

The views presented in this report are those of the authors.
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BRUCE NUCLEAR GENERATING STATION 'A' OPERATIONAL REVIEW FOR
LOSS OF COOLANT ACCIDENT WITH FUEL FAILURE SCENARIO

Dr. Salah Hassanien (P.Eng.)

Ontario Hydro, Bruce NGS 'A' Operations
Box 3000, Tiverton, Ontario, CANADA NOG 2TO

ABSTRACT

Bruce Nuclear Generating Station 'A' is a four 826 MWe CANDU (PHWR) unit
station with a single Negative Pressure Containment System.

The Operations staff carried out a review to re-assess the operations
required to maintain the accident unit and the unaffected units, in a
safe shutdown state for an extended period of time following a major Loss
Of 'Coolant Accident with fuel failures. Prime considerations were; safe
unit shutdown, fuel cooling, containment of radiocactivity, essential
systems availability, accessibility and reliability, personnel evacuation
and operating and emergency procedures following such an accident,

The review identified design and procedural modifications required to
enhance the capability of the station systems and staff to control the
consequences of such a major accident.

INTRODUCTION

This work describes the rationale and the process which was undertaken by
the operating staff at Bruce Nuclear Generating Station 'A' (Bruce NGS
'A') to review the operability and the actions required to maintain the
accident unit and the non-accident units, in a safe shutdown state for an
extended period of time (ie, 6 months) after a Loss Of Coolant Accident
(LOCA) with fuel failures. The same rationale and process can be adapted
to assess the essential systems operation and the operating procedures
required to enhance the capabilities of any nuclear generating station to
control Lhe consequences of such a major nuclear accident.

Bruce NGS 'A' is owned and operated by Ontario Hydro in the county of
Bruce on the eastern shore of Lake Huron, Ontario, Canada. The station
has four Pressurized Hesvy Water Reactor (PHWR) units of the CANDU type
designed by Atomic Energy of Canada Limited (AECL) with a unit maximum
“continuous rating (gross) of 826 MW electrical equivalent {1]. There is
a single Negative Pressure Containment System (NPC) for all the four
reactor units, the fuelling duct, central fuelling area, pressure relief
ducts, pressure relief manifold and vacuum building, all interconnected
together (Figure 1). The Emergency Coolant Injection System (ECI) is
designed to refill the Heat Transport system and keep it refilled after a
Loss Of Coolant Accident (LOCA). The ECI System is common to all four
units. The present ECI System design is being upgraded by the addition
of a high pressure injection capability. The new high pressure ECI will
be commissioned in 1984 and 1985. Figure 2 shows the flow diagram of the
present ECI System.



In 1980 the design groups at AECL and Ontario Hydro re-evaluated their
assumptions for the radioactivity released from the reactor core to the
vault atmosphere and Heat Transport System following a Loss Of Coolant
Accident with fuel failure, using very conservative assumptions.
Consequently, predictions could be made on the resultant releases of
radiocactive nuclides from the fuel and their transport and distribution
in various plant systems. The design groups then calculated the
radiation fields within and around the station and assessed the effects
of these fields on the integrity of the material, systems and equipment
under prolonged exposure conditions following a major LOCA. Existing
shielding provisions were also evaluated as well as provisions for
monitoring radiation after such an accident. This work constituted the
design review for the station [2].

On the basis of the data from the design review, the operational staff
undertook a detailed review on the operations necessary to maintain the
accident unit in a safe shutdown state for a prolonged period of time
(ie, more than 6 months following the accident). Also, because of the
fact that there is a single Negative Pressure Containment (NPC) System
and a single Emergency Coolant Injection (ECI) System, the non-accident
units would have to be shutdown in a controlled manner within a few hours
after the accident and be maintained in a safe shutdown state until both
NPC and ECI Systems are repoised,

Oon the basis of both the design and the operations review, several design
modifications and modifications to existing operating procedures were
recommended. Interim and permanent solutions were reviewed jointly by
the design groups, engineering and operations staff for effectiveness,
cost and implementation. The implementation of most of these solutions
was completed resulting in a greatly enhanced capability of the station
systems, equipment and personnel to effectively control the consequences
of such a major accident.

RATIONALE
In order to deal with the consequences of the postulated accident, ie,
major LOCA with fuel failure, operations staff should ensure the

following:

1. That capability of the station systems to perform the following
functions:

a) to automatically shutdown the aé¢cident unit and to shutdown
in a controlled manner the unaffected units, and to
maintain excess negative reactivity for an extended period
of time;

b) to maintain fuel cooling and heat sinks for extended
periods of time;

c) to contain radioactive nuclides;

d) to supply water, air and power to essential systems.
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That the station emergency procedures and the operating
procedure cover, in detail, all the actions required after the
accident to maintain the units in a safe state, to ensure public
safety requirements are met, and to minimize radiation exposure
to operating personnel. Also, to cover evacuation of
non-essential personnel and the continuation of the essential
personnel, ie, Control Room Operators, to perform maintenance
requirements and sampling of essential systems.

To ensure that there are adequate shielding provisions so as no
exposure limits are exceeded for operating personnel during and
after the accident.

That the requirements for Post-LOCA radiation monitoring are met
[3]. These requirements ensure that all releases to the
environment are monitored and controlled. Also, they ensure
that the exposure to the operating staff or the publiec will not
exceed any regulatory limits.

SYSTEMS REVIEW

The design review assessed the systems on the basis of component and
material integrity under acute and prolonged radiation exposure
conditions. Operations assessed the systems in term of whether they will
be required to operate after an accident and to ensure the reliability of
these systems,

The systems were reviewed with respect to:

1.

The System Function

Whether the system is required to shutdown, maintain fuel
cooling, contain radioactivity, maintain a heat sink, maintain
spent fuel cooling, provide an essential supply of air, power or
water.,

Whether the system is required to operate immediately after the
accident or not,

Whether the system will be required to operate for a short or a
long duration following the accident.

System Status After the Accident

Whether the system is fired, poised, shutdown or continuing to
operate, For example, Shutdown System 1 will be automatically
fired and will not be required to be repoised again. The
Emergency Cooling Injection recovery will be automatically
started and will be required to operate continuously,.

The Effect of the Accident on the System

For example, the containment systems and the Emergency Coolant
Injection System will contain highly radioactive atmosphere or
water.
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System Accessibility

For systems to be sampled and maintained, it is important that
they be accessible to Operators in terms of radiation fields.
The system will be fully accessible if the fields around it are
less than 200 mrem/h. The system will be partially accessible
for maintenance if the fields do not exceed 2 rem/h, 1In this
case, high hazard procedures will be in effect to carry out the
required maintenance.

System Component Redundancy

The majority of the systems, particularly safety and safety
related systems, have been designed with some component
redundancy to ensure high systein reliability. For example, to
maintain long term cooling of the spent fuel, the Primary Spent
Fuel Bay Cooling System has 3 pumps and 3 heat exchangers, only
two of each are required for the system to be fully operational.

Back Up Systems to Essential Systems

For each of the essential systems, the back up and/or
alternative systems were fully assessed for accessibility,
operabilily and maintainability.

Common Services Reliability

The reliability of the systems required to supply power, water
and air to the essential systems and to the station services
such as power to instruments and lights, breathing, service and
instrument air were assessed to ensure continuing supply of
common scrvices on the same basis as safety and safety related
systems.

Maintenance Call-Ups and Sampling

All necessary call-ups service or maintenance call-ups and
sampling requirements for each gsystem were evaluated in terms of
need, frequency and the required field operation. The objective
of this was to reduce field actions to the minimum to avoid
unpnecessary radiation exposure, All sampling with the exception
of the samples required for operator action will be suspended.

This review resulted in 22 recommendations for design changes, mostly to
increase shielding or to change some systems operations from local to
remote operation, or to relocate some component of a system to a more
accesgsible area in terms of radiation fields following a LOCA.

PROCEDURES REVIEW

Following a LOCA, the protective systems in the accident units will
operate automatically. There are other actions required from the Control
Room and field operators as well as other station personnel. The short
term actions are:
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1. To ensure that the emergency is announced and that restricted
areas are identified.

2. To ensure that all the emergency procedures for personnel
asgembly and accounting, Search and Rescue are active.

3. To ensure that in-Site and off-Site emergency procedures are
active.
4. To start up two standby generators to ensure added security of

back up power supply.

5. To terminate all fuelling and safety system testing on the
unaffected units,

6. To terminate any Dp0 transfer from the affected unit if it is
in progress to conserve D,0 supply.

7. To shutdown all the other three unaffected units as soon as
possible following the accident in a controlled manner by load
reduction.

- To put all the unaffected units in a guaranteed shutdown state

(moderator overpoisoned and Heat Transport System is cooled).

9. To restrict access to areas of high radiation fields and suspend
all unnecessary field actions. ’

10, To dispatch survey teams to measure radiation fields in the
station and outside.

11. To evacuate all the non-essential personnel via routes
previously identified where radiation fields after survey are
less than 200 mrem/h.

Following the short term actions to bring the accident and non-affected
units to a safe stable state and to ensure safety of station personnel
and the public, the operators will concentrate on maintaining the safe
state of the units and minimizing any releases to outside the station.
The operators will have the services of a large resource pool of
management and technical experts. Some ad hoc solutions may be devised
to deal with specific problems and/or component breakdown of a system.

A thorough review of all the procedures in the Abnormal Incidents Manual
and esgential systems Operating Manuals {41, Radiation Protection
Procedures [5], in-Site and off-Site emergency plans {6] was carried
out. Only minor modifications to the existing procedures were required
and these were issued. The procedure for a major LOCA in the Abnormal
Incidents Manual was expanded to reflect the information from this
operational review.

SHIELDING REVIEW

The overall objectives of the review of the adequacy of existing
shielding for Post-LOCA were:
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1. To permit continuous occupancy of the main Control Room. Hence,
additional shielding was installed in the vicinity of the
Control Room to limit the dose to less than 10 mrem/hr at any
time after the accident. This ensures that the potential
radiation dose uptake of a Control Room operator is less than 3
rem/quarter of a year.

2. To allow safe evacuation of non-essential personnel from the
station. The ECI recovery phase will start 15 minutes after the
accident, during which time personnel will be at or on route to
their assembly areas. Evacuation from the assembly areas will
be via designated routes where the dose rate will be less than
200 mrem/h . Evacuation will take 20 - 30 minutes.

3. To facilitate any field operation that is required after the
accident, Hence, shielding adequacy depends on where and when
the action will take place.

The radiation fields in the station were estimated and mapped in the
design reviews for the postulated accident. The unshielded radiation
shine from the Emergency Cooling Injection (ECI) header was unacceptably
high during the recovery phase, ie, recirculating the emergency core
cooling water through the reactor core. While it was considered that the
source term is highly conservative, the shielding calculations were based
on dose rates occurring half an hour after recovery starts, since these
are the highest probable rates. Generally, the dose rate will drop by a
factor of 3 after about 3 hours due to decay of short lived radioactive
nuclides, and by factors of 4 and 7 after one day and one week from the
accident respectively. In addition, after the installation and
commissioning of the High Pressure ECI header the dose rate will be
reduced by a factor of three due to the increased thickness of the header.

One of the most important recommendations of both the design and
operational reviews was to erect shielding around the existing ECI
header. The shielding on both sides of the header was constructed of 20
cm of heavy concrete blocks on the north side and 60 cm standard concrete
blocks on the south side of the ECI header. (Figures 3 and 4)

RADIATION MONITORING REVIEW

The Design Group, with input from Operations, prepared a detailed list of
the Post-LOCA Radiation Monitoring functional requirements. The main
requirements were:

1. Performance and control monitoring of all the gaseous and liquid
effluents from the station to the environment,

2. Control monitoring of all penetrations of the containment
envelope which would provide a pathway to the environment.

3, Environmental monitoring outside the station.
4, Warning system for hazardous areas within the station.
S. Personnel radiation monitoring, dose control and contamination

control within the station.
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Performance monitoring is required to ensure that the regulatory limits
on allowable releases under accident conditions are not exceeded.

Control monitoring is required to provide the operator with adequate and
timely warning so that control action can be taken to ensure that
regulatory limits will not be exceeded. Operations assessed the existing
- Radiation Monitoring Systems in terms of:

1. Meeting the functional requirements,

2. Ability to measure the Post-LOCA radiocactivity level or operate
in the Post-LOCA environment. 5

3. Manual operation, sampling, maintenance of the Monitoring System,

4. Adequacy of personnel radiation monitoring and warning equipment

and dose control.
5, Equipment and procedures for contamination control.

The review pointed out some deficiencies, particularly with respect to
monitoring the noble gases which will be released through the
contaminated exhaust system stack at amounts exceeding the range of the
measuring instrumentation. Some relocation of existing monitors was also
recommended to reduce the background radiation to the instrument and
improve accessibility to the instruments. Other procedural changes were
also recommended.
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HEAT TRANSPORT INVENTORY MONITORING
FOR CANDU-PHW REACTORS
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ABSTRACT

A computer-based D,O coolant inventory monitoring system
proposed for implementation on the digital computer controllers
at Ontario Hydro's CANDU generating units is discussed. By
monitoring process parameters and utilizing
probabilistically-based decision algorithms, timely indication
of any significant loss of D,0 inventory will be provided to
the operator. The monitoring is performed in a co-ordinated
manner such that D,0 losses from either the heat transport
system or the inventory control system can be detected.

INTRODUCTION

At Ontario Hydro's CANDU generating units a great deal of attention is
paid to detecting heavy water coolant losses from the heat transport system
and the interfacing inventory control system. Presently, local indicators
such as pressurizer and Dy0 storage tank levels and moisture detectors are
used to detect coolant losses. However, it is desireable to have an
indication of the global, rather than the local, coolant inventory in order
to account for coolant redistribution between different system components
and to avoid any ambiguity that may result from conflicting local
indicators. This paper discusses a system that has been proposed at
Ontario Hydro for estimating the total mass inventory of the heat transport
system. This system is useful as an operator-aid for diagnosing the status
of the heat transport system. The function of this inventory monitoring
system is similar to that of the coolant level measurement in light water
reactors, where also a direct evaluation of the available coolant inventory
is provided.

CANDU HEAT TRANSPORT SYSTEM

Figure 1 shows a simplified heat transport circuit of a typical CANDU
unit, in this example a unit at the Darlington Nuclear Generating Station
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which is under construction. The heat transport system main circuit
consists of two figure-of-eight loops. Each loop contains two pumps, two
steam generators, two reactor inlet headers, two reactor outlet headers and
inlet and outlet feeders for each of 240 fuel channels. Within a loop there
are two flow passes through the reactor core such that the coolant flows in
opposite directions in adjacent channels.

Each loop removes heat from half of the 480 channels in the reactor
core. Heavy water is fed to each of the fuel channels through individual
inlet feeder pipes and from each fuel channel through individual outlet
feeder pipes to the horizontal reactor outlet headers. Each reactor outlet
header is connected to a steam generator which is in turn connected to the
suction of a heat transport pump, Each pump delivers heavy water to the
corresponding inlet header.

Reflef Val'v'e'qi PR - SO, )
: i | Hesvy Water
. Storage
S F ;

LEGEND

------ Feed and Bleed Circuit

Main Heat Transport
o Motarized Ston Valve

e emec e e cmm e nand

o [ 03 —&= contral Vatve
Blee
Valves S S Central —bdm Hand Valve
i Heavy Water —Sdt—t-
S B2y H Supply —F=  Pressure Relief Valve
., |
i | Pressurizer
b Bleed H H
Condenser E ! ol - .
i H Feed Valves
H o Feed Pumps
i
0
H
H
H !
! ——t
| L = . « @
Heat H 5 z z 3
Transport | i3 T & &
Pump j— T
i U 1 A ECt
v H o
! H
______________ ;
— Reactor
N n
Steam - = =
Generator
- o bl @ ~
T x T T
[S‘ of3 ] I
ROH Balance Line
i
FIGURE 1

A Typical CANDU Heat Transport System — Simplified Flow Sheet

Interfacing with the main heat transport circuit is the heat transport
pressure and inventory control system which contains the pressurizer, bleed
condenser, Dy0 storage tank and a feed and bleed circuit connecting to the
heat transport system. When the reactor is at power, pressure is controlled
by the pressurizer with inventory being adjusted by the feed and bleed
circuit. The bleed condenser can receive steam bleed from the pressurizer
and liquid bleed and relief from the heat transport system.

Other systems that interface with the main heat ‘transport circuit have
not been shown in Figure 1. These systems are not described here since they
do not directly affect the heat transport inventory in the main circuit.
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In order to provide reliable control and monitoring of the heat
transport system, many process parameters are measured at different
locations in the main heat transport circuit and the pressure and inventory
control system. Pressure, temperature and liquid level (where appropriate)
are among the measurements obtained from different components in the HT
system. These measurements are input to unit dual computer control system;
used for direct digital control of reactor power reqgulation and a number of
process parameters, as well as for alarm annunciation and data display.

MONITORING APPROACH

The availability of many measured process parameter measurements in the
computer control system has motivated the development of computer based
systems for monitoring the coolant inventory. This eliminates the need to
install either new measurement loops or a data link facility to the control
computers., The pressure-tube design of the CANDU system does not permit the
use of a single parameter that can directly reflect the global coolant
inventory of the heat transport system. This is in contrast to light water
reactors where measurement of the coolant level in the pressure vessel can
provide a direct indication of the heat transport inventory.

