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removing the liability limit would effectively deal a death blow
to the nuclear industry.

If nuclear power development were to continue in the absence
of liability limitations, it would undoubtedly take on a different
complexion. Social costs which have been externalized by the
Price-Anderson Act would have to be internalized by the utility
and would, therefore, change the economic bases for many decisions.
One example would be the siting of nuclear facilities. With the
present limitation on liability, utilities are free to site facil
ities near major population centers, thus taking advantage of
savings resulting from shorter transmission distances. On the
other hand, if there were no liability ceiling, it is doubtful
that the savings realized from shorter transmission distances
could balance the potential liability associated with locating
the plant near a major population center.

A major criticism of the Price-Anderson Act has been the
claim that 560 million dollars is an insufficient amount to
fUlly compensate the public in the event of a serious nuclear
accident. Many critics argue that the limitation on liability
should be lifted entirely. However, it should be noted that
the right to sue for an amount above the present statutory
ceiling would not necessarily guarantee the ability to collect.
The nonspecific nature of many claims for radiation-induced
damages could present insurmountable barriers to recovery.
Furthermore, it might take litigants many years to reach an
adjudication, which could bankrupt the utility and still pro
vide inadequate relief.

The Price-Anderson waiver of defense provisions is designed
to eliminate many of the difficulties encountered by claimants
who must establish a causal link between exposure to radiation
and their injury. But these waivers must be preceded by an
NRC determination that an "extraordinary nuclear occurrence"
has taken place. The NRC has determined that the accident at
TMI was a "non-extraordinary" occurrence, since the radiation
releases were below the established guidelines. Therefore,
claimants in that case are required to establish liability under
traditional tort law.

TMI Losses

Perhaps the most pressing financial needs during the TMI
crisis were the emergency payments to families who left their
homes in response to Governor Thornburgh's recommendation for a
partial evacuation within a five-mile radius of the plant. It
appears that ANI responded to this need in a prompt and efficient
manner.

Restoration of the TMI plant facilities will be a very costly,
time-consuming process. A portion of the costs will be covered
by insurance. However, the source of the uninsured portion of
the costs remains to be determined. The Public Utilities
Commission in Pennsylvania has ruled that repair costs cannot
be passed to consumers (New York Times, May 10, 1980).
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Finally, the cost of replacement power has surfaced as a
major concern regarding post-accident recovery. It is estimated
that GPU could spend well over 1 billion dollars in replacement
power costs over the four years following the accident. The
Pennsylvania Public Utilities Commission has allowed the utility
to institute a temporary 111 million dollar-per-year rate hike
to cover some of the costs of buying replacement power. In
addition, the proposed industry-financed plan for dealing with
these costs is intended to lessen the impact of prolonged shut
downs on the utilities.
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v. TECHNICAL CONSIDERATIONS

Several technical procedures and systems provide vital in
puts for nuclear accident preparedness and management. The
papers in this Section describe technical bases for setting plan
ning and reliability requirements, data storage and retrieval
mechanisms to facilitate learning from past accidents, rapid
dosimetry assessments of nuclear accident health effects, and
noise diagnosis in support of early accident management.
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TECHNICAL ASPECTS OF NUCLEAR POWER PLANT
RELIABILITY AND SAFETY

M.Kh. Ibragimov
Ministry of Energy, USSR

INTRODUCTION

The development of nuclear energy has been accompanied by
an increased awareness of the importance of safety in nuclear
power plants. The radioactive material accumulated during the
operation of nuclear reactors presents a potential danger for
the environment. Ensuring the safety of a nuclear power plant,
i.e., preventing the melting of the nuclear reactor core, and
preventing the release of dangerous radioactive material into
the environment, is a complicated problem with no immediate
solution.

A nuclear power plant, with all its components, may be con
sidered a system whose purpose is to produce electrical energy.
In this paper a systems approach will be used to provide a frame
work for the comprehensive analysis of the problem of nuclear
power plant safety. The principles of the systems approach may
be conceived as follows: (1) the system is composed of elements;
(2) the elements of the system are interconnected, and (3) the
elements influence one another. On the basis of these principles,
two major goals of one procedure of analysis, which may be called
'systemization,' may be outlined: first, identification of the
system and decomposition of the system into elements; second,
identification of the connections between elements and the char
acter of these connections.

SYSTEMIZATION

A nuclear power plant should be considered a system encom
passing specific devices and pieces of machinery that perform
certain functions in a given chronological sequence. Thus it
is useful to systematize such a plant structurally, functionally,
and chronologically.
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A structural systemization identifies the location of every
piece of equipment in the system. This makes it possible to
classify elements of the same type, to develop uniform require
ments to be imposed on different classes of elements, and to
group all equipment into classes or categories on the basis of
their requirements for reliability. In the case of Category I
equipment, such as pipes, failure can lead to large radioactive
releases in the primary circuit. Category II equipment is less
important for safety, but of great importance for reliable
electricity generation. Primary circuit circulation pumps fall
into this category. Failure of equipment in Category III does
not interrupt the generation of electricity. Auxiliary equip
ment in the secondary circuit is an example of Category III
equipment. An example of a structural systemization is given
in Figure 1.

Kola
Tu~ep~ninSUla Secondary

Plant

-----Water.moderatert ONovovoronezhskaya Plant -()Primary--

B------ Ar::---- .AU:--
reeder ~Pla~:nian ~

NUCLEAR
ENERGY

NUCLEAR POWER PLANT TYPE

SUBSYSTEM

PLANT DESIGN

BLOCK

CIRCUITS

ELEMENTS

~pr~CO~TOP

-----OReaclor OVessel 0 Shell

----- ~ Slea~ l"tr~connectIOns~ 1m generator ~ machinery

Figure 1. An example of a structural systemization of a
nuclear power plant.

In a functional systemization, another three categories
of equipment, which perform certain functions and provide safety
under unfavorable conditions, are identified. Category I equip
ment ensures the safety of the power generation process. This
category represents the first level of safety equipment in nuclear
power plants. Category II safety devices operate when equipment
failures or external events, such as earthquakes, occur. These
safety devices make it possible to reverse the initial develop
ment of an accident and to maintain fuel elements in operational
status. This category represents the second level of safety
equipment for the plant. Category III equipment ensures safety
in the event of an accident. These devices represent the third
level of safety equipment preventing radioactive releases.
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An example of a functional systemization is presented in
Figure 2. Machinery in each category has specific reliability
requirements, and these should be taken into account during
design, production, and installation. Under normal operating
conditions this functional systemization provides a basis for
developing different methods of testing machinery with special
attention to minimizing the time required for testing. The
functional systemization could also be used as a basis for
optimizing atomic power plant safety, taking into account eco
nomic factors. Generally this systemization could be used to
demonstrate the necessity or sufficiency of proposed safety
measures.

A chronological systemization may be used to describe the
stages of construction and maintenance of a system. These stages
include design, fabrication, installation, start-up and adjust
ment, operation, and repair, as shown in Figure 3. For each
stage requirements for the safety of equipment and subsystems
may be studied, taking into account a plant's specific features.

At the design stage primary consideration is given to the
radiation-physics, thermohydraulics, and mechanical integrity
of the reactor and its facilities under normal, transitional,
and emergency conditions. It is 'important to ensure high quality,
which in turn ensures plant safety, at the fabrication stage.
Quality control before the installation phase precludes the
delivery of defective machinery.

Under operating conditions some structural changes appear
in materials. These changes, caused by vibration, corrosion,
and radiation, can lead to equipment failure. For this reason
special attention should be paid to operational monitoring
methods, especially remote monitoring (such as ultrasonic, acous
tic, and emission monitoring). Structural and functional sys
temization makes it possible to determine the most important
sites for monitoring, for example, where there is a concentration
of stress in equipment in structural categories I and II.

SYSTEMIZATION OF SAFETY AND RELIABILITY REQUIREMENTS
FOR NUCLEAR POWER PLANTS

General requirements. Every operating condition of a nuclear
reactor has a particular nuclear or thermotechnical character,
each associated with specific safety problems. In the event of
a failure, the parameters describing every process should be
maintained within given safety limits. Safety limits might be
defined in terms of the following factors:

neutralization of the consequences of a failure while main
taining the operational status of the plant;
prevention of the development of a failure into an accident;
and
prevention of radioactive releases.

