
CHERNOBYL 
and die 

safetyof nuclear 
reactors 

IN OECD COUNTRIES 

NUCLEAR ENERGY AGENCY 

PARIS 1987 



CHERMWL 
and (he 

safet j of nuclear 
reactors 

WOECD COUNTRIES 

Report by an NEA Group of Experts 

NUCLEAR ENERGY AGENCY 
ORGANISATION FOR ECONOMIC CO-OPFRATION AND DEVELOPMENT 



Pursuant to article I of the Convention signed in Paris on 14th December. I960, and which 
came into force on 30th September, 1961, the Organisation for F.conomic Co-operatbn and 
Development (OECD) shall promote policies designed: 

- to achieve the highest sustainable economic growth and employment and a rising 
standard of living in Member countries, while maintaining financial stability, and thus to 
contribute to the development of the world economy; 

- to contribute to sound economic expansion in Member as well as non-member countries 
in the process of economic development: and 

- to contribute to the expansion of world trade on a multilateral, non-discriminatory basis 
in accordance with international obligations. 

The original Member countries of the OECD are Austria, Belgium. Canada, Denmark, 
France, the Federal Republic of Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the 
Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, the United Kingdom 
and the United States. The following countries became Members subsequently through 
accession at the dates indicated hereafter: Japan (28th April. 1964). Finland (28th January. 
1969), Australia (7th June. 1971) and New Zealand (29th May. 1973). 

The Socialist Federal Republic of Yugoslavia takes part in some of the work of the OF.CD 
(agreement of 28th October, 1961). 

The OECD Nuclear Energy Agency (NEA) was established on 20th April 1972. replacing 
OECD's European Nuclear Energy Agency (ENEA) on the adhesion of Japan as a full 
Member. 

SEA now groups all the European Member countries ofOECf) and Australia. Canada. Japan, 
and the United States. The Commission of the European Communities takes part in the work of 
the Agency. 

The primary objectives of ME A are to promote co-operation between its Member governments 
on the safety and regulatory aspects of nuclear development, and on assessing the future role of 
nuclear energy as a contributor to economic progress. 

This is achieved by: 
- encouraging harmonisation of governments' regulatory policies and practices in the 

nuclear field, with particular reference to the safety of nuclear installations, protection of 
man against ionising radiation and preservation of the environment, radioactive waste 
management, and nuclear third party liability and insurance; 

- keeping under review the technical and economic characteristics of nuclear power growth 
and of the nuclear fuel cycle, and assessing demand and supply for the different phases of 
the nuclear fuel cycle and the potential future contribution of nuclear power to overall 
energy demand; 

- developing exchanges of scientific and technical information on nuclear energy, particu
larly through participation in common services; 
setting up international research and development programmes and undertakings jointly 
organised and operated by OECD countries. 

In these and related tasks. NEA works in close collaboration with the International Atomic 
Energy Agency in Vienna, with which it has concluded a C o-operation Agreement, as well as with 
other international organisations in the nuclear field. 

Puhlie en ffantan win le litre 

TCHERNOBYL 
ET '.A SURETE DES R E A C T E U R S NIK I.EAIRES 

DANS If S PAYS DE l.'OCDE 

© OF.CD, 1987 
Application for permission to reproduce or translate 

a\\ or part of this publication should be made to: 
Head of Publications Service, OFX'I) 

2. rue Andre-Pascal, 75775 PARIS CF.DFX 16. France. 



FOREWORD 

Following the Chernobyl reactor accident, the NEA Committee on the 
Safety of Nuclear Installations (CSNI) met on 9th May and on 27th June 1986 to 
disci ss the possib.e impact of the accident on OECD countries. An ad hoc Group of 
Expets was askr d to prepare a report on the following aspects: 

- The identification of important information needed from the USSR in 
order :o make a full assessment of the accident; 

- A briet description of RBMK reactors and their safety characteristics, 
and an explanation of the combination of factors which are believed to 
have flayed a role in the accident; 

- An examination of RBMK reactors in the light of the safety philosophy 
appl.ari to reactors in OECD countries to iosntrty information useful for 
understanding and evaluating measures tak.*..-" in the USSR to upgrade 
the ^afsty of existing and future RBMK?; 

- A surr-nary of the improvements mad-} to repctor safety in OECD 
coun-. .as, notably since the TMI-2 accident. 