Although the main objective is to monitor the coolant inventory inside
the main heat transport circuit, it is desirable to monitor the D0
inventory in the interfacing pressure and inventory control system. The
status of the latter system provides a direct indication of the amount of
coolant leaving or entering the main heat transport circuit. The proposed
monitoring approach can be systematically presented as shown in Figure 2.
External monitoring is provided by estimating the available coolant
inventory in the interfacing inventory cortrol system, termed the ex-loop.
Coolant inventory changes in the main heat transport circuit (termed the
in-loop)} are compensated by feed or bleed from the ex-loop, and monitoring
the latter provides indirect monitoring of the former, Reliance on
monitoring the ex-loop inventory might not be sufficient, particularly when
a loss of inventory occurs in the ex-loop itself (analogous to the TMI event
where inventory loss occured via the pressurizer relief valve), Therefore,
it is desireable to provide direct monitoring of the in-loop inventory.
Since the in-loop and ex-loop are interconnected, monitoring both systems
accounts for any mass exchange between them and provides an overall
indication of the status of the HT system. The following Sections discuss
the methods proposed for monitoring the coolant inventory in the ex-loop and
the in-loop.
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Ex-Loop
{External Monitoring)

D, 0 Storage Tank

Pressurizer

In-Loop
Heat Transport Loop(s}
{Internal Monitoring)

FIGURE 2
Internal and External Monitoring of the
Heat Transport System

EX-LOOP MONITORING

The ex-loop inventory is comprised of the coolant in the pressurizer,
bleed condenser and D0 storage tank. For each of these major components,
pressure, temperature and liquid level.measurements are available, This
enables direct estimation of the ex-loop inventory as follows:

3
Mex-loop = Y. Voly (Lk)/vk (Pke Tx)s (1)

k=1

where the subscript k refers to one of the three components considered, Vol
is the liquid volume of the components estimated using the liquid level
measurement, L, and v is the specific volume of the coolant evaluated using
the pressure, P, and temperature, T, measurements.

Equation (1), in addition to providing a simple and a straightforward
method of estimating the ex-loop inventory, gives a global indication of the
status of the ex-loop that accounts for coolant distribution among the
different components. This, of course, is better than relying on a
single-component measurement, {either the pressurizer or D,0 storage tank
levels), to determine the status of the loop.
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INTERNAL MONITORING: THE INTEGRAL METHOD

Analogous to the method used for monitoring the ex-loop inventory, the
in-loop inventory can be provided by estimating the mass available in
individual components in the HT-loops, with the sum (integral) giving the
total in-loop inventory, In each of the figure-of-eight loops, one can
identify the following components: the reactor channels and feeders, inlet
headers, outlet headers, steam generators and HT pumps. The in-loop mass
inventory can be then evaluated using the expression:

2 N
Min-loop = I I Volij / vij (Pygs Ti5), (2)

i=1 j=1

where i refers to the figure-of-eight loop considered, usually two loops, j
refers to the particular component in the loop, N is the total number of
components per loop, Vol is the component volume and v is the specific
volume of the component estimated using the measured component pressure, P,
and temperature, T. Since two-phase flow (boiling) regions can be
encountered near the exit of the reactor channels, particular attention is
given in the calculations to account for the vapour content. One should
also note that the 120 reactor channels and feeders in a flow pass through
the core are considered as a single lumped component,

As evident from equation (2), thermodynamic relationships are required
for the subcooled and saturated specific volumes, as well as for the
enthalpies employed in the two-phase flow calculations. Also computer
storage has to be allocated for the signal processing of the measurements
associated with the components. These factors make this method demanding in
terms of computer resources and reduces its suitability for adoption in
operating reactor units where computer resources are usually limited.
Because of the summation process involved, the method is called the integral
method to distinguish it from the differential method presented, in the next
Section, which is designed to minimize computer resources, Aadditional
details on the integral method are reported elsewhere [1].

INTERNAL MONITORING: DIFFERENTIAL METHOD

This monitoring method takes advantage of the fact that inlet feeder
mass flow rate measurements for selected reactor channels are available to
the control computers. The average value of these measurements in a flow
pass provides an estimation of the inlet flow rate. Flow measurements in a
closed loop can be then utilized to check the continuity of mass flow around
the loop and provide indication of loss of coolant from the loop. Also, the
deviation of the flow measurements from the nominal flow rate at the given
operating conditions can give an indication of the status of the heat
transport loop. These monitoring methods are discussed in more detail later
in the Section, after discussing the prospect of utilizing a flow-related
measurement that is also available to the control computers.

3

Recent LOFT experiments [2] indicated that changes in heat transport

pump power and consequently pump-motor current, can be utilized in
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monitoring coolant inventory. The pump-motor current is a measurement that
is available to the control computer and is taken as an indicator of the
mass flow rate through the pump. A significant inventory loss would result
in a decrease in the coolant mass flowing through the pump and consequently
a reduction of the load on the pump-motor which is directly reflected by the
motor current. The pump-motor currents in the heat transport system are
treated in the inventory monitoring process in a fashion similar to that
employed for flow rate measurements.

The first check applied in the differential method is based on a
continuity principle which implies that the mass flow rate between two flow
monitoring stations in a loop should be equal if no mass addition or
reduction is introduced in the section between the two stations. A loss of
flow in that section would then result in a difference in the flow
measurements equivalent to the rate of loss. The second check used in the
monitoring process is called the "expected" mass delivery. If a specific
mass flow rate is expected at a given flow monitoring station at given
operating conditions, and a lower flow rate is measured, then this indicates
a loss of flow upstream the monitoring station. The nominal loop flow rate
is used as the expected value and it is evaluated independently as a weak
function of the reactor operating power level.

Using the inlet feeders as the flow monitoring stations for the mass
flow measurements and the heat transport pumps as the monitoring stations
for the pump-motor current measurements and applying the continuity and the
expected mass delivery checks discussed above, a computer algorithm is
developed and reported in detail elsewhere [3].

In addition to the simplicity of the differential method, it also
provides information regarding the location at which the loss occurs
relative to the monitoring stations. The differential nature of the process
makes it more susceptible to measurement noise, as compared to the integral
method. The effect of noisy measurements is to raise the value of the
threshold loss rate in the in-loop above which the loss can be confirmed
with a high degree of confidence by the detection algorithm. However, given
the fact that coolant losses in the in-loop are directly compensated by feed
from the ex-loop, monitoring the latter provides coverage for the small loss
rate not covered by the in-loop differential monitoring, Here, one should
re-emphasize the importance of the in-loop monitoring for detecting losses
in the ex-loop that result in coolant flow out of the main heat transport
circuit, A loss such as this is detected only by the in-loop monitoring.
The integral monitoring method provides a system that is less susceptible to
measurement noise and consequently capable of detecting smaller in-loop
losses. On the other hand, the differential method is simpler and is less
demanding of computer resources, Therefore it can be more easily
implemented in an operating unit.

THE LOSS DETECTION PROCEDURE

The main purpose of the inventory monitoring system is to determine
whether a decrease in available coolant inventory has occurred. The
procedure used to detect any signficant decrease in coolant inventory is
summarized in Figure 3 and discussed below.
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FIGURE 3
Inventory Monitoring System

In an on-line monitoring system fluctuations in the measured data with
time are expected. These observed fluctuations generally are a result of
internal and external random noise that cannot be controlled. Therefore, it
is important to filter or smooth out the measurements before utilizing them
in any decision making process. The filtering process has been implemented
as a simple first order digital filter, using the exponentially weighted
moving average [1] given by:

Zp =AZp + (1 ~X) Zp_p (3)

where Zy is a measurement obtained at time t and 2, refers to the

filtered value, At is the time interval and A is a filtering parameter
appropriately chosen to provide acceptable smoothing of the measurements,
This simple filtering process can be applied to all the measurements without
requiring the storage of a long train of the history of the measurement as
is the case for most smoothing digital filters.

The filtered measurements are then utilized in the inventory monitoring
calculations discussed in the previous Section, resulting in an estimation
of the inventories in thg ex—loog, Mgx, and the in-loop, Mj,, as well as
their rates of changes, Mgy and Mj,, respectively.

Note that if the integral monitoring method is used Mj, would be
obtained directly while a simple differentiation process would result in an
estimate of the rate Mjy. On the other hand, the differential method
would result in an estimate of M;,, from the flow rate measurements, and
then a simple integration process can be used to obtain the mass in the
loop, Mjn. The pump-motor current values in the differential method do
not directly result in an estimate of the mass inventory, rather they
provide an indicator that is proportional to the available mass. This
indicator is utilized in the loss detection process in the same fashion as a
mass inventory estimate.

The estimated mass and rate of change of inventories are utilized to
detect any deviation from the nominal state at the given operating
conditions. Let us designate th? nominal mass in a loop by M, and the
corresponding rate of change by Mg, (the latter is usually equal to zero
at steady state operation but can have non zero values during reactor warmup



or cooldown). Detection of a deviation from the nominal state is confirmed
by a sustained deviation of the estimated parameters from their nominal
values, This deviation can be estimated by the relationship

2
t-At !

o = 0 (M - M2 4 (1 -6)0

t (4)

where 92 is a deviation (variance) parameter and 6 is an arbitrary
weighting parameter. Note that relationship (4) is analogous to the

: 2, .
moving average process of equation (3), and consequently Ut is a moving
average estimate of the deviation from nominal, Similarly, estimation of

6t’ the deviation of the rate of change from nominal is also obtained.
o2 - : ;
Based on the values oi and o, a decision is made regarding the status

2 .
of the loop considered (ex—- or in-loop) at time t. Since o and o, are

moving average values, the decision taken is based on the history of the
system, rather than an individual instaneous measurement. The estimated
deviation values can be used in a simple decision making algorithm that
detects deviation from the nominal state if the deviation exceeds a
prescribed threshold value. Alternatively, one may use a more elaborate
algorithm based on probabilistic considerations; such as the one proposed in
reference [1] or one of the discrimination and classification methods
described by Hand [4]. The output of the decision algorithm is an
unambiguous indication regarding the status of both the ex-loop and the
in-loop that can be displayed to the operator in a timely manner.

ASSESSMENT OF MONITORING SYSTEM

The inventory monitoring system discussed above has not yet been
implemented or tested in actual operating conditions. However, in order to
assess its capabilities, a series of "simulated" plant conditions are
considered, as summarized in Table I. One of the test simulations was a
small break loss of coolant with a discharge flow rate of 20 kg/s., This
discharge rate is within the capacity of a single D0 feed pump. The
results of this simulation were employed as plant measurements, after adding
artificial white noise to simulate plant noise. As shown in Figure 4, the
inventory monitoring system confirmed the inventory loss after 50 s from the
start of the event and alarmed against coolant loss in the ex-loop. At a
further 100 s in the transient the in-loop monitoring initiated warning of
an inventory loss in the heat transport loops and 100 s later it confirmed
the loss and issued an alarm. The delay in the in-loop response is due to
the coolant make-up provided by the ex-loop.

A condition that can cause apparent loss of mass inventory in the
in-loop is coolant voiding that may be caused by an increase in the reactor
power or a reduction in heat transport pressure, In this case the inventory
monitoring system indicates an increase in the ex-loop and a decrease in the
in-loop inventory. 1In the case of ex-loop inventory loss due, for example,
to a pressurizer valve stuck open, the increase in the ex-loop inventory
caused by the insurge to the pressurizer from the in-loop would be detected
together with the subsequent loss in in-loop mass.
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TABLE I

RESPONSE OF INVENTORY MONITORING SYSTEM
FOR_VARIOUS UPSET AND OPERATING CONDITIONS

Time of Confirming Inventory Loss, s

Event Ex-Loop In-Loop
20 kg/s break at Reactor A @ 50 I, @ 150
Inlet Header at full power A @ 250
In-loop Voiding H@t L@ t

(t depends on voiding rate)

Pressurizer Valve Stuck Open HE@¢t L@ t
(t depends on valve opening)

Operational Transients: Nominal inventory is adjusted given
- reactor shutdown the reactor power or system temper-—
~ system warmup ature., Legitimate inventory changes
- system cooldown are accommodated and only genuine

- reactor trip inventory losses are detected.
Maintenance Cooling Monitoring of reactor channel
temperatures is used to alert against
channel boiling

A @ t reads: Alarm after t seconds following event initiation
L @ t reads: Low inventory detected after t seconds
H @ t reads: High inventory detected after t seconds

Time (seconds} 500
1 1 § ]

Estimated Mass

(“Deviation {In-Loop)
.. 4

Al

b
Actual Mass AT

Deviation {In-Loop}

Mass
Deviation
(%)

-3
-4 4

tn-Loop

Condition

3 Ex-Loop

Condition

D Normal % Deviation Low Alarm

FIGURE4

Inventory Monitoring Response to Small
Loss of Heat Transport Inventory
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During operational transients such as reactor shutdown, systenm
cooldown/warmup or a reactor trip, the heat transport mass inventory changes
occur due to the coolant density change, These changes are accommodated in
the monitoring process by appropriate automatic adjustment of the nominal
inventories. Since the detection process is based on deviation from the
nominal state the monitoring system exhibits an immunity to generating
spurious alarms during these operating transients,

During maintenance outage the heat transport system may be
depressurized with low coolant forced circulation, For these conditions the
monitoring methods reported here would not be applicable. However, the main
concern then is to ensure that adequate fuel cooling is available to prevent
boiling in any reactor channel. Therefore, a special algorithm is invoked
to monitor channel temperatures, which are then used to alert against
potential channel boiling.

CONCLUSIONS

A system for monitoring the heat transport mass inventory in Ontario
Hydro's CANDU reactors has been described. The system utilizes measurements
available in the unit control computers and provides the operator with
unambiguous global indication of the status of the heat transport system at
different operating conditions. Through the use of this monitoring system,
ambiguities that may arise due to reliance on local inventory indicators can
be avoided. The proposed system has not been implemented yet in an
operating unit but is being considered for application in the Darlington
generating station, as well as some of the other operating units.
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ABSTRACT

The Logic Flowgraph Methodology (LFM) has been developed as a
synthetic simulation language for process reliability or disturbance analysis
applications. A Disturbance Analysis System (DAS) using the LFM models
can store the necessary information concerning a given process in an
efficient way, and automatically construet in real time the diagnostic
tree(s) showing the root cause(s) of oceurring disturbances.

A comprehensive LFM model for a PWR pressurizer system is
presented and discussed, and the latest version of the LFM tree synthesis
routine, optimized to achieve reduction of computer memory usage, is used
to show the LFM diagnoses of selected hypothetie disturbances.

INTRODUCTION

In order to implement diagnostic capabilities, a Disturbance Analysis System
(DAS) must utilize process models that are at the same time compaet and rich in
information content.

The models used in the first prototype DASs were developed in the form of cause-
consequence diagrams or cause-consequence trees. Both techniques use the same type of
binary representation and logic gates employed by fault trees, and are similar to the
latter in terms of modeling capabilities, The quite large dimensions of the models
resulting from the early attempts to apply these types of representation to whole scale
plant systems was indicated by many analysts as a severe hindrance in the development
of DASs with extensive diagnostic capabilities.

LFM OVERVIEW

LFM is a new methodology intended to provide a more efficient way of
constructing process models for use in diagnosis oriented disturbance analysis systems.
At the foundation of this method is the i]erivation of graph models for the processes to
be analyzed. As in the "digraph method"" the LFM models include the fundamental units
of nodes and edges, which are used to represent respectively process variables and
causality relations. In LFM, however, special sets of symbols and representation rules

are also used, in order to allow a fully automated fault-tree or diagnostic analysis of
complex processes. From the point of view of their general structure, the LFM models

are formed by the interconnection of two important and distinet networks, namely, the
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causality network, which expresses the fundamental physical relations of direct cause
and effeet existing in a process, and the condition network, which represents in a
formally defined and organized way the conditions whose oceurrence may change or
modify the course of causality flow in the causality network.

A detailed description of the LFM representation rules can be found in References
2 and 3, while a more synthetic account is given in Reference 4. We use here the simple
scheme of Fig. 1 to show an example of some essential LFM features. In this figure the
U and V nodes represent continuous variables. These are process variables or parameters
that can vary over a continuous range, reduced in LFM to 5 discretized states (0 =
normal, + 1 = moderate deviations in positive or negative direction, + 10 = large
deviations). The C node on the other hand represents a truly binary process variable or
parameter. U and V are shown to be linked by a causality connection expressed by a
causality edge and by a multiple gain box (MGB). The +1 gain value in the MGB signifies
that the connection is normally one of direct proportionality from U to V. However, the
graph also shows through the diamond shaped text box (TB) that the binary variable C
may have a conditioning influence on the relation between U and V. More specifically,
when the condition expressed by the equality C =1 is verified, U has no longer any
influenee on the value(s) to be taken by V. This type of formal representation is very
effective in showing how binary variables, usually associated with primary level faults or
with the action of engineered protection devices, can affect the causality relations that
link process continuous variables and parameters to one another., LFM is also
advantageous in that it condenses in one model the representation of both process
suecess and failure logies, including the effect of feedback and feedforward actions.

After being derived and stored in their condensed-information format, the LFM
models can’ be routinely analyzed by computer to produce fault tree structures for
reliability analysis purposes. By additional utilization of the instrument signals coming
from the actual process modeled, the same computer routine ean be employed in a DAS
to produce diagnostic trees for the identification of the root cause(s) of an existing
disturbance, This procedure is well suited for DAS implementation since it does not
require any analyst's or operator's mediation and can thus be performed on-line. Tests
performed on LFM utilization in disturbance analysis showed that a diagnosis ean be
obtained by the DAS computer one second or less from the start of a disturbance.

PRESSURIZER MODEL

The pressurizer, together with the control and protection devices attached to it,
constitutes an essential system in a PWR plant. The complexity of the functions it must
perform, in keeping the primary system pressure within the working range and in allowing
for the volumetrie expansion and contraction of the primary coolant mass, makes the
development of a reasonably complete LFM pressurizer model a quite challenging task,
one that can seriously test the method capabilities. We review briefly the controls and
protections that are typically employed in such a system.

The following deviees can intervene in regulating the pressure for control and/or
safety purposes: a) safety valves (safety), b) power operated relief valves
(PORVs)(control/safety), ) proportional sprays (control), d) proportional heaters
(control), e) backup heaters (control). .