In the case of unfavorable changes in operating conditions, all
safety measures that are taken should be consistent with the
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general safety requirements for the power plant as a whole.
Safety measures achieved by varying operating conditions (down
rating, controlling the values of some parameters, etc.) are
economically advisable. Implementation of technical safety
measures to keep a plant operational in the event of large-
scale failure would be too complicated and expensive. Nontech
nical safety measures should be used for protecting the population
and environment from radioactive releases. These considerations
should enter into the determination of safety requirements for
nuclear power plants.

As discussed above, at every stage in the development and
operation of a nuclear power plant careful attention should be
paid to the safety of systems and equipment whose failure could
lead to an accident. Because of the small probability of such
failures, safety requirements are not necessarily consistent
with requirements for reliability.

Requirements for safety measures and their cost should be
determined by the scale of failure. In every emergency case a
"limited failure mode"-not unlike a fuse in an electrical cir
cuit-should be established, with consequences that can definitely
be localized and limited by safety measures. This concept is
related to the notion of a "maximum rated accident" (MRA). The
MRA for a water-moderated reactor, for example, is a failure in
the primary circuit, an event with an estimated annual probability
of 10- 4 • Safety measures for that event are aimed at preventing
melting of the core and metal-water reactions. This would make
it possible to carry out post-accident repair of the core and
intravessel machinery. These measures would prevent radioactive
releases to the environment if fuel elements are damaged (which
would occur if temperatures become higher than 1200-1300 °e).
A possible failure of the reactor vessel is not considered in
the planning of safety requirements because of its small proba
bility (10- 6 per year). Siting nuclear power plants at distances
of 40-50 km away from densely populated areas is a measure that
limits the consequences that could stem from accidents exceeding
a MRA in scale.

Safety requirements during special operations. Safety prob
lems associated with charging the core, starting the reactor,
changing fuel elements, and other special operations must be
handled through technical measures and carefully planned proce
dures.

Requirements for radiological safety. Fission products are
the main sources of radioactivity in a plant. The hermetic clad
ding of fuel elements represents the first safety barrier for
fission products. Still, the high pressure caused by gaseous
fission products, thermal fatigue, and superheating produces
cracks and even perforations in the fuel cladding. This could
result in inadmissible levels of radioactivity in the primary
circuit coolant. For this reason it is required that no more
than 1% of fuel elements have microfissures and no more than
0.1% have perforations. If these requirements are met, increased
specific radioactivity in the primary circuit coolant due to
leaking should not exceed 0.14 curie/liter.
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The integrity of the primary circuit represents the second
barrier for radioactivity. This barrier could be damaged by
increased coolant pressure and vibration, together with inter
crystal corrosion. The hermetic safety jacket of the reactor
is the third barrier of radiological protection. It provides
simultaneous protection from both external and internal mechanical
effects.

ReZiabiZity requirements. Economic factors should be taken
into consideration in determining the requirements for reliability.
On the one hand, high reliability leads to a high load factor.
But, on the other hand, expenditures connected with increasing
reliability lead to higher capital cost. It follows that there
is an optimal level of reliability for a plant that is a function
of the economics of increased load factor vs investment in com
petition with other energy sources. Optimal levels of reliability
can be determined by a complex technical and economic analysis.
Relationships between safety, reliability, and several other fac
tors discussed in this paper are presented in Figure 4.

The general concept of plant reliability includes operational
reliability, lifetime of the plant, and maintainability. Opera
tional reliability refers to the probability of operating without
failure throughout a reference period of time. The overall re
liability of a nuclear power plant is the aggregated reliability
of all systems and equipment, especially those that play a primary
role in the operation of the plant.

Although the general reliability of a plant can only be
estimated on a relative basis, such an estimate yields important
information. This information makes it possible to determine
the optimal structure of the reactor, to identify systems and
equipment with insufficient reliability, to compare power plants
that are still in the design phase with operating plants, and
to identify equipment requiring improved production technology.
Special emphasis should be placed on the thermomechanical reli
ability of the nuclear reactor core, which is characterized by
particular parameters. In the case of water-moderated reactors
the most important of these parameters relate heat emission
characteristics of the fuel elements to maximum energy releases
under various operating conditions. The reliability of fuel
elements in the core is determined by the ratio of critical
thermal flux to the maximum flux sustainable by the fuel ele
ments. This value should take into account local irregularities
in core parameters.

CLASSIFICATION OF EMERGENCY PROCESSES

An analysis of emergency processes is required to evaluate
the safety of a nuclear power plant. This analysis makes it
possible to determine the necessity and sufficiency of safety
measures and to specify safety requirements. Emergency processes
have a complicated character, because failure in one system might
lead to failure in another, or two failures may coincide by chance.
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Calculations describing various emergency processes can be used
to specify the range of values of important parameters; this
information can be stored in a computer memory and retrieved in
the event of an emergency. Possible emergency processes may be
divided into the following groups:

emergency processes involving variations in reactivity, includ
ing trouble with the control system, an unexpected change of
the boron concentration in the primary circuit coolant, and
connection of a nonoperational (cold) loop;
emergency processes connected with the loss of primary circuit
coolant flow;
failure in the primary circuit, including a break in the main
circulation pipe;
failure in the secondary circuit, including a break in the
main steam condensor;
loss of power available to the plant.

The characteristics of the emergency process very much depend on
the level of energy flux and the type of reactor. In water
moderated reactors the energy accumulated in the primary circuit
presents a major danger, on the order of about 10 8 kilojoules.

The above discussion represents an initial attempt to apply
a systems approach to problems of assuring the safety of a nuclear
power plant.
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THE CAUSE--CONSEQUENCE DATA BASE: A RETRIEVAL SYSTEM
FOR RECORDS PERTAINING TO ACCIDENT MANAGEMENT

Hiromitsu Kumamoto
Koichi Inoue
Yoshikazu Sawaragi
Kyoto University, Japan

INTRODUCTION

The events at Three Mile Island-Unit 2 on March 28, 1979
have profoundly affected our thinking about the safety of nuclear
reactors. A question we must now ask is, How can we effectively
learn as many lessons as possible from this mishap?

Since letters were invented several thousand years ago,
human beings have been documenting their experiences. Relevant
documents have been retrieved and examined over and over again
to facilitate creative thinking to cope with new situations.
Since the TMI accident, many investigators, including those
representing the Nuclear Regulatory Commission (NRC) and those
serving on The President's Commission on the Accident at Three
Mile Island, have evaluated the events at TMI. Reports of
several investigations are already available (President's Com
mission 1979; USNRC, July 1979; USNRC, August 1979; Spectrum
1979). How can we learn systematically and effectively from
these documents? Conventional methods that simply provide an
overview or summary of the various reports should be replaced
by new approaches.

This paper describes a proposal to store in a data base
important paragraphs from reports of investigations into many
types of accidents. The data base is to handle not only reports
on TMI, but also reports on other events at nuclear reactors,
chemical plant explosions, earthquakes, hurricanes, fires, and
so forth.

Every paragraph of the reports that contains ideas of
importance becomes a record in the data base. Each such paragraph,
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consisting of about 5 to 10 sentences, describes either causal
relations between events or recommendations for accident manage
ment. Several key words (for example, "emergency core cooling
system," "operator," "control room," or "evacuation") are
attached to each record, cor~esponding to words and phrases
appearing in the sentences.* These key words are stored in the
data base together with the paragraphs. Any records relevant
to a user's key words can be printed out on an on-line typewriter,
in response to the user's requests. We have named this retrieval
system the "Cause-Consequence Data Base," since it deals mainly
with causal relations and recommendations rather than quantita
tive data describing the reliability of systems.

The data base currently uses software called IRIS, an
Interactive Retrieval Information System (Toliver 1979). IRIS
permits us to (1) create sets of records relevant to users' key
words; (2) review an alphabetic index of all such key words;
(3) apply logical operators (AND, OR, NOT) in order to create
sets of records that are subsets of the file with the specified
characteristics; and (~) print out these subsets in a variety
of formats.

The Cause-Consequence Data Base spurs the creativity of
people in charge of accident prevention and preparedness. Dis
cussions of safety problems that draw on the data base can yield
fruitful results, for it is possible to consult specific records
on accidents that actually occurred. The data base could also
become a basic tool for risk analysis, aiding in the construction
of event trees and fault trees.

The accumulation of records for the data base was started
in November 1979. In January 1980 we had 125 records; the first
100 records came from the Kemeny report (The President's Commis
sion, October 1979), and 25 records were extracted from a special
issue of Spectrum (Spectrum 1979). This amount of data is suffi
cient for demonstrating the potential features of the data base, as
is shown in the sample search of the data base provided in the
Appendix at the conclusion of this paper. We are constantly accu
mUlating new records; as of February 1981 records extracted from
reports on 40 nuclear reactor accidents were stored in the data
base. These ~O accidents are described in Bertini (1980).