The repoi sresents the common views of the OECO Membei countries as to 
the causes of the ace'dent, the questions which still reed clarification, the planned 
measures in the USSR to improve the safety of RBMK reactors and the implications 
for reactor safety in OECD countries. The report also describes t!ie differences 
between the sit ration surrounding the Chernobyl accident — the reactor concept, 
design and safety systems, operator training and plant management — and the 
situation in OECD Viembar countries. 

The report rakes into account information made available oy the USSR at 
the Chernobyl Post-Accidont Review Meeting (held in August 1986) and the results 
of the analysis prepared for the International Nuclear Safety Advisory Group 
(INSAG) of the International Atomic Energy Agency OAEA). Thus, for a description of 
RBMK reactors, reference :s made to documentation provided by the USSR on this 
occasion. 

The conteius of the report reflect the emphasis put on water-cooled 
reactors in the current CSNI programme of work. However, the conclusions 
generally appear applicable to all types of commercial nue'ear power plants in the 
OECD countries. 

The experts who prepared this report are listed at the end. The Group met in 
October and November 1986, and in February 1987. 
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EXECUTIVE SUMMARY 

The main conclusion emerging from this report is that the Chernobyl 
accident has not brought to light any new, previously unknown phenomena or safety 
issues that are not resolved or otherwise covered by current reactor safety 
programmes for commercial power reactors in OECD Member countries. This fact, 
taken together with design and operation differences between the Chernobyl plant 
and commercial nuclear power plants in OECD countries, leads to the conclusion 
that no immediate modifications or regulatory actions are considered necessary as a 
consequence of the Chernobyl accident. 

Nevertheless, whenever a reactor accident as serious as Chernobyl occurs, 
it is prudent to make an appraisal of current safety programmes, for example to 
evaluate the possible need for further verification studies or some shift in emphasis 
between various technical areas. The report identifies a number of candidate areas 
for such an appraisal, noting that their relative importance may vary among OECD 
countries, due to differences in such areas as reactor design or national regulatory 
practices. 

A more detailed summary of the findings and conclusions of the various 
chapteis follows. A glossary of terms is provided at the end of the report. 

The conclusion of Chapter 1, Analyses of the Chernobyl-4 Accident and 
Remaining Questions, is that the physical events which the Soviets believe caused 
the accident are plausible. The general scenario presented by the USSR has been 
confirmed by independent analyses performed in Canada, Finland, the Federal 
Republic of Germany, Italy, Japan, and the United States. Basically the reactor was 
operating in an unstable condition with the following characteristics: 

- A large positive void coefficient of reactivity; 
- A slow control system response; 
- An extreme sensitivity to changes in pressure and steam flow; 
- A scram system with control rods positioned so that, before power 

reduction could begin from the scram, some positive reactivity would 
first be inserted. 

A number of events causing a perturbation to the core reactivity may have 
initiated the power excursion. A deeper understanding of what directly triggered the 
overpower transient will require additional information from the Soviet Union. 
Nevertheless, the analyses performed in OECD countries confirm the plausibility of 
the explanation given in the Soviet report. According to the latter, the sequence of 
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events which led to the initial power surge was most likely the coasting down of four 
main coolant pumps and the resultant reduction of flow rate of the coolant in the 
core, which, in turn, caused the mechanics and energetics of the accident to 
proceed. Control rod motion appears to be a likely trigger of the final power 
excursion. 

From the analysis made in Chapter 2, RBMK Safety Features and the 
Chernobyl Accident — Comparison with Commercial Power Reactors in OECD 
Countries, it would appear that the characteristics of the RBMK reactor were well 
understood and Soviet designers had produced a design which they considered 
capable of providing protection against the events which had been considered in the 
design basis. However, the design of the RBMK was potentially dangerous-
notably the combination of a positive void coefficient with the characteristics of the 
reactor control system mentioned above - and was, in that sense, deficient. The 
required depth of understanding of potential risks was clearly not possessed by the 
operators carrying out an experiment during the night of the accident. This 
deficiency may well have been symptomatic of a more general weakness in the 
safety management structure. 