Pressurizer level, on the other hand, is regulated by properly adjusting the
charging flowrate from the chemical and volume control system (CVCS). This can be
done by controlling the speed of a positive displacement pump or by throttling a valve on
the discharge line of a centrifugal pump (when this alternative charging mode is being
used,
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In the derivation of the LFM model, the modeled range of pressure and level is the
one between the high and low pressure trip set-points and above the low level trip set-
point, which deliberately limits the modeling effort to transients before the oceurrence
of reactor shutdown.

Within the selected pressure range, it was necessary to arrive at a definition of
the diserete penta-valued set needed in LFM for representation of the pressurizer
pressure (PP) "eontinuous variable.” Figure 2 illustrates the choice that was made in
regard to this. In the selected scheme, the PORV setpoint determines the boundary
between the +1 and +10 values, whereas the midpoint between the backup heater
energizing and de-energizing set-points is used as a boundary between the -1 and -10
values. The separations between the 0 and +1 values, and between the -1 and 0 values,
correspond to the start-point of the spray flow demand program ramp, and to the
midpoint of the proportional heater demand program ramp respectively. Different
choices are possible, The set-up just illustrated, however, provide a sufficiently balanced
representation of the "normal" and "upset" conditions within the modeled range.

Figure 3 shows two portions of the pressurizer model that was ultimately
developed. Section a represents some of the prineipal thermal-hydraulic interaections
with the paths of the protective and control actions affecting the pressurizer pressure
and pressurizer level parameters. Section d shows the details of the level control
system., The remaining portions of the model can be found in Reference 3 together with
the necessary aids for its detailed interpretation. It is important to notice that, due to
the considerable complexity of the physical reality to be represented, it is necessary to
break down physical interactions into fundamental composing parts. For instance, the
driving mechanisms for variation in the system pressure PP are assumed to be either
produced by a direct outflow of steam (SOF) or by volumetric effects (VPE) that cause
steam compression or expansion and which are induced by variations in the water level.
In addition, pressure changes may be induced by changes in the balance exchange flow
(BEF) between the water and steam phases in the pressurizer. BET normally acts as a
corrective agent on either of the other two variables just mentioned above, but is also
capable of direectly inducing variations in PP, The BEF variable is driven by the
combined action of the proportional sprays (variable PSF), the proportional heaters
(variable PHA) and backup heaters (variable BHA), and is also influenced by other factors
such as the pressurizer pressure itself and the degree of pressurizer water subcooling
(variable PWS). To deseribe the complete interactions between these variables the
"speecial input box" (SIB) operators S1 and S2 are used together with the other LFM
standard operators, These are equivalent to multi-state decision tables representing the
correspondence between BEF and its input variables PHA, PSF, and BHA. The
assumptions for modeling this correspondence derive from knowledge of the relative
capacities of the heaters and sprays.

DIAGNOSTIC AND RECOVERY TREES

References 2 and 3 illustrate how the computer program TRIC (Tree Instantaneous
Constructor) implements the LFM modeling "grammar" and a complete set of "tracing
rules" to allow derivation of logic trees from the flowgraph models, To derive a fault or
sucecess tree, TRIC only needs as input a definition of the tree top event in the form
(variable) = (value) (for example: V = + 10). If the program is run on-line on a process
computer (as would be the case in a DAS application) process instrumentation readings
will also be used as inputs, to only allow derivation of tree branches corresponding to the
actual events (among all those that could in theory produce the top event). When this
latter procedure is used to determine the causes of a process upset, the tree produced by
the LFM automated analysis is called a "diagnostic tree."

Diagnostic trees for two different disturbances are presented here. The first
hypothesized disturbance is one that affects the PLCS (pressurizer level control
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system). While the PLCS is in the centrifugal pump regulating valve mode {(control
option CO = 0), it is assumed that a drift in the level controller setpoint causes a
transient to be initiated, resulting in a moderate lowering of the pressurizer level (PLD =
-1). When the disturbance is well under way, different observable variables are affected
and assume perturbed values. Figure 4 shows the diagnostic tree developed by TRIC
when taking the event PLD = -1 as the top-event and the "observed" values of the other
variables just mentioned as "boundary conditions" for the given disturbance. These
observable conditions are marked by a dot in Fig., 3 for identification by the reader. It
should, however, be understood that other observable conditions, utilized to exclude non-
active tree branches from the diagnostic derivation, do not appear in the diagnostic tree
itself.

The second hypothetical disturbance with which the pressurizer model was tested
is a transient in which a stuck-open power-operated relief valve (RVUO = 1) causes the
pressurizer pressure to fall low (in the LFM -10 range). Secondary effects of this are the
actuation of the proportional and backup heaters and the disactivation of the sprays, in
an attempt by the PPCS (pressurizer pressure control system) to contrast the course of
the transient and arrest the observed decrease in the system pressure. The top event PP
= -10 was analyzed by TRIC with the use of the appropriate boundary eonditions given by
the observable events resulting from the ocecurrence, and the resulting diagnostic tree is
shown in Figure 5.

It is worthwhile to notice that the significant part of the tree, in terms of
disturbance diagnosis, is the one on the right side under the SOF = +10 event, and shows
the disturbance root cause RVUO = 1. The left side (event BEF = +1, ete.) only
describes conditions that result from, or accompany, the disturbance, and which are to be
shown for a better ecomprehension of the actual occurrence,

It was mentioned before that LFM permits the derivation of both fault and success
trees from the same flowgraph, The ability to derive success trees can be
advantageously used in disturbance analysis to identify recovery actions after a
disturbance has been identified and diagnosed. For example, to obtain from TRIC a
"recovery tree" for the disturbance just discussed above, one may set the top variable PP
equal to 0 (which is the "default", unperturbed LFM value for any continuous variable),
and adjust accordingly the values of the other observable values on which PP may have
direct or indirect influence. Thus the values of the variables BHA and PHA have to be
modified into 0's for consistency with the new value assumed for PP. All the other
observable variable values produced by the disturbance are, however, kept as boundary
conditions. The LFM routine can then identify possible actions that may suppress the
undesired effeets of the disturbance root cause(s). The tree obtained in this fashion is
partially shown in Figure 6. The actual tree derived by TRIC includes development of
events like VPE = 0 and BEF = 0, which are only of secondary interest and therefore not
shown here. The desired recovery action can be seen at the low left end of the tree,
indicated by the event BVS = 1 (which means: PORV block valve secured), 'ANDED'
with the primary branch containing the fault event RVYUO = 1.,

The example given above demonstrates the feasibility "in principle" of the use of
LFM-derived success trees to identify needed recovery action, Different strategies can
be envisioned to make this process as efficient as possible, so that for instance the LFM
routine could automatically avoid the development of "useless" branches such as the ones
omitted from the tree in Figure 6, and could also expressly emphasize the identified
"recovery action" in some way appropriate for ready interpretation by the operator.

As a factor relevant to the actual on-line applicability of LFM in disturbance
analysis, it is noted that, throughout the testing done with the pressurizer model, the
developed fault or success trees were produced by the TRIC code in times of the order of
1 sec on an IBM 370/3033 computer,
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CONCLUSIONS

This paper has discussed the application of a new approach called the Logic
Flowgraph Methodology to a fairly complex system, for the purpose of automatically
producing fault or success trees. The computer routine based on LFM is presently
operational and capable of performing this task, be it for reliability or disturbance
analysis applications. The routine itself requires about 160K of computer memory on an
IBM 370/3033. The most recent version has been partially optimized to reduce array
storage. As a result, the pressurizer model discussed here requires only an additional
160K. The previous code version required the same amount of array memory for a
system model, presented in Reference 4, which had less than 1/3 the number of LFM
modeling elements.

Since in the area of reliability and risk analysis many proven and consolidated
methods exist and are routinely used, the major emphasis of research for LFM
implementation was placed in the disturbance analysis - automatic diagnosis and
recovery identification area. We think that the results presented and discussed in the
previous sections are promising, and confirm the potential of the method for disturbance
analysis applications. Of course, before real implementation, it would be necessary to
further test the methodology and the models with real on-line, rather than simulated,
disturbances. )

Open to definition remain the possible different strategies by which a user may
want to utilize the methodology within the scope of an integrated disturbance analysis
system. The choice of such strategies is expected to be influenced by contingent
practical considerations regarding a specific application area, rather than by aprioristie
theoretical arguments.

1t is finally noted that for a user, LFM involves in a sense the learning of a new
Manguage."- In practical application to complex systems, it will also require intimate
knowledge of these systems., Consequently, the skills of trained practitioners will be
needed for sucecessful utilization,
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Fig. 1 Example of LFM Representation
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Fig. 4
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A SYMPTOM BASED DECISION TREE APPROACH TO
BOILING WATER REACTOR EMERGENCY OPERATING PROCEDURES

Ronald C. Knobel

Knobel & Associates, Inc.
P.0. Box 114
Long Beach, North Carolina 28461, U.S.A.

ABSTRACT

This paper will describe a Decision Tree approach to development of
Boiling Water Reactor Emergency Operating Procedures for use by
operators during emergencies, This approach utilizes the symptom
based Emergency Procedure Guidelines approved for implementation by
the United States Nuclear Regulatory Commission.

Included in the paper, as background, is a discussion of the relative
merits of the event based Emergency Operating Procedures currently in
use at United States Boiling Water Reactor plants. The body of the
paper is devoted to a discussion of the Decision Tree Approach to
Emergency Operating Procedures soon to be implemented at two United
States Boiling Water Reactor plants, why this approach solves many

of the problems with procedures identified in the post accident
reviews of Three Mile Island procedures, and why only now is this
approach both desirable and feasible. The paper will also discuss
how nuclear plant simulators were involved in the development of the
Emergency Operating Procedure decision trees, and in the verification
and validation of these procedures.

TEXT

The symptom based Emergency Procedure Guidelines deyiate from ANS 3.2/
N18,7-1976 Section 5.3.9 in that they do not provide operator actions for
events such as Loss of A1l Feedwater. Rather, the symptom based guidelines
provide operator actions for decreasing reactor water level, one cause of
which might be loss of all feedwater. Thus, the operator responds to restore
reactor water Tevel regardless of the cause of the decrease with whatever
equipment may be functional.

Since all United States Boiling Water Reactor Nuclear Plants (BWR)
currently have procedures designed to satisfy the requirements of ANS 3.2/
N18,7-1976 Section 5.3.9 and will soon be implementing these symptom based
Emergency Procedure Guidelines, Revision 3 dated December 8, 1982, currently
NRC approved for implementation, a dilemma faces them. How to integrate
procedures developed from symptom based guidelines into an existing procedure
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structure that supposedly, by Tisting conceivable symptoms, enables the
operator to diagnose an event (or event combination), extract the correct
procedure (or procedures for multiple events), and decide which is the most
important procedure so that its immediate actions are taken first before
some other important procedures immediate actions are taken.

It should be noted that ANS 3.2/N18.7-1976 Section 5.3.9 does not address
emergency procedure actions in multiple event situations. Section 5.3.9 does
state that "when immediate operator actions are required to prevent or mitigate
the consequences of a serious condition, procedures should require that those
actions be implemented promptly". If the serious condition is a result of
muTtiple events, a situation will face the operator of trying to decide which
is the Tead procedure and which are the follow on procedures so that the
immediate actions may be taken in the correct sequence. This is practically
impossible for many reasons, not the least of which is that the operator can
not remember them all nor would he probably get the right sequence in a
multiple event emergency, since he has been trained for single events.

Shortly after the accident at Three Mile Island (TMI), the NRC formed the
Bulletins & Orders Task Force (B&TF). This task force was responsibile for
reviewing and directing the TMI related staff activities, In conducting this
activity, the B&0TF concentrated its efforts on, among other things, the
evaluation of Generic Operator Guidelines and the review of Plant Emergency
Operating Procedures. One of the recommendations from the B&0TF was as
follows: The Emergency Operating Procedures presently in use at operating BWR
Plants should be restructured and reformated on a "symptom" basis, as opposed
to the more "event-specific" basis on which these procedures have evolved.

The Symptom-Based Emergency Procedures would be categorized according to
general plant symptoms, such as Loss-of-Coolant Inventory Accidents (LOCA) as
opposed to several separate existing associated procedures such as LOCA Inside
Containment, LOCA OQutside Containment, and Loss of Normal Feedwater, The
Loss-of-Coolant Inventory Procedure would include the essential features of
those existing procedures associated with LOCA Inside Containment, LOCA
Outside Containment, and Loss of Normal Feedwater, but would make use of the
fact that the initial operator responses for the latter procedures are similar.

The Essex Corporation of Alexandria, Virginia made a study of the TMI
Emergency Operating Procedures and had the following comments: The procedures
were deficient in content and format; inconsistencies existed between the
procedure action statement and actual equipment nomenclatures; instructions and
action seldom indicated system response; an excessive burden was placed on
operator memory; no charts or graphs on parameter response were provided;
confusion existed as to which procedure applied; and the procedures were
deficient in diagnostic information.

Since TMI is a pressurized water reactor and the findings might be con-
sidered by some to be not applicable to BWR, a review of a typical US-BWR's
Emergency Operating Procedures as developed in accordance with the ANS 3.2/
N18,7-1976 Section 5.3.9 would reveal the following (using the same evaluation
criteria that Essex Corporation used on TMI).

- The procedures are event oriented,

- They do not contain guidance on which procedure applies or is the
lead procedure in multiple event conditions.

-~ They rely excessively on operator memory.

- System response is seldom indicated.

- Diagnostic information is presented in a generally long 1ist of
symptoms at the beginning of each event procedure.
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- They contain many cross-references to other procedures.

- They contain few charts or graphs.

- Usability with multiple failures is poor.

- Operator awareness of total plant conditions would be questionable
when multiple event conditions required use of the procedures.

As indicated in ANS 3.2/N18.7-1976 Section 5.3.9, it is extremely diffi-
cult to distinguish between procedures prepared for the purpose of correcting
off-normal conditions which in themselves do not constitute actual emergency
situations, (but which conceivably can degenerate into true emergencies in the
absence of positive corrective action), and procedures required for coping
with true emergencies that have already occurred. For the purposes of the
Emergency Procedure Guidelines, the potential emergency conditions that are
considered are those conditions that threaten the integrity of the reactor core
or primary and secondary containment, or could threaten to cause harm to plant
personnel and to the public. The following categories of events (or event
combinations) are considered as examples of potential emergencies:

- Loss of coolant from identified and unidentified sources, from small
loss to design basis-accident loss,

- Reactor transients and excursions.

- Failure of vital equipment,

- Loss or degradation of vital power sources.

- Abnormally high radiation levels.

- Excessive release of radioactive liquid or gaseous effuent.

- Malfunction of reactivity control system,

- Loss of containment integrity.

- Conditions that require the use of standby Tiquid poison systems.

Any and all of these conditions may require immediate actions to be taken
by the operator to prevent further degradation and consequent automatic or
manual reactor scram. Thus a possible approach would be, indeed the one taken
and described in this paper, to extract from all the Emergency Operating
Procedures required by ANS 3.2/N18.7-1976 those actions to be taken prior to
reactor scram and assemble them into Abnormal Operating Procedures, and those
actions to be taken after scram and assemble them into the Emergency Operating
Procedures. This approach allows the Emergency Procedure Guideline symptom
based instructions required prior to scram to be integrated with the Abnormal
Operating Procedures and the Emergency Procedure Guideline symptom based
instructions after scram to be integrated with the other procedural actions
into the required Emergency Operating Procedures. In the event that the
reactor is scrammed automatically or manually, due to a potential danger, the
entry condition to the Emergency Operating Procedures would be REACTOR SCRAM,
From this point, the Reactor Operator would follow a predetermined sequence of
steps which specify immediate actions for operation of controls or confirmation
of automatic actions that are required to stop the degradation of conditions
and mitigate their consequences., The steps which the operator performs include
the following:

- The verification of automatic actions.

- Assurance that the reactor is in a safe shutdown condition.

- Determination that the reactor coolant system pressure boundary
is intact.,

- Confirmation of the availability of adequate power sources.

- Confirmation that containment and exhaust systems are operating pro-
perly in order to prevent uncontrolled release of radioactivity.

~ Notification of plant and off-site personnel of the nature of the
emergency.
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A further advance in the development of symptom based Emergency Operating
Procedures exists in the decisjon tree format used by the MNational Aeronautics
and Space Administration (NASA) in the formulation of the Emergency Operating
Procedures for the space shuttie. This concept, translated into the BWR
Emergency Operating Procedures here described is depicted (in example step
form) in Figure 1.

As shown, several key decisions are made immediately by the operator {note
that these decisions are consistent with the Emergency Procedure Guidelines).

- Is Reactor Power less than 3% (no represents a condition that could
threaten the integrity of the reactor core).

- Is Drywell Pressure less than 1.8 psig (no represents a condition that
could threaten the integrity of the Primary Containment).

- Is Auxiliary Power available from Startup Auxiliary Transformers (no
repres§nts a condition that could threaten core, containment, and
public),

- Is Reactor Vessel level above =30 inches (no represents a condition
that could threaten the integrity of the reactor core).

- MWas the Mode Switch in run prior to Scram (a decision which dictates
the actions to be taken in the startup mode where violent transients
are not expected).

Appropriate actions are presented on the other Paths indicated, Path 1,
Path 2, Path 4, Path 5. While not evident here, ALL Paths have the same
initial key decisions so that no matter which Path the operator picks up at
the time of scram, he will be Ted to the correct Path for his conditions.