THE DATA BASE-AN AID FOR ACCIDENT MANAGEMENT

The data base as a source of knowledge. The Cause
Consequence Data Base can help people think creatively. For
example, records @ 0067 and @ 0110, reproduced in the Appendix at
the end of this paper, might spur plant designers to improve the
simulators used for operator training.

*The key words can be controlled by a thesaurus. For instance,
the key words GAUGE, INDICATOR, AND RECORDER are listed in an
entry entitled SENSOR. The thesaurus not only reduces the amount
of labor required for the attachment of key words, but also
increases the users' chances of finding relevant records.
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The data base prevents safety and reliability theories from
remaining academic exercises. Researchers in universities and
industries can use output from the retrieval system to identify
many important unsolved problems.

Scenario writing and the data base. Modern risk analysis
starts with writing scenarios that describe the development of
events. An example of this is the set of event trees that
played a fundamental role in the Rasmussen Report (USAEC 1975).
Scenarios similar to event trees are important for operator
training, evacuation planning, and design of safety systems and
emergency procedures.

The TMI accident has revealed that risk analysis based on
a single failure is insufficient. Scenarios useful for operator
training should usually contain multiple failures. The problem
is to write realistic scenarios without overlooking crucial
events. Here the Cause--Consequence Data Base can be of help.
For example, records relevant to the key word "MAINTENANCE"
would show which events may follow a maintenance error. If the
consequences of this error involve valve failures, the key word
"VALVE" can be applied to further develop the scenarios.

Fault tree construction and the data base. An event tree
is based on a prospective analysis that involves searching for
possible consequences of events. In contrast, a fault tree
involves a retrospective analysis of an event of importance.
The event is analyzed top-down, with a search for possible
causes. Events isolated at the bottom of the tree are ultimate
causes and are called basic events. Fault trees are fundamental
tools for qualitative and quantitative risk analysis.

One of the drawbacks of fault tree analysis is that too
much time must be spent for the heuristic construction of the
fault tree. The Cause--Consequence Data Base can alleviate
this difficulty. possible causes of a given event can be obtained
from the data base, making it easier to construct the trees
without missing important causes. For instance, a dangerous
ECCS failure may be analyzed retrospectively by examining
records @ 0011, @ 0015, and @ 0087, as reproduced in the Appendix.
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APPENDIX: A SAMPLE SEARCH OF THE DATA BASE

The sample search of the Cause--Consequence Data Base
presented in this Appendix had two objectives:

To print out records that describe relationships between
emergency core cooling systems (ECCS) and operators.
To print out records relevant to the training of operators
on simulators.

In the computer printout below a question mark "?" follows
each user command. The commands are also underlined to distin
guish them from data-base output. A step-by-step explanation of
the search procedure follows the printout.

A Sample Printout:

? BEGIN

SET
***

COUNT
*****

DESCRIPTION
***********

? SELECT ECCS
1 2 ECCS

? EXPAND ECCS

REF DESCRIPTION
*** ****************************
82
83
84
85
86

KEY:
KEY:
KEY:
KEY:
KEY:

DOWNTIME
DRAIN-PIPE
DRAIN-TANK
DRIVING-SAFETY
EARLY-STAGE

CNT REF
*** ***

1 0
2 0
2 0
1 0
1 0



ECCS
87
88
89
90
91
92

KEY:
KEY:
KEY:
KEY:
KEY:
KEY:

ECCS
ECONOMIC-CONSIDERATION
ECS
ELECTOMATIC-SAFETY-VALVE
ELECTRIC-GENERATOR
ELECTRICAL-FAILURE

2
1
3
1
1
1

o
o
o
o
o
o

223

? S ECS
2 3 ECS

? DESPLAY
ERR17: INVALID ARGUMENT

? OS

SET
***

1
2

COUNT
*****

2
3

DESCRIPTION
***********
ECCS
ECS

? COMBINE 1 OR 2
3 5 1 OR 2

? S OPERATOR
4 45 OPERATOR

? COMBINE 3 AND 4
5 3 3 AND 4

? PRINT 5/4/1-3

ACCN= 54
@ 0011
OTHER INVESTIGATIONS HAVE CONCLUDED THAT> WHILE EQUIPMENT FAILURES
INITIATED THE EVENT> THE FUNDAMENTAL CAUSE OF THE ACCIDENT WAS
OPERATOR ERROR. IT IS POINTED OUT THAT IF THE OPERATORS (OR
THOSE WHO SUPERVISED THEM) HAD KEPT THE EMERGENCY COOLING SYSTEMS
ON THROUGH THE EARLY STAGES OF THE ACCIDENT> THREE MILE ISLAND
WOULD HAVE BEEN LIMITED TO A RELATIVELY INSIGNIFICANT INCIDENT.
WHILE WE AGREE THAT THIS STATEMENT IS TRUE> WE ALSO FEEL THAT
IT DOES NOT SPEAK TO THE FUNDAMENTAL CAUSES OF THE ACCIDENT.

ACCN= 69
@ 0015
A SENIOR ENGINEER OF THE BABCOCK & WILCOX COMPANY (SUPPLIERS
OF THE NUCLEAR STEAM SYSTEM) NOTED IN AN EARLIER ACCIDENT>
BEARING STRONG SIMILARITIES TO THE ONE AT THREE MILE ISLAND>
THAT OPERATORS HAD MISTAKENLY TURNED OFF THE EMERGENCY COOLING
SYSTEM. HE POINTED OUT THAT WE WERE LUCKY THAT THE CIRCUMSTANCES
UNDER WHICH THIS ERROR WAS COMMITTED DID NOT LEAD TO A SERIOUS
ACCIDENT AND WARNED THAT UNDER OTHER CIRCUMSTANCES (LIKE THOSE
THAT WOULD LATER EXIST AT THREE MILE ISLAND» A VERY SERIOUS
ACCIDENT COULD RESULT. HE URGED> IN THE STRONGEST TERMS THAT
CLEAR INSTRUCTIONS BE PASSED ON TO THE OPERATORS. THIS MEMO
RANDUM WAS WRITTEN 13 MONTHS BEFORE THE ACCIDENT AT THREE MILE
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ISLAND> BUT NO NEW INSTRUCTIONS RESULTED FROM IT. THE COMMISSION#S
INVESTIGATION OF THIS INCIDENT> AND OTHER SIMILAR INCIDENTS
WITHIN B&W AND THE NRC> INDICATE THAT THE LACK OF UNDERSTANDING
THAT LED THE OPERATORS TO INCORRECT ACTION EXISTED BOTH WITHIN
THE NUCLEAR REGULATORY COMMISSION AND WITHIN THE UTILITY AND
ITS SUPPLIERS.

ACCN= 457
@ 0087
TWO MINUTES INTO THE INCIDENT> WITH THE PRESSURIZER LEVEL STILL
RISING> PRESSURE IN THE REACTOR COOLANT SYSTEM DROPPED SHARPLY.
AUTOMATICALLY> TWO LARGE PUMPS BEGAN POURING ABOUT 1000 GALLONS
A MINUTE INTO THE SYSTEM. THE PUMPS> CALLED HIGH PRESSURE
INJECTION (HPI) PUMPS> ARE PART OF THE REACTOR#S EMERGENCY CORE
COOLING SYSTEM. THE LEVEL OF WATER IN THE PRESSURIZER CONTINUED
TO RISE> AND THE OPERATORS> CONDITIONED TO MAINTAIN A CERTAIN
LEVEL IN THE PRESSURIZER> TOOK THIS TO MEAN THAT THE SYSTEM
HAD PLENTY OF WATER IN IT. HOWEVER> THE PRESSURE OF REACTOR
COOLANT SYSTEM WATER WAS FALLING> AND ITS TEMPERATURE BECAME
CONSTANT.

? STRAINING
6 19 TRAINING

? S SIMULATOR
7 3 SIMULATOR

? COMBINE 6 AND 7
8 2 6 AND 7

? PRINT 8/4/1-2

ACCN= 345
@ 0067
A KEY TOOL IN THE B&W TRAINING IS A /SIMULATOR>/ WHICH IS A
MOCK CONTROL CONSOLE THAT CAN REPRODUCE REALISTICALLY EVENTS
THAT HAPPEN WITHIN A POWER PLANT. THE SIMULATOR DIFFERS IN
CERTAIN SIGNIFICANT WAY FROM THE ACTUAL CONTROL CONSOLE. ALSO>
THE SIMULATOR WAS NOT PROGRAMMED> PRIOR TO MARCH 28> TO REPRO
DUCE THE CONDITIONS THAT CONFRONTED THE OPERATORS DURING THE
ACCIDENT.