The design of the engineered safety features was sound in principle for the 
design basis accidents - failure of a single pressure tube within the reactor, or of a 
large steam pipe outside the reactor - and for the allowable range of operating 
conditions. However, it appears that insufficient accident analyses were performed 
to develop the design of the shutdown system to enhance its capability to 
compensate for failures elsewhere in the safety structure, such as the possibility 
that operating rules would be grossly breached. Another ser

 IOUS design deficiency 
was the ease with which operators could by-pass engineered safety features. 
Furthermore, the containment design left limited margin for loads which exceed the 
design basis events; the ability of the containment to limit the release of radioactive 
materials into the environment during a severe core damage accident was poor. 

With regard to ensuring compliance of operators with operating instruc
tions, it is difficult to evaluate without much more detailed knowledge of written 
procedures and administrative structure. The Soviet report to the Chernobyl 
Post-Accident Review Meeting states in particular that, although Soviet safety 
criteria do not seem significantly different from those in OECD Member countries, 
their practical implementation needs to be reviewed. 

Chapter 3, a Discussion of Measures to Improve the Safety of RBMK Type 
Reactors, concluded that the technical measures identified by the Soviets in the 
aftermath of the Chernobyl accident to improve the safety of RBMK reactors will 
provide a much needed increase in stability and control of these reactors to the 
detriment of neutron economy and possibly the severity of certain hypothetical 
transients. However, in the absence of more detailed information, it is not possible 
to make quantitative judgments regarding their effectiveness. 

In addition to a new analysis of design basis accidents, a Probabilistic Risk 
Analysis is needed to ensure the reduction of all high risk accidents to acceptably 
low probabilities. Collaborative efforts on an international scale are especially 
encouraged in this area. 
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Ultimately, it is the implementation of increased technical discipline and 
quality of operation, as well as a general improvement of the Soviet safety 
organisation, which will determine the safety of the RBMK reactors. Indeed, even 
with the technical improvements implemented to their optimum effectiveness, the 
safe operation of these reactors remains dependent on the quality of operations and 
hence on the underlying quality of the nuclear safety culture in the USSR. 

Chapter 4 describes Developments in Reactor Safety in OECD Member 
Countries Over the Last Decade. The quest for nuclear safety in OECD countries in 
the last decade has been marked by constant and strenuous efforts to learn from 
actual experience — in addition to the study of postulated hypothetical events — and 
to extract as much information as possible from normal operation, abnormal 
occurrences, incidents, and accidents. The objective is twofold: to improve the 
operation of nuclear reactors and their safety and to avoid the repetition of 
conditions likely to turn into dangerous situations. 

In order to put into perspective the analysis of the Chernobyl accident and 
the applicability of any lessons learned to commercial power reactors in OECD 
Member countries, Chapter 4 briefly summarises the analysis of the Three Mile 
island-2 accident and safety improvements made in response to that analysis, as 
well as the response to operating experience and the results of safety research. It is 
apparent that the principal lessons which can be drawn from the Chernobyl 
accident— in the areas of reactor design and operation, operating procedures, 
operator training, exchange of operating experience, plant management, contain
ment philosophy, emergency response- have already been learned by OECD 
countries several years ago, and that that knowledge has in general been 
implemented in commercial power reactors in OECD countries. 

Chapter 5, Evaluation of Issues Raised by the Chernobyl Accident, 
concludes that no new information or phenomena have been brought to light which 
would have immediate impact on commercial nuclear power reactors in OECD 
countries. However, after a cursory review, a number of technical areas were 
identified which could not be immediately dismissed as non-relevant. A list of these 
issues, along with a brief evaluation and conclusion, is given below: 

a) Regarding reactor operations: 

- Requirements in place in OECD countries are adequate to assure that 
operating activities will be performed in accordance with approved 
written procedures; 

- OECD countries have appropriate administrative controls and review 
requirements governing conduct of tests or other operations affecting 
safety; 

- Effective administrative controls are in place in OECD countries to 
ensure that improper by-passing of safety systems is remote; 

- Requirements are in place in OECD countries to ensure that engineered 
safety features are available. Some work to improve these requirements 
during low power or shutdown conditions is in progress in some OECD 
countries; 

9 



- As a result of the TMI accident, many OECD countries have required 
new symptom-based emergency operating procedures to be developed 
to cover situations beyond the design basis. Moreover, much effort is 
spent on developing training programmes, including simulator training 
to provide operators with a thorough understanding of reactor 
behaviour during abnormal conditions; this represents a substantial 
enhancement of safety, and efforts to complete implementation should 
proceed; 

- Current programmes in place in OECD countries, combined with 
ongoing industry initiatives, provide the proper environment for 
maintaining good attitudes towards safety; 