The five Paths consist of operator actions keyed from decisions on
availability of plant systems, verification of appropriate automatic actions,
with the steps themselves being prioritized on each Path in the same manner
that the initial key decisions prioritize for the operator which Path to be on.
The Paths are immediate actions and cover roughly one half to one hour of time
into the emergency. After that, as Figure 1 depicts, the operator is led to
an End Path Manual which contains, among other things, the subsequent actions
from all the deposed event based Emergency Operating Procedures required by
ANS 3.2/N18.7-1976 Section 5.3.9. The immediate action Flow Chart Paths
generally cover operator actions for the following groupings of events:

(Refer to Figure 1)

Path 1 - Maifunction of Reactivity Control System

Path 2 - Transients from Low Power (Mode Switch in Startup)

Path 3 - Transients from High Power (Mode Switch in Run)

Path 4 - Loss of Coolant, Failure of Vital Power Source, Failure of
Vital Equipment, Abnormally High Radiation

Path 6 - Loss of Coolant, Loss of Primary Containment Cooling,
Excessive Radioactive Release, Abnormally High Radiation

Advantages of the symptom based Emergency Operating Procedures in Flow
Chart Path format are;

- Immediate operator actions visible and prioritized in Flow Chart
Path form.

- Reduced reliance on operator memory since all immediate actions are
visible at all times.

- A1l Flow Chart Paths guide the operator to the correct procedure,
in proper priority of actions.
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- Removes confusion as to which procedure applies; only one exists
and operator-is automatically led to it,

- Improves awareness of total plant conditions since many decision
diagnostic steps are present,

- Improves decision making process since operator is now constantly
keyed to be aware of plant conditions.

- Improves training for emergencies since symptoms are basis, multiple
event emergencies can be practiced which were not possible before,

The basis for the Flow Chart Paths, briefly mentioned previously to stop
the degradation of plant conditions, is accomplished by use of Key Parameters
(see Figure 1). The Key Parameters (these key decisions are symptom
evaluations) set the overall priority of operator actions, are identical on
each Flow Chart Path, and their evaluation basis is as follows:

- Verify reactor nuclear shutdown or take steps as indicated on Flow
Chart Path 1 to affect nuclear shutdown of the reactor while
attempting to gain control of reactor water Tevel and pressure.

- Verify the absence of a threat to the Primary Containment or take
steps as indicated on Flow Chart Path 5, once reactor nuclear shutdown
is verified or accomplished, to initiate containment control systems
while attempting to gain control of reactor water level and pressure,

- Verify the absence of a threat to adequate core cooling possibly
caused by failure of high pressure injection systems, total ioss of
AC power (inclusive of partial losses), break outside primary contain-
ment, stuck open relief valves (SORV) or take steps as indicated on
Flow Chart Path 4 once reactor nuclear shutdown is verified or
accomplished and the absence of a threat to the primary containment
is verified.

~ Determine the state (or states) of expected plant transient response
by identifying the position of the reactor mode switch prior to scram
(more violent transients are expected from the run mode than from the
startup mode) and the operator actions are prioritized by this on
Flow Chart Paths 2 and 3.

Thus, the operator has made an immediate determination of the state of
the plant. He has determined whether a malfunction has occurred to the
reactivity control systems, whether a malfunction or rupture has occurred
inside the primary containment, whether AC power is available and whether a
rupture outside primary containment or a stuck open relief valve has occurred,
or whether he has merely sustained a transient scram from high or Tow power
level.

It should also be noted at this point that the wording of the Key
Parameters results in insuring that the operator remains on the proper Flow
Chart Path once he has been led there by his symptom (Key Parameter) evalua-
tions. Indeed, at this point the question of what operator action is to be
taken if a Key Parameter changes state after the operator has made his initial
evaluation, becomes appropriate. The answer Ties in the following example:

A scram has occurred, the Flow Chart Paths entered, the initial evaluation of
Key Parameters has led the operator to Flow Chart Path 3 (transient trips from
high power) and while taking actions, drywell pressure increases above 2 psig.
What action should be taken? The operator is trained to respond to a change
in a Key Parameter, which he constantly monitors for changes after Flow Chart
Path entry, by returning to the top of the Flow Chart Path he is on and
re-evaluate all of his Key Parameters since a change in any one may result in
a change in a higher priority Key Parameter, Thus for this example, he would
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be re-routed from Flow Chart Path 3 to Flow Chart Path 5. A review of Figure 1
and the Key Parameter (and its hierarchical position) associated with High
Drywell Pressure will reveal that once on Flow Chart Path 5, the operator is
not permitted access to any other Flow Chart Path, but is led to the End Path
Manual for Flow Chart Path 5 after completion of the immediate actions even if
other Key Parameters were to change (loss of AC power, for instance, operator
action steps are contained on Flow Chart Path 5). The Key Parameter of
Reactor Nuclear Shutdown will not change once it is verified or is achieved
following the scram entry conditions,

Once the evaluation of Key Parameters has resulted in Flow Chart Path
selection, the operator encounters additional Key Parameters which require the
same return to the top of the Flow Chart Path for re-evaluation of ALL Key
Parameters, but which do not result in a Flow Chart Path change, unless a
consequent result occurs, i.e., if Closed Cooling Water to the Drywell is lost,
and the reactor is hot, Drywell Pressure will increase causing its associated
Key Parameter to change causing a Flow Chart Path change due to High Drywell
Pressure, not due to the Loss of Closed Cooling Water, Other of these Key
Parameters are associated with Plant Service Water, Control Air, and Fires.

The purpose of addressing support systems availability (calling their
significant parameter out as a Key Parameter ensures that the operator remains
constantly aware of their operability status) on the Flow Chart Paths are as
follows:

- They enable operation of other systems, e.g., Plant Service Water
enables operation of the Reactor Feedwater Pumps {lube oil is cooled
by service water),

- They enable other systems to control other Key Parameters, e.qg.,
Closed Cooling Water to the Drywell enables the removal of heat from
the Drywell controlling both temperature -and pressure.

- They force the operator to get ahead of the plant by monitoring
their operability. Under current procedures, he is behind the plant.
Something must first fail to be recognizeable as requiring operator
attention or action to be taken (in the accident sense that is, as
opposed to normal operations).

- They of themselves are symptoms of plant degradation and represent a
potential source of damage to plant equipment that may be necessary
for accident mitigation and as such are worthy of operator vigilance,
especially during accidents,

- Their availability or non-availability result in the establishment of
the various decision tree paths, e.g., since air is a cheap and
convenient mode of operation of such valves as are associated with
the condensate demineralizers on some BUWR's, the non-availability of
air means the non-availability of the condensate demineralizer and
consequent temporary loss of the condensate and feedwater systems.

With existing event based procedures, these support system procedures are
generally included in the Emergency Procedures category (Loss of A1l Plant
Service Water could certainly be looked upon as an emergency). The operator's
attention to this particular Emergency Procedure would vary from a high degree
of attention if its loss was the first event that occurred to a low degree of
operator attention if its loss were to occur during some eyent combination
sequence Tike the following: Load Reject Scram, Bypass Valves Fail Open, MSIV
Closure, and consequent Loss of A1l Feedwater, and then the annunciator alarms
indicating Loss of A1l Plant Service Water, The operator's attention is not
going to be instantly focused on this annunciator. In fact, he might not
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alarms he is already receiying. Indeed, the probability exists that for this
transient event combination (one that has a fair probability of occurrence)
damage would most certainly be sustained by plant equipment that received
cooling water from the Plant Service Water system. However, if one argues
that all of this equipment has its own protective trips, then not the least
that could occur in the above situation would be the operator completely
missing the need to execute another Emergency Procedure with its own immediate
actions. If one carries this examination a little further, since the operators
currently are required to memorize and execute Emergency Procedures immediate
actions from their memory, the various operator crews (typically 5 or 6 shift
crews of operators) would probably execute the required inmediate action steps
in different sequences since individual memory is a poor determinant of
commonality of action under high stress emergency conditions. Thus, besides
the concept behind the Flow Chart Paths of stopping the degradation of plant
conditions, the making visible to the operator the jmmediate actions reduces
the uncertainty associated with reliance on his memory. It also requires that
he monitor system status not currently required, thereby reducing the potential
for equipment damage. Perhaps most important, by making his required
immediate actions visible reduces the potential for error due either to failure
to recognize that procedural action is required or once recognized, taking
immediate action based upon reliance on memory alone and commiting errors of
omission,

As previously mentioned, the basis of the Flow Chart Paths (the immediate
action) is to stop the degradation of the event combination in progress. As
such, the restoration of the support systems (Closed Cooling Water for
instance) is not carried out on the Flow Chart Paths, it is however, accom-
plished in the End Path Manual which the operator enters upon completion of the
immediate actions. Thus, on the Flow Chart Paths, the operator verifies system
availability, or if indicated loss is apparent, attempts to start the standby
components, and if unsuccessful, putting the system in a known configuration
by taking immediate action to trip equipment serviced by the Tost support
system. In the case of Plant Service Water, this would mean a trip of the
feedwater and condensate pumps, placing reliance on other high pressure injec-
tion systems, or should they be unable to maintain Reactor Water Level above
a desired level, the Flow Chart Paths (as does the EPG) would direct the
operator to blow down the reactor and start his low pressure injection systems.

As the operator(s) complete a decision tree on a given Flow Chart Path,
they will be Tled to an End Path procedure in the End Path Manual provided for
actions subsequent to those immediate actions the operator has completed on
the Flow Charts. Each End Path procedure is specifically developed for each
possible decision tree on the Flow Charts,

Currently in the United States, Carolina Power and Light at its Brunswick
Nuclear Station and Georgia Power at its Hatch Nuclear Station have either
implemented or are currently developing the Flow Chart Path approach described
herein. Philadelphia Electric and Boston Edison are either developing or have
implemented other Flow Chart Path approaches. While the various Flow Chart
Path techniques may vary, and the actions contained on the various Flow Chart
Paths may also vary, what is significant in this effort by the above mentioned
utilities is their efforts to improve the operator responses to degraded
emergency operating situations by use of Flow Chart decision trees,
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Emergency Operating Procedures Verification

Emergency Operating Procedures Verification consists of ensuping that the
Emergency Operating Procedures (Flow Chart Paths and End Path Manuals) are
technically correct (accurately reflecting the Plant Specific Technical
Guidelines), that they are written correctly and that controls and instrumen-
tation called out in the Emergency Operating Procedures actually exist and
verbatim nomenclature has been used. Emergency Operating Procedure verifica-
tion is performed prior to the start of operator training. This process
identifies any deviation from the Plant Specific Technical Guidelines,
describes any analysis performed to determine the safety significance of the
deviation, and provides a technical justification for the plant specific
approach, as required.

Since verification will be completed prior to initial Emergency Operating
Procedures implementation, any discrepancies found during verification will
also be completely resolved prior to approval and implementation of Rev 0 of
the Emergency Operating Procedures. Note that verification is a two-phase
process, Phase 1 is performed prior to start of operator training and covers
the entire set of Emergency Operating Procedures. Phase 2 is the verification
of individual revisions entered during training resulting from the validation
program.

Emergency Operating Procedure Validation

Emergency Operating Procedure Validation ensures that the language and
Tevel of information presentation in the Flow Chart Paths and End Path Manuals
are compatible with the qualifications, training and experience of the
operating staff, and that there is a high Tevel of assurance that the proce-
dures will work, i.e., the procedures guide the operator in mitigating tran-
sients and accidents. Emergency Operating Procedure Validation is performed
in parallel with operator training.

Many man-weeks are spent in the plant specific simulator, with participa-
tion by Shift Technical Adyisors and reactor operators, developing and
validating the Flow Chart Paths decision trees (utilizing multiple-event
scenarios extensively) before operator training begins. This work is fully
documented including a 1ist of multiple-event scenarios run and significant
results. During operator training (over approximately a 1 year period),
many additional man-weeks will be spent in the simulator with evaluation of
operator response and operator feedback included in the validation of the
Flow Chart Paths decision trees.

Actual plant walk-throughs are conducted on a case basis to ensure that
the simulator represents the piant correctly and that in-plant name plates are
used for proper nomenclature of equipment. Extensive table-top,reviews are
performed during development, especially utilizing the Shift Technical Advisor/
reactor operator member of the development team, and a record of problems and
resolutions is kept. Additionally, initial operator training is conducted in
classroom table~top use of the Flow Chart Paths and End Path Manuals, and
operator feedback recorded. Note that simulator scenarios are chosen randomly
until all possible Paths down the Emergency Operating Flow Chart Paths are
followed, thus ensuring complete coverage.

Documentation includes records of operator comments, changes made as a
result, exam results, simulator records, and operator simulator performance
records.
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FLOW CHART SYMBOLS
There are several types of symbols on each chart. Refer to Figure 1,

Decision or Question Symbol

This block always contains a question which must be answered yes or no.
The question will concern a specific parameter, setpoint, switch position, or
system condition (symptoms),

Information Symbol

This block contains information which may be useful to help the operator
diagnose the event combination that has occurred or is occurring.

Performance or Action Symbol

This block contains a specific action or command which the operator should
perform. It will consist of a verification of automatic action or a command
to take action such as "verify certain pumps in seryice", "place system in
service or "remove specific equipment from seryice",

Path to Path Arrow Symbol

These symbols aid the operator in finding the correct entry point into
another Flow Chart Path when directed there from a path. These arrows have
unique shapes which are designed to aid in rapidly locating the entry point
when changing from one Flow Chart Path to another.

Flow Chart Path to End Path Procedure Arrow Symbol

These symbols direct the operator from the Flow Chart Path he has completed
to the correct section of the End Path Manual. The symbols contain the numbers
that correspond to the appropriate section of the End Path Manual.

In summary, the paper discusses the relative merits of the event based
Emergency Operating Procedures currently in use at United States Boiling Water
Reactor plants. The body of the paper is devoted to a discussion of the
Decision Tree approach to Emergency Operating Procedures soon to be implemented
at two United States Boiling Water Reactor plants and why this approach solves
many of the problems with procedures identified in the post accident reviews
of Three Mile Island procedures, The decision tree Flow Chart format is
possible now because of the development of symptom based Emergency Procedure
Guidelines. It is desirable to enhance the visibility of procedural guidance
for improved operator usability.

The paper also discusses how nuclear plant simulators were involved in
the development of the Emergency Operating Procedure decision trees, and in
the validation of these procedures.
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ABSTRACT

The SASA program provides deterministic analysis of risk dominant
sequences to evaluate sources of uncertainty, the effectiveness of
accident management strategies and the utility of changes to plant
configuration or procedures. It is an integral part of the U.S.
program to reduce risk from severe accidents. Detailed analysis
which include a review of BWR ATWS sequences, a study of the effec~
tiveness of feed and bleed and studies of plant recovery after core
damage is presented. The paper presents results from these studies
and their safety implications.

INTRODUCTION

The accident at Three Mile Island (TMI) Ted to the reorientation of Nuclear
Regulatory Commission (NRC) research priorities and the development of a severe
accident research program. Part of this program is the Severe Accident Sequence
Analysis (SASA) program. The SASA program seeks to improve the understanding
of reactor accidents in order to develop better strategies to prevent, manage
and mitigate severe accidents. Insights into safety issues are gained by apply-
ing best-estimate state-of-the-art methods of analysis to investigate in detail
the progression of events in risk dominant accident sequences and, thereby
develop guides to evaluate possible operator procedures. The studies concen-
trate on both the initiating events through early core damage and the later
phases of the accident, i.e., core melt, fission product release and transport
through containment failure. Significant attention is directed at the iden-
tification of alternatives which might terminate the accident and lead to
recovery.

The SASA program selects the risk dominant sequences for each plant from
appropriate probabilistic risk assessment (PRA) programs such as the Accident
Sequence Evaluation Program (ASEP),! the Interim Reliability Evaluation Program
(IREP) and the Reactor Safety Study Methodology Applications Program (RSSMAP)
These risk-dominant sequences provide the framework for calculation and analyses
of complex accident sequences in which critical equipment performance and opera-
tor actions are simulated. The SASA program is contributing to the development
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of probabilistic methods by supporting ASEP with deterministic, best estimate
analyses of severe accidents using the available state-of-the-art thermal
hydraulic, phenomenological, fission product behavior and consequence codes.

The ongoing SASA program studies presented here are: accident sequence
analysis for BWR anticipated transient without scram (ATWS) and a study of the
effectiveness of feed and bleed for decay heat removal in PWRs.

DESCRIPTION AND RESULTS OF THE ATWS STUDY

The goals of this study are to (a) make realistic determination of the
time-dependent progression of events from the initiating event through core
uncovery, meltdown and containment degradation (b) investigate appropriate
operator actions and their timings to prevent containment failure and/or core
damage and (c) determine if operator actions contained in emergency operating
procedures are adequate to manage the accident and determine what information
and operator actions are needed to mitigate accident consequences.

The dominant sequence for the ATWS is the Main Steam Isolation Valve
(MSIV) closure followed by failure to scram. The MSIV closure was chosen
because of its relatively high frequency and severe challenge to heat removal
and containment integrity systems.

An ATWS preliminary study® has been completed using the BWR-LACP code
developed at Oak Ridge National Laboratory.” A simulation working session in
conjunction with the Human Factors program showed that with training, the
operators can effectively shutdown the core by:

a. Lowering and maintaining the indicated water level at the top of
the core.

b.  Manual Insertion of Control rods.

c. Injection of Sodium Pentaborate Solution.

With the MSIVs shut, all steam generated by the at-power reactor is
conveyed into the pressure suppression pool (PSP) via safety relief valves
(SRVs) as shown in Figure 1. The MSIVs require about 4 sec to close. As
the valves close, automatic reactor scram fails and reactor vessel pressure
increases, causing void collapse in the core and thereby inserting positive
reactivity. Core power increases rapidly, causing high pressure and the open-
ing of all reactor vessel relief valves. The recirculation pumps trip on high
reactor vessel pressure [1120 psig (7.82 MPa)] about 5 s after the beginning
of MSIV closure, converting core flow from forced to natural circulation. The
reduced core flow immediately causes an increased temperature of the water
moderator in the core and consequently, increased voids and negative reactivity.
Reactor power decreases and some of the SRVs close, stabilizine reactor vessel
pressure at the relief valve setpoint [about 1120 psig (7.82 MPa)]. Feedwater
flow reaches zero shortly thereafter since the steam supply to the feedwater
turbines is lost when the MSIVs are shut.