ACCN= 620
@ 0110
HAD THE OPERATORS LOOKED AT THE TEMPERATURE GAUGE AND THEN AT
THE REACTOR-COOLANT-SYSTEM PRESSURE RECORDERS> THEN CONSULTED
A STEAM TABLE POSTED BY BABCOCK & WILCOX ON THE SIMULATOR
PANEL> THEY WOULD HAVE KNOWN THAT STEAM WAS FORMING. THIS
PROCEDURE WOULD HAVE TAKEN 15 SEC. BUT THERE WERE NO STEAM
TABLES ON THE TMI-2 CONTROL PANELS; NONE WERE CONSULTED BY THE
PLANT OPERATORS DURING THE ACCIDENT; AND THERE IS NO PUBLISHED
EVIDENCE SHOWING THAT THE OPERATORS WERE EVER TRAINED TO USE
SUCH TABLES.

? END

SEARCH SETS SAVED
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Explanation of the steps in the search:

(1) BEGIN. This command ensures that set numbering begins with
"1". A set is a collection of records with specified charac
teristics.

(2) SELECT ECCS. Records relevant to the key word ECCS are
combined into Set 1. The set is composed of two records, as
the printout indicates.

(3) EXPAND ECCS. This command helps the user review other key
words that may be relevant to the initial key word, i.e., key
words are printed that precede or follow the initial key word
alphabetically. The list generated by this command in the
above printout includes ECS (Emergency Cooling System), which
the user should identify as a variant of ECCS. The EXPAND
command is useful for finding similar or misspelled words. (A
version of the EXPAND command, PIVOT, is also useful for identify
ing key words in the form of a modifier + noun. This command
causes the key words containing a particular noun to be listed
in alphabetical order of the modifier.)

(4) S ECS. Records relevant to the key word "ECS" are combined
into Set 2. (The SELECT verb is abbreviated to simply "S".)
We may observe that 3 records have the key word "ECS".

(5) DESPLAY. Misspelled command. An error message results.

(6) OS. The DISPLAY verb is simplified to "OS". The number of
sets created thus far are summarized.

(7) COMBINE 1 OR 2. A new set, Set 3, is created, consisting
of all records that contain either ECCS or ECS as a key word.
This new set contains five records.

(8) S OPERATOR. Records that have OPERATOR as a key word are
formed into Set 4. This set contains 45 records.

(9) COMBINE 3 AND 4. Three records that satisfy the first
objective of our search, i.e., that describe relationships
between operators and emergency core cooling systems, are com
bined into Set 5.

(10) PRINT 5/4/1-3. The three records in Set 5 are printed out.
The number 4 means that the full output of the records should
be listed.

(11) S TRAINING. Set 6 contains 19 records pertaining to the
key word TRAINING.

(12) S SIMULATOR. Set 7 contains 3 records relevant to the key
word SIMULATOR.

(13) COMBINE 6 AND 7. Two records that fulfill the second objec
tive of our search, i.e., that describe operator training on
simulators, are combined into Set 8.
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(14) PRINT 8/4/1-2. Both records in Set 8 are printed out.

(15) END. The sets generated so far are saved for the next
session, and the present session is terminated.
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THE OFF-SITE RADIATION MONITORING SYSTEM SERVING THE
PAKS NUCLEAR POWER STATION IN HUNGARY

S. Deme
I. Feher
A. Andrasi
Central Research Institute for Physics, Hungary

INTRODUCTION

If a major radiological accident, e.g., a design basis acci
dent, occurs at a nuclear power station and a large amount of
radioactive material is released into the environment, utilities
and local government authorities must make decisions very rapidly
to protect the endangered population. In such a situation, radia
tion monitoring and reporting undertaken in the shortest possible
time are of paramount importance as instruments for minimizing
the effects of the accident.

This paper describes the main characteristics of the off
site radiation monitoring system developed for the first Hungarian
nuclear power station, Paks. The focus of the discussion is on
accident management at the plant in the case of a maximum credible
accident (MCA).

MAIN CHARACTERISTICS OF THE STATION

The Paks nuclear power station is located on the right bank
of the Danube River 110 km from Budapest, as shown in Figure 1.
The town nearest the site is Paks, with a fixed population of
about twenty thousand people. The villages in the vicinity are
less populated, each with only a few thousand inhabitants.

The Paks station is at present still under construction;
its capacity is expected to increase from 440 MWe in 1981 to
880 WMe in 1982, 1,760 MWe in 1985, and finally to 3,500-4,000
MWe by 1990. Its highest possible power capacity will range be
tween 5,000 and 6,000 MWe, but fresh water cooling can be provided
only up to a capacity of 4,000 MWe.

227



o Telemetric
monitoring station

I Other control station

Cable connection

228

Key:

N

t

I

I <if G ..yank
30 km

t Dunafbldvar

1126 km

I

~"m I

\

I

/ .
meteorological samplers
tower 0---'----0

I

11
Szekszard
28 km

GOd,,','
A-I Dunaszent-

benedek

Kalocsa
12 km

Figure 1. The location of the Paks nuclear power station and
its off-site monitoring points.
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THE FEATURES OF A MAXIMUM CREDIBLE ACCIDENT AT THE STATION

The plans for off-site radiation monitoring were developed
for the case of a MCA in a pressurized water reactor of the type
WWER-440. An MCA in this type of reactor, with a wet condenser
system, could take the following form.

Event: both-end rupture in the main coolant pipe with a
nominal diameter of 500 mm (design basis accident).

Vo lume of expansion space: 30,000 m3
Maximum pressure in expansion space: 240 kN/m 2

Maximum time of overpressure in expansion space:
Significant radiuactive materials released during
overpressure: see Table 1
Possible release height: 0 to 40 m
Hypothetical release height: 15 m
Assumed Pasquill diffusion category: F
Assumed wind velocity: 2 mls
Maximum dose vs distance from the release point:

Table 1. Possible releases of radioactive materials in the case
of a maximum credible accident at a pressurized water
nuclear reactor .

._-_ ..---,--

Gro._u-'"p I_s~~t~~__.__~f- ~~!.~._

Release
__---'-(_C_ur i e s )

Iodine

Noble gases

8 d
2 hr

20 hr
7 hr

10 yr
5 d

1 ,200
300

1 ,200
700

150
2,800

The calculations of maximum dose and relative dose distribu
tion are based on the amount of released radioactive materials
and on weather conditions. As can be seen in Figure 2, in the
case of the Paks station the dose to the thyroid through iodine
inhalation is the most significant short-term dose. Ingestion
doses have not been taken into account because the accident
management team can prevent that type of dose quite easily.

A special zone that has a low population density and prac
tically no children surrounds the power station. Therefore the
thyroid doses for children (indicated by curve (1) in Figure 1)
are given only for distances greater than 3 km. Whole body doses
from beta and gamma radiation are negligible in comparison with
the thyroid doses.

PRE 14 _ P
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Figure 2. Maximum dose vs distance from the plant in the event
of a maximum credible accident (MCA). Curve (1) shows
the iodine inhalation thyroid dose for children; curve
(2) shows the iodine inhalation thyroid dose for adults;
curve (3) shows the iodine inhalation thyroid dose for
adults, assuming intake of iodine tablets within 2
hours after inhalation; curve (4) shows the iodine in
halation thyroid dose for adults, assuming intake of
iodine tablets within 6 hours after inhalation. Curve
(5) shows whole body beta and gamma doses.
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The dose effect of inhaled iodine can be reduced by medical
countermeasures, i.e., by intake of iodine tablets. The dose
effect can be reduced by a factor of 5 if the intake of tablets
can be arranged within two hoursi it can be reduced by a factor
of 2 if intake occurs within 6 hours of inhalation.