- Management systems in place in OECD countries are generally 
adequate; where applicable, further evaluation should be made to 
determine if additional requirements are needed, including a dedicated 
on-site nuclear safety manager; 

- Timely execution of ongoing programmes will provide assurance that 
plants can cope with postulated severe accidents; 

Regarding reactor design: 

- Within standard review areas, water-cooled reactors in OECD countries 
are far removed from potentially destructive energy levels as a result of 
reactivity excursions; further examination of very low probability events 
which exceed the design basis is recommended where applicable; 

- Although no specific safety problems have been identified a systematic 
re-evaluation of accident initiators at low power and during shutdown 
should be undertaken; while administrative requirements could result, 
no design changes are expected; 

- All necessary actions needed to bring an undamaged unit at a multiple 
unit site to a safe shutdown condition can be taken by operators; further 
study on unit inter-connections, especially with regard to long term 
accident management, should be pursued as necessary; 

- Fire-fighting measures in OECD countries generally are acceptable and 
adequate; some countries may conclude it is necessary to examine 
certain aspects of current fire protection practices based on unique 
considerations associated with their plants; in particular, fire-fighting 
under severe accident conditions may merit further study; 

- For commercial power reactors in OECD countries the design philos
ophy has always been to automate important safety functions to the 
greatest extent practicable; there are also numerous interlocks which 
are difficult to by-pass without tripping the reactor if operation in 
violation of technical specifications is attempted. This design philos
ophy serves to make reactors in OECD countries more resistant to 
operator interference, both accidental and deliberate, the operator's 
role being more to check that the automatic systems are responding 
properly and to take corrective actions whenever necessary; 
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c) Regarding containment: 

Research programmes and regulatory initiatives to address contain
ment performance in severe accidents were in progress in several OECD 
countries at the time of the Chernobyl accident. Generic vulnerabilities 
have been identified for some types of containments, and some 
detailed, plant-specific containment assessments have been made; 
however, new programmes or initiatives are not needed as a result of 
Chernobyl; 
Additional mitigation features designed to limit the off-site conse
quences of core melt accidents are being considered or are already 
installed in several OECD countries; 

d) Regarding severe accident phenomena: 

— No new phenomena concerning the prediction of severe accident source 
terms for OECD country reactors were observed from the Chernobyl 
accident. A number of areas considered important to fully understand 
the Chernobyl source term have been identified and should be 
recognised in ongoing source term research; 

— The Chernobyl accident has little relevance to the current treatment of 
steam explosions in OECD countries; reactivity-driven steam explosions 
may warrant further consideration based on evaluations of very low 
probability events which exceed the design basis; 

— Conditions which existed during the Chernobyl accident may have 
caused the generation of large amounts of combustible gases; however, 
these gases were not generated by any new or different mechanisms. 
Current regulatory positions and research on combustible gas phenome
na, in conjunction with the study of severe accidents, are adequate for 
addressing this issue in OECD country reactors. 

It must be noted that these evaluations are considered generally applicable 
to all OECD Member countries. However, because of detailed differences in 
respective regulatory policies and practices, as well as differences in details of 
reactor designs, these conclusions must of course be validated or modified by each 
country. 

In general, it has been concluded that most of the candidate areas of 
interest either have been previously resolved or do not warrant further actions 
beyond current programmes already in place, but a few areas have been identified in 
which further examination appears warranted. No safety concerns have been 
identified for these areas. 
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Chapter 1 

ANALYSES OF THE CHERNOBYL-4 ACCIDENT 
A N D REMAINING QUESTIONS 

INTRODUCTION 

Following the Chernobyl-4 accident on 26th April 1986, the Soviet Union 
committed to provide the world community details of the accident and its 
consequences. During the week of 25th-29th August 1986, members of the 
International Atomic Energy Agency met in Vienna for a post accident review. The 
Soviet Union was forthcoming in many areas and provided considerable details 
together with a written report (Reference 1). This response provided an improved 
understanding of the events prior to, during, and following the accident, of the 
Soviet Union's analysis of the accident, and of the plans for identified actions 
planned to increase the safety of the RBMK type reactors. 