Without feedwater (FW) the reactor vessel (RV) water level decreases
until the High Pressure Coolant Injection (HPCI) and Reactor Core Isolation
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Cooling (RCIC) pumps are automatically actuated. The HPCI and RCIC pumps act
as FW pumps and that their combined rate of injection determines the reactor
power. The term "reactor power" implies the steaming rate from the RV
expressed as a percentage of the steaming rate at normal full operation. All
of the steam produced in the RV is discharged through the SRVs to be condensed
in the PSP. During the first 15 minutes of ATWS, the PSP temperature is
increasing from 90°F to 190°F. When the PSP level increases 7 in. the HPCI
pump suction is automatically shifted from condensate storage tanks to the PSP.
The increasing PSP temperature challenges the ability of the HPCI system to
keep pumping since the HPCI turbine lubrication o0il is cooled by the water
being pumped and the operating 1imit for the lubrication oil is 140°F.

After HPCI system failure, the total vessel injection is insufficient
to replace the water inventory loss with the core critical and generating
28% thermal power (Figure 2). Upon receipt of the low water level signal the
Tow pressure coolant injection (LPCI) and core spray pumps start but do not
immediately inject, since the vessel is still pressurized. The vessel water
level continues to decrease, reaching the top of the active fuel (TAF) before
automatic depressurization system (ADS) actuation. The ADS actuation opens
six SRVs and initiates a rapid depressurization of the RV. The rapid loss of
vessel water inventory completely uncovers the core within one minute. With
the core uncovered the thermal power subsides to the decay heat level. When
vessel pressure decreases to below 418 psia at 20 min., the condensate booster
pumps (CBPs), begin pumping water to the RV. The LPCI and the Core Spray pumps
begin injection within 10 sec. of the CBP flow and recovers the core in about
20 sec.

The recovery of RV water Tevel provides enough moderator for the core to
sustain criticality. Continued increase in water level causes power excursion
by building excess positive reactivity. The increasing power and pressure is
broken when pressure reaches the relief valve set points and all SRVs open,
limiting vessel pressure to the neighborhood of 1100 psia. Whenever the RV
pressure is above 418 psia there is no injection by the low pressure systems.
The combined RCIC and control rod drive hydraulic systems (CRDHS) injection of
700 gpm is insufficient to prevent a steady decrease in vessel water level.
When the vessel pressure decreases to below 418 psia the CBPs and LPECCS pumps
are again able to inject. This cycle of vessel depressurization and power
excursion and repressurization of the RV is repeated until the drywell failure
due to overpressurization in 37 min.

The progression of MSIV-closure initiated ATWS accident sequence in which
operator actions play a dominant role is discussed here. The control room
operators would recognize the initiation of an ATWS by the existence of a
combination of scram signals and continued indication of reactor power on the
average power range monitors. The effective means for the operator to insert
negative reactivity is by the standby liquid control systems (SLCS). This
system is designed to permit sodium pentaborate solution into the RV at a rate
of 56 gpm. At an injection rate of 56 gpm it would take about 80 min. to pump
the total volume of 4550 gals. of sodium pentaborate solution from the storage
tank into the RV. The reactor can thus be brought to hot shutdown.
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The BWR Owners Group emergency procedure guidelines (EPGs) instruct the
operator to reduce vessel injection as necessary to lower the downcomer water
level to the top of the core. The core thermal power is about 9% with the
downcomer water level Towered to the TAF and with the RV fully pressurized.
Accordingly the EPGs specify that the operator should restore the RV water
level to the normal operating level after the amount of sodium pentaborate
required for hot shutdown has been injected.

The Commission has approved the Final Rule on ATWS, unanimously supporting
the following provisions for BWRs:

a. Each BWR must have an alternate rod injection (ARI) system that is
independent and diverse from the reactor trip system (RTS).

b. Each new BWR must have an automatic SLCS with flow capacity of 86 gpm
of 13 weight percent of sodium pentaborate solution. This applies to
plants granted a construction permit after August 1, 1984 and for
plants granted a construction permit prior to August 1, 1984 that
have already been designed and build to include this feature.

c. Each BWR must provide diverse means of recirculation pump trip (RPT)
automatically under conditions indicative of an ATWS. This safety
feature will result in a reduction of reactor power from 100 percent
to 30 percent following a transient (failure to scram). This proposed
requirement has already been implemented on all operational BWRs.

The Commissioners agreed that the new systems should not have to be fully
safety grade but should have some quality assurance and testing requirements.
Utilities will have 6 months as of August 1, 1984 to submit to NRC a proposed
schedule for meeting the above requirements. "NRC officals expect that most
plants will meet the requirements within 3 years.

A more detailed analysis of system thermal hydraulic and core neutronic
conditions up to core damage and containment failure for ATWS are presently
underway using the RELAP5, RAMONA-3B and SCDAP codes. RELAP5 results will be
benchmarked using RAMONA-3B with 3-D neutronics capability coupled with non-
homogenous, nonequilibrium thermal hydraulics.

DESCRIPTION AND RESULTS OF THE FEED AND BLEED STUDY

The SASA program recently completed an analysis of shutdown decay heat
removal using feed and bleed techniques for PWR in support of Unresolved Safety
Issues A-45.3 The accident sequences considered are loss of feedwater induced
by loss of offsite power (LOSP), and loss of feedwater (LOFW) transients. The
feed and bleed process refers to the direct removal of decay heat from the
primary system utilizing the high pressure injection system and the pressure
relief system. The TRAC-PF1l code was used in this analysis to enhance our
understanding of the capability of PWRs to remove decay heat using feed and
bleed in accidents in which all secondary cooling has been lost. The PWR
plants analyzed are: Zion (W), Oconee-1 (B&W), and Calvert Cl1iffs (CE).
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During the extensive LOFW studies for the Oconee-1, Calvert Cliffs-1, and
Zion-1 reactors, it was determined that a limited number of plant features are
most important in defining accident signatures and the outcome of recovery
techniques. The recovery techniques examined were feed only (the ECC systems
inject coolant at the power operated relief valve (PORV) setpoint) and feed
and bleed (the PORV is locked open and the ECC systems inject coolant at an
increased rate because system pressure is decreased).

The primary plant feature determining event timing for the primary heatup
rate are the reactor trip time and steam-generator-secondary inventory. The
primary plant features determining the timing and success of feed and feed-and-
bleed cooling operations are the PORV capacity and the ECC system flow charac-
teristics. These significant plant parameters are tabulated in Table I.

TABLE I
KEY PLANT CHARACTERISTICS

Calvert
Oconee Cliffs Zion
Steady State power (MWt) 2584 2700 3250
Total SG secondary inventory (kg) 35,000 124,700 173,840
Number of PORVs One Two Two
Rated PORV capacity (kg/s) 12.8 38.7 53.0
ECC flow (kg/s) at PORV setpoint 27.2 8.3 15.6

Comparing the base case transients (Table II), Oconee had the shortest
heatup time, which was two to three times faster than that of Calvert Cliffs
or Zion. The base transients showed that the LOSP event had a significantly
slower heatup time than the LOFW event. In the LOFW event, the reactor does
not trip immediately and the reactor coolant pumps continue to operate. These
two effects increase heatup rates.

A1l three plants were successful in the feed mode in stabilizing reactor
conditions; however, the timing window of success was different. For both
Oconee and Zion, the feed mode was successful if initiated as late as the loss
of core-subcooling margin. The high-head flow-injection capability of the HPI
systems in these plants makes this possible. However, for Calvert Cliffs,
with its high-head low-flow safety injection (SI) capability, feed cooling
must be established by steam-generator dryout. Although this requires that
feed be initiated earlier (at steam-generator dryout vs. at loss of core sub-
cooling), the actual time delay is at least 20 min from the start of the
initiating transient (LOSP, LOFW). This is at about the same time that the
loss of core subcooling occurs in Oconee for the LOFW event. For Zion, with
the greater steam-generator inventory, the loss of core subcooling would occur
after 30 min for the LOFW event. Delayed reactor trip times of up to a minute
from the initial loss of feedwater were considered in this analyses.
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TABLE II
Calvert
Oconee  Cliffs  Zion
S.G. time to dryout - LOFW event (min) 3.3 20.8 51.3
S.G. time to dryout - LOSP event (min) 10.0 58.3 69.5
Core heatup begins - LOFW event (min) 36.7 70.0 104.7
Core heatup begins - LOSP event (min) 50.0 133.3 138.3

The feed~and-bleed mode can be used successfully in all instances where
the feed mode has been determined to be successful: for Oconee and Zion, up
to the time of loss of core subcooling; for Calvert Cl1iffs, up to the time
of steam-generator dryout. If feed is initiated Tater than these times,
significant core voiding may have occurred already, with the possibility of
fuel/cladding damage. If feed is initiated after possible core voiding, the
PORV should not be locked open until core subcooling has been reestablished
since locking open the PORV under partially voided core conditions could
hinder water-level recovery.

For each of the three plants examined, using detailed thermal-hydraulic
studies it was found that there was a span of time within which a feed-and-
bleed procedure could be applied successfully to effect a transition from
reactor trip to hot standby. For the transition from reactor trip to hot
standby, success is defined as the attainment of a stable primary system
having the following three characteristics. First, the primary system
pressure is above the actuation pressures for both the low pressure injection
(LPI) system and accumulators. Second, the primary system and vessel mass
inventories are stable or increasing. Third, the cladding temperatures are
near primary liquid saturation temperatures with no departure from nucleate
boiling. For the transition from reactor trip to hot shutdown, success is
defined as the completion of a controlled primary-system depressurization and
cooldown to achieve conditions permitting long-term cooling using either the
residual heat-removal system or the LPI system taking suction from the contain-
ment sump. Figure 3 denotes success or failure criteria as follows:

S1: Success in transition from reactor trip to hot standby (accomplish-
ment of the first success criterion).

F1: Failure in transition from reactor trip to hot standby (failure of
the first success criterion).

$2: Success in transition from reactor trip to hot shutdown (accomplish-
ment of the second success criterion)

F2: Failure in transition from reactor trip to hot shutdown (failure of
the second success criterion).
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Although the viability of a feed-and-bieed operation has been determined for
three specific plants, the objective of TAP A-45 is to eventually identify all
plants for which feed-and-bleed procedures can be successfully applied.

The SASA program will continue to analyze dominant sequences derived
from risk assessment studies for specific plant designs to evaluate areas of
uncertainty, to access prevention and mitigation of core melt during severe
accidents. Major phenomenological test programs will be used to produce data
that can be used to evaluate SASA results.
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Codes:

BWR-LACP: AN ORNL developed simulation program for BWR Accident Analyses to
provide plotted studies of the plant response to operator actions.

HECTR: Integrated analysis of hydrogen burns in containment.

RELAP: Integrated analysis of thermal hydraulics of the reactor primary
and secondary cooling systems.

TRAC: A multidimensional analysis method to investigate two phase thermal
hydraulics behavior of the primary and secondary reactor coolant
systems.

RAMONA-3B: A BWR core and systems transients analysis code with 3-D neutron
kinetics.
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PRECALCULATED DOSES FOR EMERGENCY RESPONSE
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ABSTRACT

A set of precalculated doses for the PHR (Pressurized Water Reactor)
accident categories of the U.S. Reactor Safety Study (WASH-1400) have been
published recently by the U.S. Nuclear Regulatory Commission (NRC). This paper
summarizes the information in the publication. Whole body and thyroid doses are
presented for a selected set of weather cases. For each weather case these
calculations were performed for various times and distances including three
different exposure pathways--cloud (plume) shine, ground shine and inhalation.
During an emergency this information can be useful since it is immediately
available for projecting offsite radiological doses based on reactor accident
sequence information in the absence of plant measurements of emission rates
(s?$rce terms). It can be used for emergency drill scenario development as
well,

INTRODUCTION

In the event of a radiological emergency at a nuclear power plant it would
be necessary to obtain an early projection of doses that members of the public
might receive in the event of a release of radiocactivity. All nuclear power
plants in th? United States are required to develop and maintain dose projection
capabilities™, Various methods are availablie to obtain such estimates. This2
paper summarizes one such method of projection, recently published by the NRC™,
which is based on precalculated doses and dose rates for a set of postulated
accident sequences. Doses and dose rates were calculated for each of the
postulated releases and for each of the meteorological conditions and sheltering



825

caseg ghgsen. The CRAC (Calculations of Reactor Accident Consequences)
code™’"*" was used to generate the dose and dose rate information.

ACCIDENT CATEGORIES

Essentially four core melt/containment failure combinations can occur and
are addressed in the dose calculations:

0 Core melt followed by containment failure;
0 Containment failure followed by core melt;

0 Simultaneous failure of all cooling modes, with core melt and
containment failure occurring almost simultaneously; and

0 Containment bypass scenarios, where releases from the core travel
through open plumbing paths to the atmosphere.

For each of these cases, a spectrum of releases and timings of releases can
occur,

The' spectrum of accidents considered is that represented by the so called
PWR (gressurized Water Reactor) accident sequences of the Reactor Safety Study
(RSS)”. These accidents encompass a full range of postulated degraded core and
core-melt accidents ranging from simple cladding failure, where.the plant
containment systems remain essentially intact, and for which the releases of
radioactivity to the atmosphere would be relatively small, to extremely severe
accidents for which large fractions of the core inventory of radionuclides are
postulated to be released to the atmosphere. The release categories are
designated PR 1 through PWR 9. The most severe accident class, PWR 1, is
comprised of two parts, PWR 1A and PWR 1B to cover the possible outcomes of a
ground level release or a high energy release for which an elevated puff would
be expected.

The estimated release fractions and timings of possible releases for the
RSS accident categories have been questioned by some experts and major research
efforts are underway to re-assess accident source terms. Since the PWR 1 and 2
sequences would involve very rapid releases and very high release fractions,
revised (reduced) source terms, if any, should be encompassed within the PWR 1-8
or BWR 1-5 accident categories. If more than minor interpolation is required
for newer gource terms, these calculations should be revised or supplemented in
the future . It should be known that during an actual emergency it would be a
very tenuous speculation to accurately predict the eventual release of
radioactivity to the environment even if the accident sequences were known
perfectly.
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ATMOSPHERIC TRANSPORT AND METEOROLOGICAL CONDITIONS

The possibility of a variety of meteorological conditions during a release
to the atmosphere and subsequent transport away from the release point provides
the potential for a wide range of off-site consequences for each postulated
release. This continuous spectrum was approximated by discrete meteorological
conditions. Plots of doses are labeled, for example, according to windspeed,
atmospheric stability class and occurrence of rainfall.

The atmospheric transport in CRAC is calculated by a Gaussian plume model
whose vertical and horizontal dispersion parameters are functions of atmospheric
stability class. The Pasquill-Gifford-Turner atmospheric dispersion
classification scheme (denoted by the letters A through F) is used to relate
types of atmospheric turbulent dispersion to easily observed cogdétions of the
atmosphere: windspeed, day or night conditions and cloud cover'®”, Refer to
Table 1. A few examples will illustrate how the information in Table 1 can be
used to determine a stability class. First, read footnote 1 in Table 1: for
heavy cloud cover, the Pasquill-Gifford stability class is D, or neutral
stability. Further, for moderate to high windspeeds, the stability class is
also D for the most part (see bottom 1ine of Table 1). “Indeed, D stability is
the most prevalent stability class. Now note the area of the table below the
dashed Tine. here, higher windspeeds would prevail and the stability class
would be neutral (D) under most conditions, day or night. However, given strong
sunlight and moderate windspeeds better dispersion than "normal: would be
expected, and the stability class would be B or C. Additionally, given 5-10 mph
windpseed and a cloudless night, poorer than average dispersion would be
expected (E stability). Low windspeed conditions can induce either greater or
less than normal (D stability) disperson., Observe the area above the dashed
1ine in Table 1. For low windspeeds, dispersion would be greater than normal
during the day and less than normal during the night. A long, narrow,
concentrated plume is often observed in the late afternoon on a calm sunny
evening, or on a cool calm, starry night (e.g., Class F stability). For
emergency response purposes considering all other variables and uncertainties,
the information in Table 1 can be simpiified and summarized as shown in Table 2.

Due to the particulate material in the cloud rainfall could significantly
alter the consequences of an accidental release. Ground level dose rates in the
wake of a plume could be orders of magnitude greater with rainfall, as compared
to transport in dry weather. Thus, dose calculations for dry and wet weather
cases were made. One assumption used for the rainfall cases is important to
note: it was assumed that rainfall was continuous and steady throughout the
transport time at all "downwind" locations. Interception of rainfall after
transport in dry weather was not included here, although it can be considered in
the CRAC code. Other assumptions of note were: plumes (puffs) were depleted
exponentially with travel time, ground runoff was ignored, and plume depletion
and ground deposition were the same for all stability classes, for rain cases.
Other assumptions inherent in the metorological models used for the calculations
are presented in the report.
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Extreme care must be exercised in using and interpreting the information in
the graphs especially at Targer distances. It is clear that should an actual
release of sufficient magnitude ever occur, a reasonably accurate dose
assessment would require monitoring teams to locate the re1ease(s§. Considering
the high dose rates necessary for a Protective Action Guide (PAG)” to be
realized, the majoy,offsite monitoring problems would involve finding and
tracking a release ~., Considering further the facts that windspeeds average 5
to 10 miles per hour, and that a two hour release could be ten to twenty miles
Tong over areas where the wind directions could be considerably different,
aircraftlwou1d be the preferred method for plume tracking where at all
possible”™™, The wind directions at the release point may not be adequate to
project atmospheric transport to distances of more than a few miles, especially
in complex terrain,

DOSE CALCULATIONS

Projected doses to the whole body and thyroid were caiculated for a
selected set of weather conditions and release categories, (PWR 1 through 9) as
shown in Table 3 for a 2550 megawatt reactor. These dose calculations are
documented in NUREG-1062-,

The individual in accident/weather scenarios 1 through 14 is unshielded,
that is, the individual is not in a brick building, or basement, or other
enclosure which could reduce the received dose., These calculations (i.e., cases
1 through 14) are "projected doses" and can provide a perspective on "dose
savings" to be afforded by various protective measures. Several sheltering
cases, i.e,, 15 through 19, with and without the occurrence of rain are included
for additional perspective. Shielding factors for these cases are 0.75 for the
cloud pathway and 0.33 for the ground.