PRINCIPLES OF DOSIMETRY

Before countermeasures are taken in the case of an accident,
the target population group must be specified and the required
measures must be determined. The time sequence of decision-making
activities in the event of an accident is shown in Figure 3. Be
fore decisions about countermeasures can be made, it is necessary

ACCIDENT

MONITORING ANALYSIS AND COUNTER-

LL
DECISION

LL
MEASURES

~
MAKING

Information Consideration • Prealert

• Maximum dose • Possibilities • Alert

• Relative dose • Cost-benefit • Restrictions
distribution analysis • Tablets

• Evacuation

o TIME

Figure 3. The time sequence of actions that should be taken in
the event of a maximum credible accident (MCA) at a
nuclear power plant. The arrows indicate requirements
for telecommunications.

to estimate the probable maximum doses in the absence of counter
measures and the territorial distribution of these doses. The
results of cost-benefit analyses of each countermeasure alterna
tive should be inputs to the decision-making process.

During normal operation, when there is underpressure in the
hermetic expansion space, radioactive releases into the atmos
phere can be measured by the stack monitoring system. This is
not possible in the case of a MCA, because the release would
involve leakage in the expansion space walls. In such a situa
tion involving overpressure in the expansion space, the only way
to determine off-site doses is to measure the actual dose dis
tribution in the environs of the station. The collection of
meteorological data for use in atmospheric diffusion calculations
is very important, for the calculations yield an extrapolated
dose distribution for points that cannot be measured directly.

As shown in Table 2, there are several methods for measuring
probable iodine inhalation doses. The best method is the continu-
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Table 2. Quality of information provided by various methods
for measuring probable iodine inhalation doses.

Quality of information
provided

Method
Maximum
dose

Relative dose
distribution

Time required
(hours)

1- 3

1- 3

O. 1

0.2-0.4

0.2

Moderate

Moderate

Moderate

Moderate

Poor

Moderate

None

None

Moderate

Poor

Measurement of
wind direction
and velocity.

Analysis of wind
data and Pasquill
category.

Meteorological
measurements and
surface contami-
nation measure-
ment after the
accident.

Meteorological
measurements and
continuous air
sampling during
the accident.

Meteorological
measurements and
iodine telemetry.

Meteorological
measurements and
use of the iodine
and gamma dose
telemetric _syste_m--,-.__~._oo~ c.:;_oo~ O. 2-0.4

ous measurement of the time integrated radioiodine concentration.
The continuous-operation wide-range telemetric iodine monitor
provides the most rapid and reliable means for calculating prob
able iodine inhalation doses. If the measuring points are at
appropriate locations, from the point of view of population den
sity, this instrument provides a considerable portion of the
monitoring data needed for decision making in the event of an
accident at a nuclear reactor.

Using the cross-wind iodine distribution calculated for
actual weather conditions (in terms of wind data and Pasquill
categories), it is possible to estimate the maximum dose and the
dose distribution between the monitoring points, as shown in
Figure 4. But this extrapolation may be inadequate for high
stability categories (Pasquill categories E and F). One possible
way to increase the accuracy of extrapolation is to use more
monitors; however, the cost of a large number of such monitors
would be very high. Also, for a given stability category, the
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Figure 4. The cross-wind distribution of calculated iodine
doses under maximum credible accident (MCA) weather
conditions fitted to measured values at points A and
B. The shaded area indicates possible uncertainty
in dose values.

intensity of gamma radiation has a broader distribution than
does iodine (see Figure 5). Therefore parallel measurement of
the integrated iodine concentration and the gamma dose at the
same points can decrease the cost and improve the accuracy of
the accident dosimetry monitoring system.

DOSE
(relative
units)

A B CROSS-WIND
DISTANCE

Figure 5. Iodine (curve 1) and gamma dose (curve 2) distributions
under maximum credible accident (MCA) meteorological
conditions.



234

Table 3. Main components of the off-site monitoring system
serving the Paks nuclear power station.

Component
Used in the case of
normal releases

Used in the case of
accidental releases

+
Gamma radiation only

Release measuring
system (stack monitor)

Meteorological tower
(120 m high)

Telemetry system
Other control stations

(tacky cloth collec
tors, thermolumines
cent dosimeters
(TLDs) )

Other samples
Mobile on-site gamma

spectrometry equip
ment

Roving car (which
records dose
intensity and con
tamination, reads
TLDs, and assesses
tacky cloth collec
tors)

+

+
+

+

+
+

+
+

+

The choice of the distance of the monitoring stations from
the plant involves two conflicting requirements: if the distance
is small fewer monitors are required to achieve a given accuracy
of the cross-sectional extrapolation; this implies less accuracy
for larger downwind distances. Conversely, if the distance is
large, more monitors are needed to achieve a given level of ac
curacy, but greater accuracy is possible at large downwind dis
tances. Generally the optimum distance seems to be from 1 to
3 km, but this depends very much on the local situation and
requirements.

The collection of dosimetric and meteorological data by
means of a telemetric system, as described above, makes it pos
sible to estimate the maximum dose and relative dose distribution
in a very short time--about half an hour. This information then
may become a basis for decision making concerning countermeasures
by responsible authorities at the scene of a nuclear accident.

The accident dosimetric monitoring system at the Paks nuclear
power station is based on the telemetric iodine and gamma monitor
ing system described above. Table 3 provides additional informa
tion on the most important components of the system, and their
use in the case of normal and accidental releases.
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MAIN RESULTS OF THE GERMAN NUCLEAR POWER PLANT RISK STUDY

Hans-Jurgen Danzmann
Gesellschaft fur Reaktorsicherheit, FRG

INTRODUCTION

When a utility files an appJ.ication for the construction and
operation of a nuclear power plant, the responsible authorities
have to examine whether the necessary precautions have been taken,
in accordance with the state of the art, to prevent any damage
that may result from the construction and operation of the plant.
This includes the demonstration that operational discharges of
radioactive effluents will be kept as low as possible, even if
they are already below the acceptable limits, and that accidental
releases will be limited in such a way that neither personal in
juries nor property damage are likely.

These precautions against damage require comprehensive acci
dent analyses. In such analyses, it must be demonstrated that
a plant's safety features are capable of coping with possible
accidents. For this purpose, plant design is based on the great
est loads. A simultaneous failure of the redundant safety fea
tures is considered to be so unlikely that it is not taken into
account in the design.

Nevertheless, and irrespective of the individual nuclear
licensing procedures, attempts have been made to estimate the
consequences of extremely unlikely accidents such as might result
from the failure of safety features. However, these analyses
covered only one aspect of the risk of reactor accidents. Another
aspect is the probabiZity of such accidents, since risk includes
both the extent of damage and its probability.

The US Reactor Safety Study (USAEC 1975), the so-called
Rasmussen Report, was the first comprehensive risk study to con
sider both the scale of damage associated with nuclear accidents,
and the probability of such accidents. The study consisted of
a systematic investigation of the accident risk posed by two
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typical US nuclear power plants (a boiling water and a pressurized
water reactor) and an extrapolation of the results to the total
number of plants in the country.

PURPOSE AND TASK OF THE GERMAN RISK STUDY

Immediately upon publication of the Rasmussen Report, its
results were studied with great interest by other countries en
gaged in the peaceful use of atomic energy. The question was
raised as to how far the results may be applicable to the condi
tions prevailing in other countries. Although, in principle, the
Federal Republic of Germany (FRG) and the US use the same type
of reactor, i.e., the light-water reactor, there are important
differences:

As far as engineered features are concerned, the US reference
plants differ from German plants in several ways. Differences
in design and function of the safety features are of major sig
nificance for a risk assessment.
The population density in the Federal Republic of
far greater than in the US. The density is about
greater in the vicinity of nuclear power plants.
density is about 11 times greater.

Both factors are of great importance in the determination
of risk and require separate investigations for quantification
purposes. About six months after the publication of the Rasmussen
Report, the Federal Minister of Research and Technology awarded
a contract for a German study, as part of the Reactor Safety Re
search Program. The Cologne-based Gesellschaft fur Reaktorsicher
heit (GRS) was the main contractor, and Prof. Adolf Birkhofer,
one of its Executive Directors, was entrusted with the scientific
management of the project. GRS prepared the event tree and failure
tree analyses for the accidents, as well as the descriptions of
core meltdown accidents and the determinations of radioactive
releases.

Other institutions entrusted with important tasks included
Kernforschungszentrum Karlsruhe (which prepared the accident con
sequence model and carried out the accident consequence calcula
tions); Institut fur Unfallforschung des Technischer Uberwachungs
Verein Rheinland in Cologne (which contributed to the emergency
response model), and the Gesellschaft fur Strahlen- und Umwelt
forschung at Neuherberg near Munich (which established the dose
response and dose-risk relationships) .