The combination of information provided by the Soviet Union at the post 
accident review meeting and information previously published concerning the RBMK 
allowed analyses to be done of the accident. Hcwever, these analyses were 
constrained by the lack of information concerning some key technical parameters of 
the plant at the time of the accident and specific plant details. For example, the 
Soviet report did not provide sufficient information concerning the control system 
and control rod design thus faring reliance on previously published generic 
information, and information concerning details such as the fuel loading and flow 
orificing at the time of the accident was not provided. 

The common objective of those analysing the accident has been to obtain 
an understanding of the details and likely causes of the accident for the purposes of 
confirming that the Soviet analysis is plausible and that no new phenomena were 
involved. These analyses have also been useful in understanding the effectiveness of 
the actions identified by the Soviet Union to improve the safety of RBMK reactors. 
The results of these analyses are reported in this chapter. 

Following the Vienna meeting, the IAEA's International Nuclear Safety 
Advisory Group (INSAG) prepared a report for the IAEA Board of Governors 
(Reference 2) on the proceedings and conclusions of that meeting. This report 
identified questions for which answers might be developed if certain measurements 
and analyses were made available. In this chapter we also discuss the questions 
identified in Reference 2 plus a number of more specific questions which arose from 
the analyses reported by OECD countries. 
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I. ANALYSIS OF THE CHERNOBYL ACCIDENT 

1.1. A U.S. analysis, conducted by the Department of Energy (DOE), with the 
participation of Argonne National Laboratory, Brookhaven National Laboratory, Oak 
Ridge National Laboratory, and Pacific Northwest Laboratory, has studied the 
details of the causes and sequence of the accident, assessed the plausibility and 
completeness of the information provided by the Soviet Union, and assessed the 
adequacy of the planned fixes identified by the Soviet Union. The results of these 
analyses have been provided in a workshop (Reference 3) and in presentations 
conducted by the U.S. DOE Analysis Team, in a preliminary draft report issued for 
comment on 16th October 1986 (Reference 4), and in a Report on the U.S. DOE 
Analysis Effort issued on 16th November 1986 (Reference 5). 

A study of Figure 4 of Reference 1 (Figure 1 of this chapter) by the United 
States team revealed apparent inconsistencies between the legend and the data for 
curves C (steam drum pressure), M (steam mass flow), 0 (steam mass quality at core 
outlet, per cent), and P (steam volume quality, intended to mean core average void 
fraction). At 01:23:07, 3 seconds following closure of the turbine-8 stop valve and 
the beginning of the experiment (the chronology of the accident is given in an 
appendix to this report), curves M, O, and P decrease as expected, with M 
decreasing to zero. Since C (pressure) does not increase rapidly and continuously, 
there must continue to be a steam flow and thus M cannot represent the reactor 
steam mass flow (it may be the flow to the turbine). At 01:23:20, P begins to rise 
while 0 inconsistently continues to decrease and then become constant. Since the 
rise in P is consistent with a decreasing core coolant flow (as the 4 pumps powered 
by Turbine-Generator 8 run down), it appears that 0 represents steam mass flow 
from the reactor, and that this steam is not flowing to the turbine. The U.S. analysis 
assumes these changes to Figure 4 of Reference 1 (Figure 1 of this chapter). 

The MINET and CRAS-1 codes were used to model the accident until fuel 
failure occurred. These are based on point kinetics, single channel, homogeneous 
equilibrium models. MINET uses a full system representation and thus provides time 
frame related results. CRAS-1 uses more boundary conditions and thus facilitates 
parametric and sensitivity analysis. As explained by the Soviets, the conditions 
which prevailed at this time [very high flow, low power (hence low void) and a build 
up in the xenon content of the fuel] were unstable because the void coefficient was 
large and the potential for void increase was at its maximum (from near zero, to 
100 per cent). Hence the reactor power reached high values before it could be 
turned around by the Doppler effect in the fuel. 

These conditions were verified by the U.S. analysis, and when, at 01:23:04 
the Turbine 8 stop-valve was closed, the Soviet predictions of pressure, voiding, 
power, and control rod movement were confirmed. At 01:23:40, however, when 
scram was initiated, the Soviet prediction of the power excursion was only 
reproducible when due consideration was given to the design and position of the 
scran rods. 