Doses were calculated for three pathways: inhalation, external gamma irra-
diation form the plume (cloud) and external gamma irradiation from radionuclides
deposited on the ground. Four graphs showing calculated doses at distances be-
tween 1 and 100 miles along the track of plume (puff) are displayed for each of
the postulated accident/meterological conditions. Information in the graphs can
be used to discern both dose rate and pathway contributions to doses. For
illustrative purposes see Figure 1, taken from NUREG-1062.

Inputs to CRAC included a specification of the inventory of radionuclides
and activities released to the atmosphere, the characteristics of the release
and meteorological conditions following the accident. A finite cloud dosimetry
mode1 in CRAC was used for the cloud external gamma dose calculations. Standard
wet and dry deposition models were used to transfer non-noble gaseous material
from the atmosphere to the ground for the ground exposure dose calculations.
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The calculations of whole body dose are very sensitive to the assumption of
the length of time one remains in the vicinity of contaminated ground.
Therefore, three time periods were used in the total dose versus distance
calculations (i.e., 4-hour, 24 hour and 7 day). The cloud, ground and inhaled
components of the total dose are explicitly plotted {on the right hand side of
each figure) using the 24-hour ground exposure time assumption. The external
gamma dose from the passing cloud is assumed to happen "instantaneously."
Inhalation of radionuclides occurs over a very short time period
("instantaneously") and the dose builds up over time since the body continues to
be irradiated for extended time periods by those inhaled radionclides which
remain in the body; i.e., which are not inmediately exhaled. The dose
commitment from inhaled radionuclides is calculated over an individual's
lifespan.

DISCUSSION AND CONCLUSION

In an actual emergency response situation it would be useful to base dose
projections on actual radiological measurements as quickly as possible.
However, for many postulated severe accident scenarios major radionuclide
emmissions would bypass at least some engineered safety features and routinely
monitored release paths. For such cases precalculated dose projections could be
immediately available when a real time dose projection model could not be used
and field measurements are absent. These dose projections are keyed on
essentially two questions. First, what are the source term characteristics (or
what are the conditions of the core/containment?) Second, what are the weather
conditions? The dose information can be useful during emergency drills, in the
emergency planning process and in the very early stages of an emergency response
situation. These calculations can be especially useful during a response
situation before a release occurs for purposes of contingency planning based on
an assessment of the possible outcomes of the actual accident sequence.

A1l in all, then, these dose and dose rate calculations can be useful for
emergency planning and in the early phases of an emergency response. However,
in the post-release phase of an emergency response the best dose projections
would be based on actual data obtained from radiological monitoring and the
knowledge of plant system performance at the time,
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Table 1: Relation of Stability Classes to Weather Conditions

A--Extremely unstable conditions D--Neutral conditions1
B--Moderately unstable conditions E--S1ightly stable conditions
C--STightly unstable conditions F--Moderately stable conditions

Nighttime conditions

Approximate 2 Thin overcast
Surface wind Daytime insolation or 4/8 3/8
Speed cloudiness™ cloudiness
m/sec4 mph4
2 5 A A-B B
2 5 A-B B C E F
4 10 B B-C C D E
6 15 C C-D D D D
6 15 C D D D D
1, Applicable to heavy overcast, day or night (D, or neutral stability).
2. Insolation is proportional to the amount of solar energy reaching the sur-
face of the earth.
3. The degree of cloudiness is defined as that fraction of the sky above the
local apparent horizon which is covered by clouds.
4, m/sec = meters per second; mph = miles per hour.

Table 2: Weather Classification Scheme for Emergency Response Purposes

Atmospheric StabiTity
Condition Class
Windspeed 10 mph or greater, or heavy D

cloud cover anytime

Low windspeed and few clouds -

Daytime B-C
nighttime E-F
Very low windspeed, high noon, A

bright summer day
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Table 3: ACCIDENT SCENARIOS FOR PRECALCULATED DOSES

StabiTity Wind Speed
Case # Class (mph) Rain/Shelter Combinations

1 A 3 No Rain No Sheltering
2 A 9 No Rain No Sheltering
3 D 2 No Rain No Sheltering
4 D 6 No Rain No Sheltering
5 D 16 No Rain No Sheltering
6 E 2 No Rain No Sheltering
7 E 9 No Rain No Sheltering
8 F 1 No Rain No Sheltering
9 F 3 No Rain No Sheltering
10 D 2 Rain No Sheltering
11 D 6 Rain No Sheltering
12 D 16 Rain No Sheltering
13 E 2 Rain No Sheltering
14 £ 9 Rain No Sheltering
15 A 3 No Rain Sheltering

16 D 6 No Rain Sheltering

17 D 16 No Rain Sheltering

18 F 1 No Rain Sheltering

19 D 6 Rain Sheltering

Shielding Factors for Sheltering Cases: Cloud (0.75); Ground (0.37).
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PHYSICAL STATE APPROACH TO PWR EMERGENCY OPERATING PROCEDURES :
RECENT DEVELOPMENTS IN FRANCE

H.SUREAU
Service Etudes et Projets Thermiques et Nucléaires
Electricité de France
12 - 14 Avenue DUTRIEVOZ
69628 VILLEURBANNE CEDEX
FRANCE

J . MESNAGE
Soci&té FRAMATOME
1 Place de la Coupole
92080 PARIS LA DEFENSE
FRANCE

ABSTRACT

It is well known that the event oriented procedures do not cover every
possible accident with any number of instrument or system failures.
Their effectiveness depends on an accurate initial accident diagnosis,
This EDF~FRAMATOME Joint development lead to a set of seven unique
state oriented procedures (used with a permanent diagnostic procedure
based on permanent state criteria) which cover every possible single
or multi-event accident., These procedures use an accurate and dependa-
ble water level measurement instrumentation along with the existing
instrumentation and are not more complicated than the usual event
oriented procedures.

INTRODUCTION

The post-accident procedures presently used by the operators in the french
PWR's are based on a diagnosis of the accident-initiating incident and on a pre-
determined succession of events in the most probable sequences,

It is now well-known that this "event" oriented approach does mot allow all
conceivable accident situations to be taken into account nor the diagnosis to be
reviewed and updated should the system deviate from the pattern predicted by the
first diagnosis, but the lack of direct knowledge of primary inventary requires
this predetermined approach.




834

FIRST DEVELOPMENT TO IMPROVE EMERGENCY OPERATING PROCEDURES

To improve the present emergency procedures on the 900 MW plants, a new set
of two procedures has been added :
- an ultimate one which is already based on physical states - U} ~-,
- a permanent monitoring post-incident procedure - SPI - (Surveillance Post-
lpcidentelle). - -

The Ul procedure acts like a "safety net'" and defines the required actions
as a function of the state of the reactor and the available systems. It is used
when the normal emergency operating procedures are mno longer valid.

Criteria used to call for Ul are checked through a Permanent Monitoring
post-Incident Procedure (SPI).

SPI includes a control of the primary system status, steam generators se-
condary side status and availability, containment status and safety systems
availability (high and low pressure safety injection, emergency feedwater and
containment spray system).

This continuous post-incident supervision is carried out by the safety and
Radioprotection Engineer (ISR - Ingénieur de Silireté et Radioprotection) who is
called into the control room within five minutes after every scram signal and
who acts completely independently of the operator's crew.

SPI allows ISR to confirm the main safety actions dictated by the "event
oriented" procedures being applied, or to decide to use ultimate one Ul,

Once the operator uses Ul, no provision is made to go back to the "event
oriented procedure". He keeps using Ul until the plant is in a safe state,

Unfortunately, due to the lack of reactor vessel instrumentation, the de-
gradation of the primary coolant inventory is detected relatively late. Conse-
quently, corrective actions are not taken in a progressive way. So, there is a
gap between design accidental situations (covered by event oriented procedures)
and ultimate degraded situations (covered by Ul procedure) for which no document
is presently suitable,

Picture 1 shows the present distribution of the different documents between
the operator's crew and the ISR after an incident on French 900 MW plants.
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FIGURE ] : PRESENT DISTRIBUTION OF DOCUMENTS IN CONTROL ROOM
FRENCH 900 MW PLANT
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RECENT DEVELOPMENT IN THE EMERGENCY OPERATING PROCEDURES

A reliable reactor vessel water level instrumentation is going to be ins-—
talled on each french 1300 MW plant.

This detection is based on a pressure differential measure, corrected for
the accidental containment conditions (high containment temperature). Therefore,
the primary system coolant inventory can be closely and continuously monitored.
Work has been carried on to achieve a more systematic application of the state
approach with this additional imstrumentation.

OBJECTIVES AND METHOD OF RECENT DEVELOPMENT ON PHYSICAL STATES APPROACH

This work is still based on the same principle as Ul namely the relation
"state —» actions".

The two main objectives are as follow :

- to give a permanent diagnosis of the whole system to insure that at each
moment the right action is taken in order to correctly restaure the
situation of the plant, ‘

~ to generalize this approach to cover the presently existing gap between
design calculated situations and ultimate one with proper operating docu-
ments.,

Briefly, these goals have been sucessfuly reached using the following
method @

Operating objectives have been defined. They are decay heat evacuation con-—
trol, primary coolant inventory control, subcriticality control for the primary
side, secondary inventory coolant control and integrity for the secondary side,
integrity control for containment and availability and restoration for safety
systems.

All the available plant informations are -gathered to characterize primary,
secondary containment and circuits status,

When possible, measurements of a same physical "reality" are correlated to
give a best reliability in the diagnosis.

Consequently the use of two measurements need an intervalidation treatment
to eliminate some erratic or faulty measurement.
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FIGURE 2 : DEFINITION OF PRIMARY DEGRADATION STATE
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Figure 2 shows the way to identify the state of primary degradation by the
use of saturation margin and reactor vessel AP measurements and the physically
impossible areas which need this treatment.

The conjunction of all the different possible primary, secondary and con-—
tainment status and the availability of the safety systems leads to a large num~
ber of configurations.

But all these physically different configurations of the plant can be gathe—
red in a limited number of plant states requiring the same recovery actions for
the predefinite operating objectives. '

Then the only work to do for each state is to define precisely :

- the priority on the operating objectives,

~ and the right actions which allow to control these objectives.

The picture n°3 summarizes this method.

For the states oriented approach, the challenge is not to find the appro-

priate actions to call for in the different plant states, but to give a suitable
presentation of the operating documents to the operators.

STATES APPROACH DOCUMENTS ORGANISATION

The goal is to have a limited number of procedures, each being unlengthy
and simple to use but yet covering every possible accident with a reasonable
number of failures (instrument and/or systems failures).

In a first step of this work, each operating objective was handled apart.
Recovery actions for each objective were collected on a same document.

Then these recovery actions documents had to be gathered, following the
defined operating objectives priorities, in a suitable manner to be used by ope-
rators.
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FIGURE 3 : METHOD USED FOR RECENT DEVELOPMENT ON PHYSICAL STATES APPROACH
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The state oriented approach documents have been split into a set of seven
sequential accidental primary operating guidelines, one sequential secondary
operating guideline and one sequential containment operating guideline :

o Each of these seven primary guidelines clearly includes its own operating
objective and its own specific means. They are self carrying and they are ranged
in increasing order of plant degradation.

The right primary procedure is chosen by the mean of a permanent diagno-
sis procedure based on a permanent state criteria checking. Once one of the pro-
cedure is chosen, the operator may only change it for higher plant degradation
procedure (to avoid switching back and forth between procedures).

Usually, for most simple accident without further degradation or failure,
the same self-checking procedure is used throughout the transient.

o The secondary one allows to control or restore the secondary objectives
Steam generator (S.G) water inventory and S.G intégrity and to carry out the
cooling down or the temperature stabilisation actions which are eventually asked
from the primary operating guideline.

o The containment procedure allows to control or restore the containment
integrity and to give information to elaborate the primary diagnosis (degraded
containment or not).

THe figure 4 shows how these documents are chained.

CONCLUSION

The recent development in the symptom oriented procedure allows an exten-—
sive covering of all the plant states, enables progressives actions or antici-
pates them so that there is no important core degradation,

The diagnosis is continuously checked from states criteria and allows to
go to an another procedure if the situation becomes wrong.

All these operational documents (verification, diagnosis and symptom
oriented operating procedures) are based upon the present definition of opera-—
tor crew and ISR functions in control room.

This approach will be applied on the new french 1500 MW plant (N4). A deci-
sion will be taken for the application on the 1300 MW plant at the end of this
year, the training delay of the actual operating crew beeing the most important
factor of this decision. (It seems to be possible to anticipate this application
on the 1300 MW by 1990).
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VALIDATION OF EVENT ORIENTED PROCEDURES

A. BRUNET and T. MESLIN

Electricité de France / SPT
75384 PARIS FRANCE

ABSTRACT
One of the most important "post—TMI" action carried out by EDF is the
re-writing of the incident and accident procedures.

These new procedures are based on simple initiating events and consist
of two different and complementary documents.

- An operating rule : Technical and theorical contents.

- An operating procedure : Practical and operational contents.

As far as the design of the new operating procedures 1is concerned,
many tests were performed on simulator and revealed the main basic

requirements such as :

- To separate and coordinate operations on the primary and secondary
circuits.

~ To separate operating and surveillance tasks.
- To use a suitable vocabulary.

The re-writing of the new documents was realized by engineers working
in nuclear power plants.

Each new event oriented procedure is then validated as often as pos-
sible on site, otherwise on simulator.

The validation is indispensable :

It guarantees the applicability of the procedure and makes the opera—
tors more confident and more efficient.

Particularly, the validations on site increase significantly our know-—
ledge of the physical transients as well as the human behaviour.
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HISTORY

In the aftermath of the accident which occurred in 1979 at the Three Mile
Island plant, EDF started a number of "post-TMI" actions. One of which aims to
verify the technical contents and review the format of event oriented procedures
defining the course to be followed in the event of an incident or an accident.

These new procedures are composed of two documents :

- The operating rule : supplied by both the vendor and the EDF's Cons-—
truction Department as a basic detailled and theorical document giving all tech-
nical justifications allowing to write the operating procedure.

- The operating procedure : written by the Operating Department itself, is
the action document used by the operators during the transient.

EDF's Operating Department has undertaken work covering the presentation of
these operating procedures.

The aim in this case is to improve the efficiency of teams in case of inci-
dent or accident conditions and consequently, the safety level.

ELABORATION

The first step was to propose new formats.

Several groups of persons worked in parallel to this end, each one follo-
wing their own methodological approach. They submitted their own proposal.

The second step, undertaken on operation simulators; led to the implementa-
tion of a comparative assessment of the different proposed models.

The goal of the simulation was to compare the effectiveness of the diffe-
rent designs of procedures :

+ to cope the same situation,

. to distribute the work among the operators.

Conclusions drawn from the following observations concerned :
- the procedure strategy : guidance for action,

~ handling of the procedure (pages turned, reference to earlier passages,
reference to a general framework, use of index-cards, etcC...),

- operator's movements in the control room,

- communication between operators,
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It should be underlined that sixty-seven tests were carried out during this
comparative assessment.

It was found that the new procedures were easier to use than the old ones,
and that the greatest effectiveness was obtained with a team organized as
follow :

- a shift supervisor (who has an overall view of the installation) assuming
the coordination,

- an operator performing action on the primary circuit,
— an assistant operator performing action on the secondary circuit.
In addition, the contents should be adapted to the purpose and it is essen-

tial to tell operators what they are supposed to do (and not to do) in relation
to normal operating conditions.

IMPLEMENTATION SCHEDULE

The re-writing of the new operating procedures began in January 1981 on the
basis of the results of the assessment mentioned above.

Writing tasks were distributed among all 900 MWe powér plants with a stan-
dard writing guide.

This re-writing of operating procedures which necessitated the participa-
tion of 40 engineers (part—time) working in the various 900 MWe sites, was com-
pleted in July 1984.

VALIDATION

To guarantee the applicability of the new procedures, they must be all
validated. '

As often as possible, the new documents are validated on site, particularly
in the case of the loss of electrical supplies.

When it is not possible, the validation is carried out on simulator.
A procedure validation is split into two steps :

First, a shift team which is not aware of the selected accident makes a
diagnosis and applies the selected operating procedure. Three "technical” obser-
vers follow each operator's actions during the simulation phase. More particu-
larly, an ergonomic expert is responsible for noting stages during which the
coordination and the presentation of the instructions raise a difficulty.
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The traditional parameters recording facilities are supplemented with :
- fast recorders to collect main data,

- a plotting table giving the trend of primary pressure as a function of
temperature.

The session is recorded on video—tape in order to review the significant
sequences.

The second step consists in analysing the results of the test. The shift
team and the observers meet at the end of the simulation exercise to collect the
operators' impressions and hear the observers' remarks. The observed results
lead to correct temporarily the procedure. The synthesis of these results will
later serve to improve it.

The first validation campaign on simulator started in November, 1983 and
the second took place in April, 1984. Each series of tests requires the partici-
pation of seventy peoplé to validate twenty procedures.

The initial conclusions drawn from these validations show that the ope-
rators are much more confident with these new procedures, consequently, the glo-
bal efficiency has risen. For instance, when a steam generator tube breaks, the
operators are able to stop the safety injection after 45 minutes, whereas, using
the old procedures, almost one hour was necessary.

Several validations on site were carried out among which the most important
are two tests performed on plants in operation :

- Loss of the main electrical supply (400 KV) and missed "houseloading"”
performed on DAMPIERRE EN BURLY unit n°® 3, December 4th, 1982,

— Station blackout with two emergency diesel generators in operation
performed on DAMPIERRE EN BURLY unit n® 3, August 17th, 1983. (See the paper
N°® 149 : Station Blackout : A test on a plant at power - Lessons learned for
Safety Studies -~ by T. MESLIN — A. CARNINO - B. PAYEN - A. CAHUZAC).