The objectives of the German Risk Study may be summarized
as follows:

To determine the risk posed by accidents at nuclear power
plants for the German population.
To help identify important areas for future research and de
velopment projects in the field of reactor safety.

In addition, the Study offered an opportunity for testing the
applicability of probabilistic methods for safety evaluation.
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Biblis B, a representative, operational 1300 MW pressurized
water reactor (PWR) plant served as a reference plant for investi
gations of engineered plant features. For risk evaluation pur
poses, all nuclear power plant sites in the FRG with light-water
reactors of 600 MW or more in operation, under construction, or
in the licensing process on July 1, 1977 were considered.

To meet these far-reaching objectives, the German Risk Study
was subdivided into two major phases. Phase A used a great num
ber of the basic assumptions and methods contained in the Rasmussen
Report. Phase B, which is intended primarily for vigorous special
investigations, takes into account 'to a greater extent new method
ological developments and recent results of reactor safety re
search. The Federal Government desires the coooeration of addi-
tional institutions and groups in Phase B. -

APPROACH

The different steps of the investigations carried out within
the framework of the German Risk Study are depicted in Figure 1.
The first step was to identify initiating events that may lead
to radioactive releases to the environment. Different event trees
emerge from this exercise, depending on whether the required safety
systems are available or not. Event tree diagrams were drawn to
provide greater clarification. The separate trees involve dif
ferent probabilities, which depend on the frequency of occurrence
of the initiating events and the availability of safety features.

Initiating events

Accident consequences
• Atmospheric dispersion
• Health effects

Risk assessment

Figure 1. Topics of analysis in the German Risk Study.
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The necessary reliability analyses were carried out with the aid
of failure trees.

Subsequent investigations focused on the processes involved
in the meltdown of the reactor core, the behavior of the molten
core, the behavior of the containment and its possible failure
modes, the transport of radioactivity inside the containment,
and finally releases of radioactivity to the environment. The
study group considered the dynamic processes inside the contain
ment and determined the probabilities of the various failure
modes.

The space-dependent and time-dependent radioactive concen
trations in the environment of the plant were calculated, taking
into account the weather-dependent dispersion of the radioactive
plume, and were used to determine individual doses. Based on
emergency operational responses that would occur as a function
of these exposures, reduced doses and the associated health ef
fects to be expected as consequences of the accident were deter
mined. Risk statements could then be presented based on the
numbers of fatalities and associated frequencies.

RESULTS OF INVESTIGATIONS

Analyses of Engineered Plant Features

The investigation covered some 100 accident sequences that
can lead to radioactive releases. Table 1 shows the initiating
events that may lead to a core meltdown, their probabilities,
and the data for the associated probability of a failure of the
required system function. The frequency of core meltdown acci
dents was determined to be about 1 in 10,000 per year.

The relative contributions of the various failure modes to
the initiation of a core meltdown are shown in Figure 2. The
greatest contribution to the core meltdown frequency is made by
a small break in a reactor coolant pipe when this is not countered
by the safety systems. There are two main reasons for this. On
the one hand, the frequency of a small break is relatively great,
and on the other hand, coping with such breaks requires substantial
manual interventions, which have a relatively high failure rate.
The second most important initiating event is the loss of off-
site power--but this ranks far behind the small pipe break. Large
pipe breaks playa subordinate role. In all, two-thirds of the
total frequency of core meltdowns are caused by human errors (see
Figure 3). Table 2 provides a survey of the release categories
that have been investigated and the associated release frequencies
(which are not identical with the core meltdown frequencies).

Determination of Accident Consequences

The determination of potentiaZ radiation doses was the first
step in the calculation of accident consequences. Concentrations
of radioactive materials in the air and on the ground were cal-
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Figure 2. The relative contribution of various accident-initiating
events to the probability of a core meltdown.
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Table 2. Times of release and probabilities of release by release
category.

3

2

4

5

2 3 · 10-6

25 2 · 10-5

25 7 · 10- 5

0 1 · 10-4

0 1 · 10- 3

Time of
release Probability b
(hr after per reactor year
accident) (mean)

2 · 10-6

6 · 10- 7

2 6 · 10-7

Core melt, stearn explosion

Core melt, large contain
ment leak (300 rom diameter)

Core melt, medium contain
ment leak (80 rom diameter)

Core melt, small contain
ment leak (25 rom diameter) ,
late containment overpres
sure failure

Core melt, late containment
overpressure failure, fail
ure of filter systems

Core melt, late containment
overpressure failure

Design basis accident,
large containment leak
(300 mm diameter)

~8_a D~esign basis accident

6

Release
category Description

~Release categories 7 and 8 are not core meltdown accidents.
The probabilities include 10% contributions from adjacent release categories.

culated, and these doses supplied the criteria for establishing
necessary protective actions and countermeasures. The expected
doses were then calculated, based on the assumed implementation
of dose-reducing measures.

With the aid of a sinusoidal dose-response relationship for
early fatalities (threshold value: 100 rad; LD50: 510 rad; LDgg :
770 rad), and a linear dose-response relationship for late soma
tic effects (risk factor of approximately 10-ij/rem), the expected
doses were then used to calculate early and late fatalities. In
addition, the genetically significant collective doses were deter
mined. Figure 4 shows the cumulative frequency distribution of
early fatalities per year for 25 plants, and Figure 5 shows the
distribution of late fatalities. The dashed lines indicate 90%
confidence limits. The maximum number of collective fatalities
as calculated in the course of the study is 14,500 early deaths
and 104,000 late deaths. The two figures belong to different
accident sequences. For both events, the frequency of occurrence
is 1 in 2,000,000,000 per year. The associated accident sequences
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Figure 4. Plot showing the complementary cumulative distribution
function for early fatalities per year for 25 plants.
The dashed lines indicate 90% confidence limits.

represent a combination of the most adverse release conditions,
weather conditions, and population distributions.

The number of late fatalities as calculated in the study is
relatively great. Even for events with a probability of 1 in
100,000 per year, 54,000 late deaths were calculated. On the
one hand, this is due to the fact that late fatalities were cal
culated on the basis of a linear dose-response relationship
without a threshold value, i.e., in the conservative approach
taken it was assumed that late somatic effects will be caused by
any dose. On the other hand--apart from very serious accidents,
which are characterized by an early containment failure and great
radioactive releases--the overwhelming percentage of late fatal
ities was determined to be caused by specific weather conditions;
these conditions affect relatively large areas, and, after large
releases, lead to concentrations below the action levels for the
introduction of countermeasures.
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Figure 5. Plot showing the complementary cumulative distribution
function for late fatalities per year for 25 plants.
The dashed lines indicate 90% confidence limits.

THE EMERGENCY RESPONSE MODEL

In the emergency operational response model employed in the
German Risk Study, the spatial distributions of dose rates in
the open air, i.e., the so-called potential doses, were calculated
first. For cases in which doses exceeded the given reference
limits, selected isodose lines were used to delimit areas in which
different measures would be implemented.

The model contains 5 areas (B1, B2, C, D1, and D2) deter
mined using a dose-dependent approach. Area A, which covers the
immediate vicinity of the plant, was defined to be independent
of any dose and thus to be of constant size. The rigid delinea
tion of this area is due to the occurrence of high doses and the
fact that large releases of radioactivity and unfavorable disper
sion conditions make it impossible to carry out and evaluate
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radioactivity and dose rate measurements. The area is shaped
like a keyhole and consists of a 30° sector with a depth of 8 km
in the direction of the dispersion of the radioactive plume, and
a full circle with a radius of 2.4 km, i.e., a total area of
33 km 2 . The inclusion of a full circle is necessary, for turbu
lence and diffusion may spread radioactivity in all directions
over limited distances and direct radiation from the plume is
also emitted in all directions over limited distances. The study
group postulated that emergency preparedness and evacuation plans
exist for Area A.

Following the establishment of the areas, doses were again
calculated, taking into account the protective actions and coun
termeasures, and fatalities were determined on this basis. The
number of early fatalities depends on bone marrow doses, while
late fatalities depend on whole-body doses. The isodose lines
delimiting the areas refer either to the potential whole-body
dose or to the potential bone marrow dose. The boundaries of
the areas were set so that early fatalities would only occur in
Areas A, B1 , and B2. Figure 6 shows the subdivision of emergency
response areas used in the study.