When an RBMK control rod is fully withdrawn, a five meter long graphite 
follower is axially centered in the seven meter core region of the control rod channel. 
The purpose of the follower is to reduce neutron absorption by displacing the water 
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coolant. However, due to the follower being shorter than the core, the bottom one 
meter of the channel is completely filled with water. When the rod is inserted, the 
graphite follower displaces the water in this one meter region. Since the water acts 
as a neutron absorber, its displacement causes a decrease in neutron absorption and 
a corresponding power increase. Due to the large loosely coupled nature of the core 
and the downward distortion of the neutron flux distribution at the time of the 
accident, the control rod section inserted at the top of the core did not affect the 
power increase in the bottom of the core. 

Operator actions had placed the reactor in an unstable configuration prior to 
tne explosion. The void coefficient was at its highest positive value, the void fraction 
change with power increase was much larger than normal, and the reactor power 
was slowly increasing. Thus, any action resulting in additional power increase could 
trigger a power excursion. 

While several possible mechanisms existed for increasing the power, 
control rod motion appears to be the most probable. Indeed, the Soviets themselves 
believe that the control rods were the trigger for the explosion. This conclusion is 
supported by the following information. One of the fixes proposed by the Soviets is 
to limit control rod withdrawal such that fully withdrawn rods remain inserted 
1.2 meters into the core. One of the two benefits is... fo eliminate the possibility of a 
continuing increase in the multiplying characteristics of the core in its lower part as 
the rods move down from the upper stops (from page 24 of Reference 1). During a 
visit to Moscow by officials of the American Nuclear Society, the Soviets stated that 
they estimated that this phenomenon caused a $ 2 insertion of reactivity during the 
accident. 

A study of the Soviet mathematical model of the accident shows an 
external reactivity ramp of 1.5 mk/second was inserted in their model immediately 
after the scram was initiated. The magnitude of this reactivity ramp agrees with the 
U.S. calculations which show that if all rods are fully withdrawn, the positive 
reactivity increase in the lower core region due to the water displacement is 
approximately 1-2 mk/second during the first three seconds of the twenty second 
scram time. This calculation does not include the negative reactivity effect 
associated with the control rod insertion in the upper part of the core which globally 
combines to a net overall reactivity effect of approximately zero during the first one 
meter of rod insertion. The purpose of using a positive 1.5 mk/second ramp is to 
allow simulation of local effects using a point kinetics model of the core. 

Adding this 1.5mk/second external ramp to the MINET analysis causes the 
calculated reactivity, shown in Figure 2, to be in close agreement with that 
presented by the Soviets. However, the calculated power peaks do not agree with 
the Soviet values (see Figure 3). They are different in both magnitude and time of 
occurrence. The MINET peaks are larger by a factor of four and occur approximately 
two seconds earlier. The differences in magnitude may be the result of an error in the 
scale factor shown in the Soviet power plot. The timing difference may result from 
using different neutron lifetimes and delayed neutron fractions. 

To obtain the Soviet time response it was necessary for either the prompt 
neutron lifetime to be increased by a factor of 3, or the delayed neutron fraction to 
be increased by a factor of 1.4, or some intermediate combination of these values. 

15 



Since the values of both the delayed neutron fraction and the prompt neutron 
lifetime are known with confidence it therefore appears unreasonable to assume 
such an error in the Soviet analysis and the discrepancy is best explained by 
assuming a combination of discrepancies in plotting the appropriate curves on 
Figure 1, and in reporting the scales. The U.S. analysis indicates that the power 
pulse would have been larger and faster than the Soviets reported: the higher 
powered channels disrupted initially, and the resulting voiding led to an additional 
reactivity insertion and an increase in the magnitude of the power pulse. Thus in the 
actual event the first burst probably led quickly but progressively to a second larger 
burst, rather than the distinct double-burst behaviour calculated by the Soviets. 

The analysis also considered the energetics of the accident. Using the 
FPIN-II fuel mechanics code, it is estimated that fuel failures occurred following 
control pin melting. The fuel coolant heat transfer, channel pressurisation by steam 
formation and coolant expulsion rates were calculated using the EPIC code. Because 
of the inertia of the upward coolant flow and the check valves at the inlet headers, it 
was assumed that this expansion occurred upward, accelerating a slug of water to a 
velocity of 40 to 60 m/s towards the end cap of each fuel channel. Here, the 
hammer-induced stress in the channel walls was calculated by the ALICE 
fluid-structure interaction code to exceed the ultimate strength by a factor of at least 
3. As a result, many channels would rupture in the reactor vault. The resulting 
release of high pressure steam into the reactor vault exceeded the single channel 
design basis of the pressure relief system. Thus, the vault is believed to have failed 
by raising the massive shield that formed its upper surface. This movement either 
severed or lifted all pressure tubes, control rods, and fuel strings and there was a 
violent ejection of steam, fission products, and core debris. 