Most of the others loss of electrical supplies were performed on plants
which were in hot shut-down conditions, particularly :

— Station blackout with only one diesel generator in operation performed on
CRUAS unit n° 1, December 3rd and 4th, 1982.

- Loss of 125 V DC power performed on CRUAS unit n° 3, October 12th, 1983.
Those validations increase significantly our knowledge of the physical

behaviour of the PWR system in case of incident as well as our knowledge of the
operator's behaviour under disturbed situation.

OPERATORS' TRAINING

Fortunatly, incidents and accidents occur seldom. Therefore, the operating
incident procedures are rarely used.
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Consequently, the operators must be motivated and trained to carry out the
procedures by specific training courses "placing them in the situation” on simu-
lators and by on job training programs.

FUTURE DEVELOPMENTS
Now, the next validation campaign on simulator relates to the following
items :
— Validation of a new supervision procedure.

This procedure is used by the safety engineer permanently during the
transient. It guarantees the control of the safe resolution of the incident and

if necessary proposes complementary actions (see paper n° 513 : Man-machine
interface enhancement wundertaken by EDF to minimize human errors - by
R. MARCILLE).

- Study and validation of diagnosis procedures extent :

The diagnosis of the event and the choice of the associated procedure can be
quickly executed by the use of logical diagrams taking into account the various
alarms as well as the symptoms.

- Validation of beyond design procedures.

- More realistic scenarios including shift turnover and long term simu-
lation.

- Elaboration of a quantitative method in order to evaluate comparatively
the different procedures validated on simulator.

CONCLUSION

It appears that the validations of new operating procedures, particularly
on site, make our operators more confident and efficient, guarantee the techni-
cal contents of 1t, Increasing significantly the safe operating of our nuclear
power plants in case of unusual event.
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STATUS OF THE JOINT PROGRAM OF SEVERE
FUEL DAMAGE RESEARCH OF THE USNRC
AND FOREIGN PARTNERS

R. W. Wright, M, Silberberg, and G. P. Marino

Fuel Systems Research Branch
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission

ABSTRACT

The Severe Fuel Damage research program is an integrated program of
large-scale integral tests in the PBF and NRU test reactors,
separate-effects phenomenological experiments in the ACRR test reactor and
in the laboratory, and corollarly analysis and model development on
in-vessel fuel and fission-product behavior under severe-accident
conditions. The purpose of the program is to provide a data base and
validated analytical models for safety assessment and regulatory decisions
for LWR accidents beyond the design basis. The SFD program partners with
the USNRC include Belgium, Canada, the Federal Republic of Germany, Italy,
Japan, Korea, the Netherlands, the United Kingdom, and the U.S. Electric
Power Research Institute (EPRI).

PROGRAM BACKGROUND

The U.S. Nuclear Regulatory Commission (NRC) in conjunction with its
foreign partners has established a research program on Severe Fuel Damage (SFD)
in order to develop a data base and validated analytical models for use in
assessing the consequences of LWR accidents that involve severe core damage.
This program is a major part of the more comprehensive NRC Severe Accident
Research Program (SARP), described in NUREG-0900, which was established after
the accident at TMI-2 to furnish the Commission with a technical basis for
policy decisions for severe LWR accidents that exceed the design basis.[1]
Currently, Belgium, the Federal Republic of Germany, Italy, Japan, Korea, the
Netherlands, the United Kingdom, and the U.S. Electric Power Research Institute
(EPRI) are participating members in the Severe Fuel Damage research program,
and discussions on possible participation in the program are proceeding with
other countries.

General applications of the program results are to: regulatory decisions
for accidents that exceed the design basis; source-term reassessment; planning
for severe-accident management, training, and emergency response; furnishing
information to the public and to other government units during the course of a
severe accident; and knowledge of what actually happened in the TMI-2 accident.
Specific applications of the program results are to: the assessment and
reduction of the uncertainties in safety and risk assessment; the development
and the validation testing of mechanistic accident-analysis codes for in-vessel
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severe-accident behavior; and the benchmarking of advanced fast-running
risk-assessment codes such as MELCOR,

Regulatory decisions regarding radiological source terms are usually based
on estimates of the upper bound to the source-term uncertainty range. Thus,
reductions in the uncertainty range can have regulatory implications comparable
to reductions in the best-estimate values, and thus are very significant.

) The technical issues addressed by the program are as follows: What are
the fission-product and aerosol release rates from the core during the course
of a severe accident, including the timing and chemical form, and what are the
magnitudes of the fission-product and aerosol attenuation within the reactor
vessel and the primary system? These are major questions in determining the
accident radiological source term. What are the hydrogen release rates from
the core? This is a major question in assessing containment integrity. What
are the physical and chemical states of the core and the temperature distri-
butions during the risk-significant severe accident sequences, including the
progression of core melt and the attack on reactor structure and the reactor
vessel? What are the conditions at reactor vessel failure, including the mode
of vessel failure and the spatial mass and temperature distributions of the
motten and solid core debris? This information on the state of the core and
the core temperature distributions forms a necessary basis for reliability
modeling severe-accident consequences. What are the characteristics of the
severely damaged core debris in different accident sequences? This is a
primary unknown in determining the coolability 1imits of severely damaged cores
by reflooding to terminate an accident.

Severe accident safety assessment and risk assessment require models and
safety analysis codes that cover the range of the risk-significant accident
sequences and the ranges of the parameters of the governing phenomena, and a
data base for model development and validation. An integrated research program
with a number of elements is required to obtain this wide range of needed
information. The integrated Severe Fuel Damage research program includes
integral in-pile tests for multiple-effect interactions at large scale in the
PBF and the NRU test reactors and at small scale in the ACRR test reactor;
separate~effect phenomenological experiments, both in-pile in the ACRR test
reactor and out-of-pile, for model development and model validation testing and
to cover the relevant accident parameter range; and analytical model and core
development and validation. Two complementary mechanistic severe-accident fuel
behavior codes are being developed as part of this program, the Severe Core
Damage Analysis Package (SCDAP), and the Melt Progression Model (MELPROG). It
is the validated models and codes that are used in the assessment of
severe-accident consequences and uncertainties

and in benchmarking risk-assessment codes, and not the experimental data
directly.

Because of recent developments, there has been redirection of the Severe
Fuel Damage research program. These developments include: (1) results of the
consequence studies for dominant-risk accident sequences in the NRC source-term
reassessment program that will be reported in BMI-2104, [2] (2) results of the
Quantitative Uncertainty Estimation for the Scurce Term (QUEST) in the same
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program that will be reported in SAND 84-0410, [3] and (3) the general increase
in knowledge of the governing phenomena and the consequences of severe
accidents obtained in the last two years. The QUEST work has shown that, at
Teast for the SURRY TMLB' accident sequence that was studied in detail, the
uncertainty in the suspended aerosol activity in the containment is about a
factor of 100, This uncertainty was found to result primarily and in about
equal amounts from uncertainties in the in-vessel fission product release rates
and from uncertainties in the in-vessel progression cof core melt that affect
both the probability of early containment failure and the fission-product
release itself. In-vessel melt progression determines the melt mass and
temperature distribution and the mode and timing of vessel failure that in
large part determine the hydrogen generation and the fission-product release
and aerosol generation. The major goals of the program redirection are: (1)
data and models on in-vessel fission-product release rates, chemical form, and
attenuation, and aerosol formation and transport under in-vessel conditions up
to full fuel-melt temperatues; and (2) models and confirmatory data on
in-vessel melt progression up to vessel failure, the melt mass and temperature
distribution, and the mode and timing of vessel failure, which are incorporated
in the MELPROG melt-progression analysis code.

IN-PILE INTEGRAL TESTS

A major part of the Severe Fuel Damage research program is the series of
four large integral (multi-effect) SFD tests in the PBF test reactor on core
behavior under core-uncovery accident conditions at temperatures up to about
2500K, These tests are performed with 0.9 meter long, 32-rod bundles of test
fuel and at 68 bars pressure. They use either fresh or pre-irradiated fuel
that has been preconditioned by a week's operation at full power, in part to
build up a short-lived fission-product inventory in the test fuel, and with a
pre-test shutdown for build-up of a prototypic cesium-iodine ratio. Fission-
product release, hydrogen generation, and temperature distributions in the fuel
and the gas phase are measured during the test transients. The resultant fuel-
damage conditions are determined by post-test neutron radiography and
tomography and by post-irradiation examination (PIE).

The fresh-fuel SFD Scoping Test in PBF used an unprototypically-high steam
flow rate and slow heatup with resulting high oxidation, and was quenched from
high temperature by reflooding, The fresh-fuel SFD 1-1 test used the low steam
flow and rapid heat-up characteristic of core-uncovery transients in
small-break loss-of-coolant accidents {LOCAs) in a PWR and was not genched.

The SFD 1-3 and 1-4 tests are also for core-uncovery conditions without quench,
and use pre-irradiated fuel that has also been preconditioned at power prior to
the test transient for build-up of a short-lived fission-product inventory.
These tests will also have improved fission product diagnostics. Two
silver-indium-cadmium control rods will be added to the test fuel bundle 1in
test SFD 1-4 along with on-Tline aerosol diagnostics. The first three of the
PBF SFD tests have been performed, and the test series will be completed with
the performance of test SFD 1-4 in February 1985,

These integral Severe Fuel Damage tests in PBF have produced a
sub-stantial amount of data for determining and modeling the governing
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phenomena under core-uncovery accident conditions., Significant integral data
have been obtained on the rapid oxidation heating transient, with the resultant
generation of large quantities of hydrogen, fuel liquification (dissolution in
molten unoxidized metallic zircalloy) and relocation downward, damaged fuel
characterization, and fission-product release, transport, and deposition.

‘ Large-scale in-pile integral tests are being continued in the Canadian NRU
reactor at Chalk River, which can accommodate bundles of 3.6 meter long
full-Tength PWR fuel rods. Full length tests are important for the validation
testing of the SCDAP and MELPROG codes, particularly for clad oxidation and the
resulting hydrogen generation where length scaling from the shorter PBF and
ACRR test results has uncertainties.

Four integral full-length Severe Fuel Damage tests in NRU are currently
ptanned. High temperature tests HT-1 and HT-2 will provide full Tength
validation testing up to 2100K and 2500K, respectively, of the SCDAP and
MELPROG models, particularly for rapid oxidation and hydrogen generation.
These fresh-fuel tests will be performed in 1985. The third planned
full-length NRU test, called H-max and planned for 1986, is to determine the
maximum zircalloy oxidation and hydrogen generation possible during a core
uncovery accident, that includes the effect of adverse operator action as at
TMI-2. The fourth planned NRU test, THE Scurce Term (ST) test, is a possible
full-Tength integral high-temperature, melt-progression, and fission-product-
release test for code validation that would use pre-irradiated fuel. A pre-
paratory test in NRU for the SFD series, test MT-6, has given excellent data on
clad ballooning.

A series of small-scale integral (multi-effect) Severe Fuel Damage
experiments is also being performed in the ACRR test reactor on the governing
mechanisms involved in the development of fuel damage, fuel Tiquification,
debris relocation, and melt progression under core-uncovery accident
conditions. These experiments use visual diagnostics (cinematography) to give
time~-continuous data on the development of fuel damage and melt progression and
on surface temperatures, as well as direct measurement by pulse Raman
spectroscopy of hydrogen generation inside the test-fuel bundle. The purpose
of these Debris Formation (DF) experiments is to provide detailed
time-continuous data for the validation testing of the models in SCDAP and
MELPROG, and for the development of advanced versions of these codes. These
experiments use 0.5m long 9-o0r-12 rod bundles of test fuel in flowing steam,
and are modeled to represent the behavior of a 0.5m long central section in
reactor core in core-uncovery accidents. In the initial series of four
experiments with fresh-fuel, the first three cover the conditions of Tow,
medium, and high clad oxidation at the time of melting of the unoxidized
cladding (with resulting variations in fuel liquification), and a silver-indium-
cadmium control rod and additional aerosol-diagnostics instrumentation are
added for the fourth. The first of these experiments has already been
performed, and the four-test series will be completed in 1985.

Two later follow-on DFI experiments (Debris Formation Irradiated) are
planned with pre-irradiated test fuel. The primary purpose of these
experiments is to provide integral data on fission-product release and aerosol
generation during the progression through two of the higher-risk accident
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sequences. Such results are needed to supplement the data from the new
separate-effects experiments in ACRR on fission-product release rates under
specific well-defined fuel and environmental conditions, as well as the data
from laboratory separate-effects experiments. Irradiated fuel is different
mechanically from fresh fuel, and these two experiments will also provide
irradiated-fuel data on the development of fuel damage and melt progression,
These two DFI experiments are currently scheduled for 1986.

A third DFI experiment in which the fuel is quenched by reflooding is also
under consideration., The primary purpose of this experiment would be to deter-
mine the puff release of both hydrogen and fission-products that were quite
high in the PBF Scoping Test which also was quenched, Data would also be
obtained on the characteristics of the core debris that results from accident
recovery by core reflooding, as at TMI-Z, This would be used for assessment of
the Timits on degraded core coolability using debris-coolability models which
themselves are undergoing validation testing in separate-effects experiments in
the Severe Fuel Damage research program.

SEPARATE-EFFECTS PHENOMENOLOGICAL EXPERIMENTS

Separate-effects experiments in the Severe Fuel Damage research program
include in-pile experiments in ACRR on in-vessel fission-product release rates
and core-debris coolability 1imits, and out-cf-pile laboratory experiments by
our German program partners at KfK and also in the United States on the
thermodynamics, the kinetics, and the metallurgy of the reactions between U02,
zircalloy, and steam.

The purpose of the planned new separate-effects Source Term ST) experi-
ments in ACRR, which are a major part of the redirection of the Severe Fuel
Damage research program, is to provide a data base on fission-product release
rates, chemical form, and aerosol formation, including the non-volatiles, for
the most significant range of in-vessel severe-accident conditions up to full
fuel melt temperatures. Such data are needed to reduce major uncertainties
in current source-term calculations. These ST experiments impose clearly
defined conditions of temperature ramps or isothermal plateaus upon the
fission-heated test fuel which is in rod or particulate debris form, in some
cases with pre-oxidized clad. About eight tests are currently planned.
Important test variables are the states of fuel Tliquification, pressure,
temperature, rod debris geometry, and a check on mass-transport limitation of
the fission-product release rates. The data from these ST special-effects
experiments will be suppiemented by results of the two small DFI integral tests
in ACRR that provide fission-product release and -aerosol data for the
progression through the succession of states in two severe-accident sequences.
The.SZ experiments will start in about a year and will extend over a two-year
period.

Separate~effects experiment in ACRR on the dry-out 1imits on Damaged Core
Coolability (DCC) are also being performed. The purpose of these experiments
is to validate for LWR-specific conditions the advanced debris coolability
models that have been developed in LMFBR safety research., The LWR specific
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corditions for which validation is needed are the full pressure range to 170
bars, deep debris beds, the relatively more coarse (than LMFER) LWR core
debris, and inlet coolant flow. The first two DCC tests with relatively coarse
simulated LWR debris gave, a signiticantiy smaller increase in the dry-out bed
specific power with increasing pressure than that in the standard Lipinski 1-D
dry out model, particularly for the finer debris.[4] The third DCC test with a
vertically-stratified debris bed and variable (from zero) inlet flow is
scheduled for mid 1985, The laboratory experiments and analysis at KfK on
debris-bed coolability are closely coordinated with and complement the ACRR
experiments and analysis.

A nmajor part of the out-of-pile separate-effects experiments associated
with the Severe Fuel Damage research program is the research at KfK, In
addition te the work on the thermodynamics, kinetics, and the metallurgy of the
reactions between U0,, zircalloy, and steam, this work includes pioneering
integral laboratory gxperiments on the development of severe fuel damage.
Laboratory experiments on zircalloy oxidation kinetics and the viscosity of
liquified fuel are being performed in the United States, along with related
laboratory experiments on fission-product release from irradiated fuel that are
not considered to be a part of the Severe Fuel Damage research program.

TMI-CORE DEBRIS EXAMINATION

Examination of the TMI-2 core debris is providing valuabie and unique
benchmark data on fuel behavior under severe-accident conditions that are an
important complement to the Severe Fuel Damage research program.

ANALYSIS AND CODE DEVELOPMENT

In addition to analysis of the experimental results of the Severe Fuel
Damage research program and the development of models of the governing
processes, twc mechanistic code packages are under development and validation
testing for use in severe accident safety assessment and the henchmarking of
risk-assessment codes., These two code packages have different capabilities and
different applications, and thus are complementary, not duplicative.

The Severe Core Damage Analysis Package, SCDAP, treats the state of the
core during the earlier stages of core-uncovery transients in detailed pin geometry,
and is particularly useful for analysis of recovered accidents T1ike TMI-2.
SCDAP includes oxidation and hydrogen generation, fuel liquification,
fission-product release, and debris formaticn and coolability following reflood
quenching. The Melt Progression model, MELPROG, treats the in-vessel
progression of core melt, liquification, and relocation in core-uncovery
accidents through the attack on the reactor internal structure and the reactor
vessel. Included are the mode of vessel failure and the initial conditions for
melt entry into the reactor cavity and the containment. Modeling to allow
analysis of BWRs as well as PWRs will soon be added to both codes. Both also
have fission-product release and transport modules that incorporate the
modeling of the TRAP/MELT fission-product and aerosol transport code. :
Incorporated into MELPROG is a special fission-product module, VICTORIA, that
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will accommodate the results of current and future research on fission-product
release and that also includes the TRAP/MELT transport methodology. Both SCDAP
and MELPROG are being linked to appropriate thermal-hydraulic codes to include
analysis of this important aspect of in-vessel severe-accident behavior.
Because of the internal structure of the codes as well as for other reasons,
SCDAP will be linked with the RELAP5 thermal-hydraulic code and MELPROG will be
Tinked with TRAC.