---. ,
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D, ) D2

/
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c

-~._-

I

~_"--j':"-'----------~- "-I,

A
R / ",--3!-- ...----.'....-- _

\
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R,c2.4km
R2 ~ 8 km
R3 = 24 km

Dose (bone marrow 7d);;' 100 rad
Dose (whole body 30 yr I ;;. 250 rad
Dose (whole body 30 yr) < 250 rad
Dose (whole body 30 yr) > 25 rad
Dose (whole body 30 yr) < 25 rad

Figure 6. The risk areas used in the German Risk Study.

PROTECTIVE ACTIONS AND COUNTERMEASURES

The following protective actions and countermeasures were
considered in the study:

Taking shelter in houses;
Evacuation;
Rapid relocation;
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Relocation;
Decontamination; and
Temporary prohibition of the consumption of local agricultural
products.

Table 3 shows the apportionment of protective actions and coun
termeasures by area and their time schedule in the German Risk
Study.

Table 3. Emergency measures by risk area and time
following the accident.

Risk Time after Emergency
area accident measure

A 2 hr Shelter
2-12 hr Evacuation

B1 2 hr Shelter
14 hr Fast relocation

B2 No shelter
14 hr Fast relocation

C No shelter
> 30 days Relocation

(5 km2/day)

0 1 30 days Decontamination
[Dose (30 years)

< 25 rad after
decontamina-
tion]

The Initial Protective Action Phase

An initial phase of 2 hours was postulated for initiating
actions (informing official decision makers, meeting staffs,
sounding of alerts, informing the population, etc.). The stan
dard emergency signal would be used to warn the population; in
the FRG this is the one-minute howling sound of a siren. Loud
speaker vans are used in Area A and, if appropriate, in Area B1to ask the population to take shelter in buildings and switch
on radio or television sets. It was assumed that 3% of the
population would ignore the warning and remain in the open. In
cases where radioactivity reaches certain parts of the areas
within 2 hours after the beginning of the accident, a mixed dis
tribution of the population in large and small buildings and in
the open was assumed and an averaged shielding factor was used.

PRE 14_0
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Emergency Operational Response Measures in Area A

The aim of emergency operational response measures for Area
A was to prevent or limit acute injury to persons. As a con
sequence of German licensing practices, Area A will generally
be rural. It was assumed that after 2 hours 65% of the oopula
tion would have retreated into larger buildings or the c~liars
of small buildings, and 32% would be in smaller buildings but
not in cellars. The 3% who would stay out in the open during
the initial phase were assumed not to retreat into houses later.

The protective effect of buildings consists of lowered ex
posure (as compared with the open air) to ionizing radiation
from the air or from the ground, since distances to the radio
active materials are greater; the brickwork, and--in the case of
cellars--the ground, also act as shields. The following protec
tive factor was defined for the dose-reducing effect of buildings:

Protective Factor
Dose outside the buildina
Dose inside the bUilding~

The protective factor associated with protected places in larger
buildings or in cellars of smaller buildings was assumed to be
10 for ground radiation, and 6.7 for plume radiation. The pro
tective factor associated with protected places other than cel
lars in smaller buildings was assumed to be 5 for ground radiation
and 3.3 for plume radiation.

In Area A the highest dose rates are reached in almost any
kind of weather, and there is no time to carry out and evaluate
measurements. This is why it was postulated that the emergency
control staff would order an evacuation in any case.

The study group considered two parameters with respect to
the time needed for evacuation: the time until people begin to
drive away in their own cars or in other transport vehicles, and
the time until they leave the danger zone. It was assumed (con
servatively) that the maximum value of the first parameter will
be 12 hours, i.e., that the inhabitants will begin their trips
between 2 and 14 hours after the beginning of the accident. In
all cases it was assumed that the travel time to the boundaries
of the danger zone is 1.5 hours. The travel period was considered
to be an unshielded stay in the open, involving the same local
dose rate as at the place of residence. Because of the direction
of evacuation (which will be a combination of the directions
'away from the plant' and 'out of the danger zone'), this will
generally correspond to the highest dose rate.

The return of the population is scheduled for the time when
radioactive decay, weather conditions, and decontamination mea
sures have reduced the existing ground contamination to a level
such that the resulting potential whole-body dose over a period
of 30 years will not exceed 25 rad. This accumulated dose is
approximately 7.6 times the dose originating from natural back
ground radiation. Residual contamination may cause late fatalities
among both persons now living and those born after the accident.
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The measures taken in Area A will affect an average of
6,800 persons (206 inhabitants/km2 ). In the most unfavorable
case, they will affect 42,000 persons (1,270 inhabitants/km2).

Emergency Operational Response Measures
in Areas B1 and B2

According to the calculations carried out in the course of
the German Risk Study, the necessary emergency response measures
will remain restricted to Area A in the majority of all accidents
involving radioactive releases. Larger areas will be affected
only in 3 (out of a total of 8) release categories and in only
about 1% of all core meltdown accidents. To handle these cases,
the study group defined Area B; it envelops the 30 0 sector of
Area A in the direction of dispersion, and is limited by a poten
tial 100 rad isodose line for a bone marrow dose resulting from
ground radiation accumulated over 7 days. Area B1 extends 24 km
in the direction of dispersion. Just as for Area A, it was pos
tulated that the population of Area B1 will be asked to take
shelter inside houses.

The study group chose the term 'rapid relocation' to describe
the subsequent movement of the population out of Area B1. Taking
a conservative approach, it was assumed that no preparation exists
for such an action. For this reason the rapid relocation phase
was assumed to begin 14 hours after the occurrence of the acci
dent at the earliest, i.e., only when evacuation of Area A was
complete.

To calculate overall doses it is necessary to know the dura
tion of travel during rapid relocation. The study group defined
three different types of areas for this purpose: urban, average
population density, and rural. A computer code for the simulation
of population movements was used to determine a traveling time
spectrum for each type of area. The spectra were approximated
in such a way that a given traveling time was allocated to one
third of the population of each type of area. As in the case of
Area A, travel periods in Area B1 were considered to be unpro
tected stays in the open. Added to the traveling times was a
uniform preparatory time of 0.25 hr with unshielded ground radia
tion. To determine the time of the return of the population, the
same limit for accumulated potential whole-body dose from ground
radiation (25 rad over 30 years) was used as in Area A. The
subsequent late fatalities to be expected were also taken into
consideration.

For 2 release categories it was calculated that the 100
rad isodose line will extend more than 24 km from the plant in
the direction of dispersion, under 4% or 10% of weather condi
tions (depending on the release category). This area, beyond
the 24 km mark, was termed B2 in the study. No emergency pre
paredness measures exist for this area in any case. To be on
the safe side, the study group assumed that the inhabitants in
Area B2 would pursue their normal activities until the beginning
of the rapid relocation phase. Both rapid relocation and return
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to Area B2 were treated as for Area B1 . The mean size and maxi
mum size of Areas Bl and B2 were calculated to be 14 km2 and
379 km 2 , respectively. The average number of persons affected
would be 4000 (226 inhabitants/km2 ). In the most unfavorable
case the number would increase to about 1 million (2600 inhabi
tants/km2 ) .

Emergency Operational Response Measures in Area C

According to the calculations of the Risk Study, no doses
involving early fatalities will be reached beyond Area B2. How
ever, areas were determined that could not be decontaminated
sufficiently, with respect to almost all release categories.
Thus, a temporary relocation of the population to reduce late
fatalities was also considered in the model. Area C was defined
to envelop Areas Bl and B2. Area C is limited by a 250 rad iso
dose line for the potential whole-body dose, which would result
from the accumulation of external ground radiation over 30 years.

It was also postulated that a long-term stay of persons in
this area would only be acceptable if the potential whole-body
dose has been reduced to 25 rad. For cases that necessitate the
demarcation of Area C, the study group postulated a relocation
beginning after 30 days. Relocation begins in the subareas clos
est to the plant and then extends to greater distances. The
doses received until termination of the relocation measure were
estimated assuming a mixed distribution of the population in
large buildings, small buildings, and in the open air, along with
the associated shielding factors.

The study group assumed that decontamination would be carried
out only if, or not until, the decontamination factor

DF
Radioactivity before decontamination
Radioactivity after decontamination

--which is needed to arrive at 25 rad for the potential whole
body dose resulting from ground radiation and accumulated over
30 years--is smaller than 10. Thus decontamination activities
are carried out as soon as the potential dose caused by ground
radiation falls below 250 rad in subareas of Area C as a result
of radioactive decay and weather-related effects.

After the limit of 25 rad is reached in 30 years, the popu
lation will return. The collective dose is calculated as before,
on the basis of the dose received during the periods before re
location and after return. Late fatalities to be expected from
residual contamination, including fatalities of persons born
after the accident, are also calculated for Area C.