In conclusion, this analysis demonstrates that the accident could have been 
the result of a sudden steam production caused by the explosion of fue! into the fuel 
channels in a finely divided particulate form. Such an intense pressure pulse in the 
case of a severe reactivity accident is well documented since the SPERT and similar 
experiments. The fine fuel subdivision and the coherence of its mixing with water 
produce an explosive effect which is totally different from that expected during the 
release of molten fuel into a pool of water. Thus, the negligible probability usually 
assigned to a steam explosion in the case of a meltdown is not brought into question 
by the Chernobyl event. Also, it is highly unlikely that a hydrogen explosion was 
influential in the primary destruction, although hydrogen was a byproduct of the 
accident and upon gaining access to oxygen it may have burned or exploded 
later. 

1.2. The Federal Republic of Germany (FRG) has air reported results of some 
analyses (Reference 6). Using the initial conditions at 01:23:04 described in 
Reference 1, the effect of core flow and pressure perturbations were studied. The 
core power was found to be mce sensitive to pressure reductions than to the flow 
reduction which began with the closure of the turbine stop valve; a pressure 
reduction of 8.5 bar would cause a reactivity insertion of more than $1 due to the 
positive void reactivity coefficient. However, the lack of response to questions 
presented to the Soviets at Vienna regarding variations in plant conditions makes it 
difficult to draw any more definitive conclusions. The Federal Republic of Germany 
report concludes that the accident was not only caused by operator errors and 
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violation of regulations and procedures, but also by weaknesses in plant 
characteristics and design deficiencies. 

1.3. Italy has used 27 neutron groups in the WIMS D code and found good 
agreement with the Soviet void reactivity coefficient. Next they used the TILT code, 
which was developed for the pressure tube reactor, CIRENE, and which is a point 
kinetics code (Reference 7). The Chernobyl cooling circuit was modelled and it was 
found that the first power pulse at 01:23:44 agreed rather well. Assuming an 
initially positive reactivity insertion at scram, the effect of a typical OECD reactor rod 
insertion of 2 to 3 seconds, was examined, and it was found that the manual scram 
which began at 01:23:40 would have safely terminated the accident if such a scram 
system had been installed. Italy is continuing to perform sensitivity studies for those 
parameters affecting the power excursion. 

Italy has also considered the structural response of the graphite pile to a 
rupture in a pressure tube located in the pile. They conclude that the lateral forces 
developed are likely to propagate to neighbouring pressure tubes in sufficient 
strength that those pressure tubes are likely to rupture, thus propagating ruptures 
throughout the core - a concern raised by the United Kingdom in its study of the 
RBMK several years ago. The initiating mechanism in this case could be a weakness 
in a pressure tube caused by a metallurgical phenomenon or by fuel-pressure tube 
contact. 

1.4. In an analysis performed by Sweden, it was found that to predict the large 
power pulse reported by the Soviets a rapid void change of about 50 per cent was 
necessary in the lower region of the core. Since the inlet coolant was close to 
saturation temperature, Sweden conjectures that the pumps cavitated and either 
injected the resultant vapour into the bottom of the core, or vapour-locked the flow 
of liquid water to the channels. The resultant power pulse could deposit sufficient 
energy in the fuel to cause it to explode in particulate forms into slugs of water 
delivered by the cavitating pumps, and as described above cause a sudden steam 
production and consequent rupture of pressure tubes. 

1.5. An analysis by Japan agreed with the conclusion that the Soviet analysis 
represented a plausible explanation, although it was not possible to corroborate the 
exact sequence because of lack of detailed information. 

1.6. Finnish results indicate that the void coefficient calculated for an RBMK 
reactor is very sensitive to the gr^jp structure usftd in the channel cell calculation, 
but calculations with 29 or more groups give an increase in reactivity of 1.5 to 
2 dollars when the void content increases from 0 to 40 per cent, in reasonable 
agreement with the Soviet results. The contribution of the graphite followers would 
add to this increase, while passing through the peak flux region, and would offset 
the tendency of the power burst to shift upwards to the region of high void 
increase. 