Development has been completed on the MOD 1 version of SCDAP and on the
MOD O version of MELPROG. SCDAP MOD 1 has been tested against PBF data and has
been used in TMI-2 analysis. The integration of SCDAP/MOD 1 with the
RELAP5/MOD 2 thermal-hydraulic code and the TRAP/MELT fission-product and
aerosol transport code has also been completed, While use of the MOD O version
of MELPROG has begun, there are currently few experimental data available for
assessment of governing models in the code. This assessment will depend on the
future experimental results from the Severe Fuel Damage research program. The
MOD 1 version of MELPROG that incorporates the VICTORIA fission-product and
aerosol release and transport module will be completed late in 1985, Advanced
MOD 2 versions of SCDAP/RELAP5 and TRAC/MELPROG that include BWR capability
will be available in late 1986. These versions of the codes will have undergone
validation testing against experimental results from the Severe Fuel Damage
research program,

The SCDAP/RELAPS5 and the TRAC/MELPROG codes in their MOD 2 versions will
provide advanced and partially validated tools for the mechanistic analysis of
in-vessel melt-progression and fission-product behavior in severe LWR
accidents. They will provide capability for direct detailed analysis of
accidents and experiments, and for benchmarking the advanced new
risk-assessment code MELCOR and other advanced codes that are developed for
risk assessment. These codes as validated also become the embodiment of the
results of the Severe Fuel Damage experimental program.
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ASSESSMENT OF SCDAP BY ANALYSIS OF IN-PILE EXPERIMENTS;
POWER BURST FACILITY - SEVERE FUEL DAMAGE SCOPING TEST
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ABSTRACT

The paper presents severe fuel damage analysis using the SCDAP code
[1]. Phenomena modelled include heat transfer, the Zircaloy-steam
reaction, fuel and clad relocation, and bundle collapse. The main
objective is to describe a comparison of a SCDAP prediction of the
Scoping Test with experimental results. Particular emphasis will be
paid to the main interesting feature, the mechanism behind the
spontaneous clad temperature excursion involving extensive oxidation
of the Zircaloy. The paper concludes with an assessment of the SCDAP
models, on the basis of the experimental comparison.

INTRODUCTION

This paper presents calculations on the PBF SFD-ST experiment, performed
at INEL EG&G Idaho Falls, using the USNRC sponsored code SCDAP. At an early
stage in the SCDAP development assessment of the Scoping Test provided insight
into the adequacy of the fundamental modelling, eg the boiling and radiation
heat transfer models, aund this led to significant improvements in subsequent
versions of the code. This provides a sound basis for investigating the other
main phenomena, clad oxidation, fuel motion phenomena etec, in future model
assessment.

The Scoping Test predictions given in this paper are based on best
estimate input data, using the version of the code obtained in September 1983,
from EG&G, termed SCDAP/MODO/RELEASE3 and in general incorporating only the
minimum changes that were necessary for conversion of the code from the CDC to
CRAY computers. There are three exceptions, described later, but no attempt
has been made to tune the models to fit experiment.

The experiment was characterised by a very slow heat up from saturation
temperatures of 550K to superheats between 500K and 1500K depending on axial
location. At about 200 mins a rapid temperature excursion occurred over most
of the superheated region associated with the exothermic Zircaloy oxidation
reaction. The mechanism of this rapid transient presents an interesting
question., Did it result from:

(1) a flame propagation downwards;
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(2) deterioration of local heat transfer conditions resulting from the
observed flow reduction; which might have been caused by hydrogen back
pressure in the separator?

. It 1s not possible to assess the first mechanism using SCDAP but the
conditions necessary for the second are predictable using the code, and are
discussed below.

~ PROBLEM SPECIFICATION FOR THE SCOPING TEST

The input data for the calculation were mainly derived from the EG&G Quick
Look Report [2], together with some reference to test cases supplied by EG&G,
and [1]. In the analysis in the QLR, zero time was taken to be 23-00 hours on
28/10/82. The initial conditions in the SCDAP calculation are based on
conditions existing 10 minutes after this time. To avoid confusion all times
quoted will be relative to zero time in the experiment.

The test geometry is shown in Figure 1. In the SCDAP calculation the fuel
rods are grouped into components 1, 2, 3 according to different radial power
levels [2] with the shroud, see description below, as component 4. In the
finite difference discretisation the heated length 0.91m was divided into 8
equal length axial cells.

The definition of the fission bundle power is probably uncertain to within
10% [2]. 1Iu the calculations here the axial profile taken is that recommended
in the TRAC comparison in the QLR. The profile is skewed downwards to allow
for partial uncover of the core but only a single profile is used for the
calculation. There is considerable uncertainty concerning this parameter.
Good steady state calculations were established between 32 and 54 mins with the
fission power at 42K, rising slowly to a peak ~ 98KW just prior to the
temperature excursion.

The energy loss to the bypass was estimated from bypass thermocouples.
For the SCDAP calculation a heat transfer coefficient of 4kim~ %~ 1 was taken
for heat flow to the bypass which is consistent with the value used in the
thermal-hydraulic model for heat transfer to subcooled liquid. A sink
temperature of 540K was assumed; this value is 'hard-wired' into the code, but
it is consistent with estimates from the bypass thermocouples.

For the thermal hydraulic calculation the inlet flow history was taken
from QLR. The flow was constant at 16.2 g/s over most of the heat up, but
during the temperature excursion reduced by about 25%. This flow reduction
thought to be caused by back pressure, eg due to hydrogen production, i1s not
predictable within the limits of the simplified thermal-hydraulic model used
here [3] and has to be prescribed as input data. Radiation view factors and
path lengths are required and the values used were supplied by EG&G [4]

The shroud was taken to be composed of six material layers in the
following order from outside, outer Zr shroud wall, gas gap, additional Zr
shroud wall, Zr saddle, ZrO, insulator and inner Zr liner. The material
information was based on data supplied in [1], [2].
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In addition to the data, three model changes were included in SCDAP. The
first was to allow the timestep for coupling the thermal-hydraulic and
structure calculations to vary with time. Here a 10 sec timestep was used up
to 143 mins and 1 sec timestep for the remainder of the transient. Secondly a
correction was made to ensure flow was conserved when ballooning occurred.
Thirdly the treatment of the heat transfer at the steam—mixture interface was
improved. The original treatment caused heat loss when the interface crossed
an axial mesh boundary.

PHENOMENA PREDICTED BY SCDAP

After the steady state hold between 32 and 54 mins, and once dry—out had
occurred, the clad temperatures rose steadily at rates between about 0.08 -
0.14 K/s until just prior to the temperature excursion, as shown in Figure 2,
The steep increase in clad temperature at dry-out is partly due to the coarse
axial mesh in the structure and partly because the assumption of thermal
equilibrium implies 100% voidage at dryout.

In the rods in all three components the maximum clad swelling occurred at
0.74m, the level of peak clad temperature. Localised ballooning occurred first
in the rods in component 3 at 77 mins with the clad temperature ~ 1042K, and
within 3 minutes the rods in components 1 and 2 exhibited similar behaviour.
The rods in all components ruptured at hoop strains ~"6% between 87 and 93
minutes at temperatures ~ 1090K. Indeed in this calculation the rods in all
three components exhibited very similar behaviour at similar times and unless
otherwise stated the exact times quoted for the onset of various phenomena will
refer to component 1 rods.

It can be seen from Figure 3 that the clad in the upper regions was
already oxidising rapidly prior to 190 mins, the start of the flow run down. A
small inflection was predicted in the clad temperature at 0.74 m at 200 mins
which coincided with complete oxidation of the clad at this elevation.

Increase in the temperature rise rates began at all elevations between 194 mins
and 200 mins as the flow reduced from 16.2 g/s to 15.39 g/s. After 200 mins
the flow reduced from 15.39 g/s to a minimum of 12.15 g/s and this was
accompanied by a steep temperature excursion at all elevations. It should be
noted that this was even true above 0,74 m, despite the fact that during the
period from 200 mins the clad had completely oxidised in this region.

By the time of bundle quench, Figure 3 shows that at nodes half way up the
bundle, about 50% of the clad thickness had oxidised. Below 0.17 m the clad
was unaffected.

Figure 4 shows the temperatures for the inner shroud. Similar
temperatures rise rate increases as seen in the rod profiles are seen for the
shroud during the flow run down. In this calculation the shroud was not
significantly oxidised. At 0.74 m at the position of peak clad temperature,
only about 307 of the inner liner of the shroud had oxidised by the time the
bundle was quenched. ’

In this reference calculation no fuel relocation in the balloon occurred
and there was no melting of the Zircaloy or eutectic: formation.
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COMPARISON WITH EXPERIMENT

Figures 2 and 4 show some discrepancy between calculation and experiment
during the earlier part of the transient. These mainly result from the poor
description of dryout in the SCDAP model. For this reason and because no
phenomena (eg ballooning or oxidation) occur until the bundle becomes more
uncovered, by which time the agreement is better, no attempt has been made to
optimise the thermal-hydraulic conditions during this initial period,

The onset of the temperature excursion is well predicted by the
calculation in comparison with experiment. In the experimental results a small
inflection is observed at 0.7 m at about 200 mins which coincides with the
termination of oxidation at this elevation in the calculation. This is good
evidence to suggest that in the experiment a significant portion of the clad in
upper region regions oxidised prior to the excursion.

The peak temperature predicted in the reference calculation at 0.74 m was
about 2370K, agalnst the experimental maximum of about 2400K. At 0.5m the
corresponding temperatures were 2000K and 2400K respectively. At the lowest
elevation the SCDAP calculated peak temperatures in the reference calculation
only reached about 1400K whereas it appears from the experimental data that
most of the clad reached high temperatures and oxidised. The 25% reduction in
inlet flow applied to the SCDAP calculation did not cause the bundle to dry
out. For this reason in the calculation a significant proportion of the lower
fuel clad and shroud liner did not oxidise at all.

However from the experimental data there is evidence from the neutron
detector signals that the bundle dried out during the temperature excursion
[5]. Further from the P.I.E. [6] it has been deduced that about 7.7% of the
fuel bundle material (2.4% U0 ,and 5.3% Zircaloy clad) relocated to the bottom
third of the bundle. Analytic calculations suggest that if this material fell
into the water then it would comstitute a significant heat source quite apart
from any resulting increase in the nuclear heat in this region, and this would
have contributed to increased dryout. In its final state the lower region
consisted of rod stubs with previously molten material between most of the
rods. There was considerable reduction in flow area. This would tend to cause
flow reduction and increased dryout also., Much higher temperatures would have
been predicted in the reference calculation if these effects had been
simulated. This is demonstrated in the next section by a sensitivity
calculation.

The agreement between the SCDAP calculated and measured shroud inner liner
temperatures is good up to 180 mins, when the shroud failed in the upper
regions of the bundle. At this time the SCDAP calculation predicts the inner
shroud clad is only about 10% oxidised at the peak temperature elevation, so
even if shroud failure models had been included in the calculation it is
unlikely that the shroud would have ruptured at this stage. After this time
the SCDAP calculation consequently under-estimates the heat lost to the bypass
in the upper regions, resulting in higher predicted temperatures.

The predicted coolant/pin surface temperature gradients are greater than
measured see Figures 2 and 5. A possible explanation for this, given in [2],
is that the thermocouples reading the steam temperatures could be reading high
as a consequence of direct radiation from the rods. This is not confirmed or
denied here. The overall temperature rise is reasonmably predicted but the
temperatures at 0.5 m are overpredicted., This points to a discrepancy in the
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axial power profile between calculation and experiment. The use of single
profile throughout the calculation is cdlearly simplistic.

Figure 6 shows that oxidation started to occur earlier in the calculation
than in the experiment. However the hydrogen release rate between 175 mins and
190 mins was much higher in the experiment than in the calculation indicating
rather more oxidation in the experiment than was predicted. The shroud
ruptured during this period in the experiment and more Zircaloy would have been
exposed to steam. The general shape of the experimental and calculated
releases is similar, but just prior to the scram the maximum rate of hydrogen
release was measured at 0.89 g/s, against 0.12 g/s predicted. The total amount
of hydrogen released during the experiment was estimated at 375 g against 100 g
predicted. However the complete oxidation of the Zircaloy in the fuel bundle
and shroud inner liner, and oxidation of portions of the rig such as the
fall-back barrier and Zircaloy saddles (not currently modelled in SCDAP) is
required to account for all the hydrogen measured in the test. The presence of
metallic Zircaloy in the debris as alluded to by Rivard [7] and in the Quick
Look report [2] is not consistent with this quantity of hydrogen.

The conclusion from this comparison is that the temperature escalation
above the centre of the bundle during the flow reduction was well predicted in
the calculation in comparison with experiment. Unlike in the experiment, at
the lower elevations, there was little or no oxidation and rapid temperature
escalation was not predicted in the calculation.

SENSITIVITY CALCULATION WITH INCREASED DRY-OUT

The degree of oxidation predicted by the reference calculation was
generally less than experiment prior to the excursion. Not only is it
difficult to predict the timescale of rampant oxidation exactly, eg only a part
of the shroud was beginning to oxidise rapidly by the time of the final
excursion, but there were portions of the rig not included in the analysis,
which oxidised. This may account for why motion of fuel and structure material
occurred [5] during the final minutes of the test, but none was predicted by
the reference calculation. Any movement has a positive feed-back effect in
that more heating of the relatively unoxidised Zircaloy in the lower bundle, as
a consequence of material movement and flow blockage, could induce further clad
melting and slumping etc. Such a chain of events probably occurred because it
is thought that during the final minutes of the test there was essentially no
water remaining in the test train [5].

A sensitivity calculation was performed to examine the effect of increased
bundle dry-out during the temperature excursion. This was achieved by
increasing the inlet enthalpy conditions during the last few minutes in order
that by the time of quench only 12% of the lower bundle remained wetted (as
opposed to about 25% in the reference calculation}).

Figure 7 shows the predicted clad temperatures. Up to 200 mins the
calculation is identical to the reference case described earlier. Also shown
are the experimental results for 0.35 m. At the 0.29 m elevation the predicted
clad temperature rose to about 1700K, into the threshold region for rapid
oxidation to take place during the temperature excursion, 300K hotter than the
reference calculation and in much better agreement with experiment. At the 0.5
m elevation the temperature rose to 2300 K, above the temperature for eutectic
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formation, before the clad had completely oxidised, in contrast to the
reference calculation.

A schematic of the eutectic distribution predicted in the calculation just
prior to scram with these conditions of dry-out is shown in Figure 8. As found
in the experiment the maximum accumulation was in the lower regions of the
bundle and the breach and therefore maximum depletion occurred at 0.5 m. Some
movement of fuel/clad upwards was observed in the experiment but there are no
models in SCDAP to permit coolant drag on molten fuel or clad and consequently
no fuel or eutectic can be transported upwards in the SCDAP calculation.

The predicted hydrogen release rates just prior to the scram were 3 times
higher than in the reference calculation but still lower than estimated in the
experiment. The cummulative hydrogen releases were also still less, presumably
because oxidation of structure not modelled in SCDAP was still contributing a
significant source to the total hydrogen.

SCDAP ASSESSMENT

Unlike previous versions of SCDAP incorporating TRAC-BD1 the boiling model
was found to be energy conservative. Prediction near regions of dry-out are
poor, partly because of the thermal equilibrium assumption and partly because
of the coarse axial mesh description. Heat loss due to the numerical treatment
of radiation [8] did not arise in the Scoping Test calculations, in any
significant amount, because the large bypass heat loss kept the shroud
temperature much lower than the coolant temperature. However in principle the
problem remains.

Although the predictions of clad ballooning were reasonable here, in many
other calculations erroneous results have arisen. These tended to be because
of numerical problems in the model which in some cases produced unphysical
ballooning at too low temperatures, at too large strain, and not at the axial
elevation of peak temperature. Also the radiation model and some aspects of
the fuel relocation models assume nominal geometry.

The qualitative predictions of the clad oxidation models seem reasonable
within the steam rich conditions of the experiment. Recent experimental data
from Battelle North West suggests that the Urbanic-Heidrick growth rate
constants, invoked by SCDAP at clad temperatures exceeding 1850K may be rather
low. However when these were increased appropriately in a sensitivity
calculation, the main features in the predictions were unaffected. Concerning
clad motion, the depletion of the centre region and accumulation of material at
the bottom of the bundle were qualitatively predicted. The SCDAP model has the
limitation that upward relocation of material as occurred in the experiment
could not be predicted.

CONCLUSIONS

(1) Within their own limitations the SCDAP models performed adequately
generally, though some shortcomings detailed earlier were identified, eg
though clad ballooning was reasonably predicted here, in other
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calculations with similar data unphysical results were obtained.

(2) The calculations indicate that a large proportion of the upper bundle
region was probably well oxidised prior to the temperature excursion.

(3) The calculations confirm that such a flow reduction causes a major
temperature excursion over most of the bundle. If significant dry-out is
simulated eg as occurred in the experiment, then clad motion from the
centre downwards results and overall good agreement with experiment is
predicted.

(4) The catastropic oxidation of the bundle on such a short time-scale is
consistent with deterioration of local heat transfer caused by
thermal-hydraulic feed-back effects and the steam rich conditions of the
experiment. A flame propagation downwards mechanism is not required to
explain the events. Under flow and power conditions nearer those of the
hypothetical severe accident the oxidation rate would be reduced by steam
starvation and hydrogen blanketing effects.

Since the version of SCDAP used in this study was obtained there have been
numerous modifications and corrections incorporated in subsequent versions by
the code developers. The Scoping Test input data is also being currently
reviewed [9]. The calculations presented here are believed to give a broad
description of the essential features of the experiment although improved,
detalled agreement may be possible using these later versions of the code with
refined data.
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