According to model calculations, the mean size and maximum
size of Area Care 11 km 2 and 5700 km2 , respectively. Thus, the
mean number of persons concerned is about 2900 (260 inhabitants/
km 2 ); in the most unfavorable case this number will increase to
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about 2.9 million (510 inhabitants/km2). Large areas and great
numbers of persons were involved only where the dispersion of
radioactive material extends into densely populated regions during
rainy weather conditions. The fact that in densely populated
urban areas a great deal of radioactive material will flow into
the sewers with the rainwater was not taken into account.

Emergency Operational Response Measures
in Areas D1 and D2

If the potential whole-body dose accumulated over 30 years
as a result of ground radiation is between 250 and 25 rad, this
value can be reduced to less than 25 rad in all areas by means
of a decontamination factor ~ 10. For this reason the study
group defined Area D1' which envelops Area C and is limited by
the whole-body ground-radiation 3D-year isodose line of 25 rad.
It was assumed that no population movements occur here and that
the inhabitants pursue their normal activities at all times.
Decontamination activities were postulated to go into effect in
all of Area D1 after only 30 days. The late fatalities to be
expected because of this delay and the remaining residual con
tamination, were taken into account.

The area surrounding Area D1 was termed D2. This area was
defined in accordance with the fact that the potential whole
body dose resulting from ground radiation and accumulated over
30 years is below 25 rad. The only measure that was considered
involves restrictions in the consumption of local agricUltural
products. For this area, expected late fatalities were also
taken into account.

EVALUATION

In spite of differing engineered plant features and differing
site conditions, the results of the German Risk Study are similar
to those of the Rasmussen Study. Considering the present state
of the art, however, the inherent significance of every risk
analysis is restricted. Due to the existing uncertainties, it
is not possible to provide precise risk calculations, but rather
only risk assessments.

The dependence of the German Risk Study on models becomes
clear in the investigation of event sequences associated with
radioactive releases. Models were used that describe core melt
down, radioactivity release, dispersion, and biological radiation
effects. The lack of detailed knowledge was compensated by sim
plifying and pessimistic assumptions, so as to cover the most
unfavorable case.

The accident sequence calculations carried out in the study
permit refined evaluation of the different accident parameters
that can decisively affect the scale of accident-related damage.
The knowledge that was acquired from the calculations can be
used for future emergency planning and preparedness programs.
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The study provides an idea of the period of time during which
operational response is necessary and possible.
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NOISE DIAGNOSIS - A METHOD FOR EARLY DETECTION OF FAILURES
IN A NUCLEAR PLANT

Hans-Fritz Brinckmann
Central Institute of Nuclear Research, GDR

During the past several years a large number of possible
failures in nuclear plants have been analyzed. As a result of
these investigations, new safety concepts have been developed
and implemented in nuclear plants--frequently without considera
tion of their costs. There is a need for such investigations to
pay more attention to methods for early detection of malfunctions;
such methods include computerized data processing and evaluation.
Until now failure analysis has had the character of a postmortem
procedure: in the framework of a given cause--consequence model,
a computer generally calculates the set of all causes {u} = U of
a perturbation that has occurred in a plant at time t s . This
operation is shown schematically in part (a) of Figure 1. If
the control process for the detection of failures is implemented
earlier in the time scale, at time t a rather than t s , to detect
an incipient failure, then we may speak of early perception of
malfunctions. This method involves the quasi-simultaneous
calculation of the possible set of consequences {f} = F associated
with the perturbation. This is shown in part (b) of Figure 1.

Noise diagnosis constitutes one method for early detection
of plant failures. The method is based on the fact that nearly
all undesired processes in a nuclear power plant make a mea
surable contribution to the noise portion of signals. Well
known examples of undesired processes in pressurized water
reactors include core-barrel movement, the vibration of control
elements, the appearance of loose parts in the coolant flow,
and the process of coolant boiling. Each of these processes
has been implicated in past nuclear plant failures.

In the German Democratic Republic (GDR) P. Liewers and his
colleagues have introduced noise analysis systems into the primary
circuit of WWER-440 pressurized water reactors (PWR) (Buttler et
aZ. 1977). The most progressive version (RAS-II) has become
a prototype for research and routine investigations. This

251
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diagnostic system allows the analysis of signals from about
120 detectors. Half of these are neutron flux detectors in
in-core and ex-core positions within the reactor. In addition,
piezoelectric detectors around the vessel measure accelerations
and pressure fluctuations; for instance, accelerations at the
top of the control rods are measured. The diagnostic system
also includes the use of piezoelectric detectors to observe
the main circulation pumps.

Of course the diagnostic system involves much more than
delivering a set of signals. Conventional measuring techniques
take only momentary averages into account; the noise portion (i.e.,
signal fluctuations in relation to the momentary averages, within
the limits of error) is not considered. The diagnostic system
under discussion here extracts useful information from noise
signals.

Figure 2 shows a scheme for the evaluation of noise signals.
Noise information from the different detectors with their preampli
fiers is transferred by cable to the central main amplifiers for
final signal conditioning. Programming units make it possible
to observe signals or a combination of signals and to test them
acoustically or visually in a display. The signals can be
evaluated with and without frequency limitations; they can also
be recorded on magnetic tape or transmitted to a process com-
puter for further analysis.

Well-known correlation methods, especially the spectral
power density concept, are used to analyze noise signals. Assump
tions about the transfer function of the process under considera
tion have to be introduced to evaluate the signal spectra model.
Parameters of the process can be investigated by fitting estimated
spectra to this mathematical model.

In the course of using the noise diagnosis system, two
shortcomings of its operation within a control system have
become evident. First, a specialist must be present to interpret
the noise information. Second, the advantage of detecting
suspicious situations early is partly lost because noise analysis
is performed off-line. Investigations have now been started for
monitoring selected disturbances to quickly provide initial
information to the operator.

The utility of noise diagnosis may be demonstrated by
the following example. The control elements of our PWRs are
capable of oscillating like a pendulum (Hennig and Grunwald
1978). Therefore neutron noise is composed of space-dependent
contributions from all moving elements. Through the application
of a special correlation technique to signals from the installed
noise instrumentation, it is possible to separate out the neutron
noise that is correlated with the movement of the control ele
ments under consideration. This is possible even when all the
elements are oscillating in a similar manner (Grabner et al.
1977). As shown in Figure 3, correlated neutron fluctuations
at different detector positions D can be directly determined as
an average function in a time domain. In the form of a Lissajous
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Figure 1. Time scales for accident analysis: (a) 'post
mortem analysis after the occurrence of an accident;
(b) early detection of malfunctions.

figure they give an instructive impression of the trajectory
of the center of gravity of the moving elements (Grunwald et al.
1978). However, this method is too complicated for continuous
monitoring.

Sound signals from the guide tubes of control elements are
better suited for a simple monitoring procedure. These signals
can be used to classify each element by degree of suspicion.
Using continuous monitoring, it has been possible to avoid put
ting control rods into a critical position, as well as to prolong
the time of operation. All rods are now controlled by a hardware
monitoring device.

Monitors for coolant pumps are currently being developed,
and monitors for loose parts are being tested. All monitors
are hybrid-type devices and contain the same parts, such as
passband filters, amplitude or sign discriminators, pulse
counters, shift registers for one-bit information, and computer
links. This is important for keeping the costs of monitors
low.

Before concluding this discussion, I should mention that
after an accident has occurred noise signals can supply crisis
management teams with valuable information about the conditions
of reactor components; this was shown during the Harrisburg
event. C.W. Mayo (1979) drew attention to this possibility in
a report presented to the 12th Informal Meeting on Reactor Noise
Analysis.

Of course, when a reactor is in a shutdown mode the spectra
of most noise detectors differ from those obtained during opera
tion. But investigations into these differences, for instance
in the case of in-core detectors, can provide important core

PRE 14 _ Fl
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status information. The usual noise diagnostic methods can
also be successfully applied in a shutdown situation if noise
spectra describing normal behavior are available for comparison.
In the case of the TMI-2 accident, observation of the bubble
volume in the upper part of the reactor vessel was of particular
interest; calculations concerning the behavior of the bubble
and its eventual disappearance could be confirmed by observed
changes in the pressure noise.

These examples show that noise diagnosis can become an
important method for early detection of malfunctions in nuclear
power plant operation. Noise signals can also be important for
obtaining information on the status of the plant after the
occurrence of an accident.
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