The Finnish calculations also showed the importance of including axial 
phenomena because the reactivity effect of local voiding can be 40 per cent larger 
than the effect of average voiding. 

1.7. Canada has performed a multidimensional analysis in collaboration with the 
Electric Power Research Institute, which identified a likely mechanism for producing 
the positive reactivity at the moment of control rod scram. 
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The neutronic model included the distribution of fuel burnup prior to the 
accident. This distribution was based on fuel management schemes described in the 
Soviet literature. The void reactivity coefficient was space and time dependent 
because of the effect of fuel bumup and coolant density on void feedback reactivity. 
The fuel temperature coefficient was space and time dependent because of its 
dependence on fuel temperature. The pre-accident xenon 135 distribution was 
included. The coolant circuit model consisted of an inlet header, twelve represen
tative fuel channels and the steam drum. Transient boundary conditions were 
applied based on the simulation reported by the Soviets. These consisted of 
decreasing the inlet header pressure while keeping the drum pressure constant, and 
increasing the inlet header temperature in order to produce coolant flow rundown 
and core void increase that the Soviets predicted for the time period of 01:23:04 to 
01:23:40. 

The results show that the pre-accident fuel burnup distribution and the 
design and operating characteristics of the emergency shutdown rods may be major 
determinants of the size and shape of the power pulse. This would be especially so in 
the absence of axial flux shaping rods. The axial flux profile was asymmetric, with 
the water in the lower regions of the absorber rods located in a region of high 
neutron flux. Following scram, 5.7 mk was inserted due to the displacement of this 
water. This conclusion is supported by the recent Soviet statement that they now 
intend to limit the position of the short neutron absorbers to no less than 50 cm into 
the core, as measured from the bottom. 

The dependence of the void reactivity coefficient on coolant density and on 
fuel burnup may have produced less feedback reactivity due to void formation than 
indicated by the Soviet simulation. Since the fuel temperature coefficient decreases 
with temperature more negative feedback reactivity appears during the early part of 
the transient, particularly following dryout of the fuel. This would reduce the rate of 
void formation during the early part of the transient and thereby reduce the peak 
system reactivity that appeared during the transient. Even with the mitigating 
influence of lower void reactivity and more negative feedback during the early part of 
the transient, the size of the pulse obtained is not significantly less than that given in 
the Soviet simulation. Energy input into the fuel exceeds the threshold for fuel 
breakup and perhaps fuel vaporisation over large segments of the reactor core. 
Energy production is concentrated towards the bottom of the core during the early 
part of the transient. Subsequently, void formation in the mid-axial region where the 
fuel bumup is high, results in a more rapid appearance of void reactivity. This 
reactivity redistribution leads to a redistribution of the axial neutron flux shape. In 
the radial plane, voiding is more rapid in the central fuel channels, which are hotter 
as determined by the pre-accident power distribution. In general, the transient 
redistribution of power indicates that fuel breakup may have occurred first towards 
the lower end of the central channels. 

Breakup of the fuel and its subsequent distribution into the graphite 
moderator might have been the mechanism that terminated the accident. The 
variation of lattice reactivity during fuel breakup and fuel movement towards the 
graphite show an initial reactivity increase due to flux redistribution in the lattice cell. 
Immediately following, there is an indication of a sharp reactivity decrease due to an 
increase in resonance absorption due to partial homogenisation of the fuel with the 
graphite. 
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A simulation of the transient in the absence of the 5.7 mk insertion due to 
scram was also carried out. It indicated that the initial transient would be much 
slower, and that a shutdown system of modest capability would have prevented the 
accident. 

The most significant result of this study is the identification of the 
mechanism by which the emergency shutdown system may have exacerbated the 
accident by influencing the rate of void formation and production of positive 
feedback reactivity. However, this result has to be considered tentative until the 
pre-accident fuel burnup distribution and the configuration of the emergency 
shutdown system can be confirmed. 

H. REMAINING QUESTIONS 

The Soviets identified planned changes in design, operation, and adminis
trative features of the RBMK to reduce its vulnerability to accidents of the type 
suffered by ChemobyM. While INSAG recognised these changes as beneficial 
(p. 30)* , questions remained as to how significant these changes are and by how 
much the overall vulnerability had been decreased. This issue requires considerable 
analysis and is of such importance that it is discussed separately in Chapter 3. 

Analysis of the material now remaining in the core volume might provide 
information relevant to the phenomena and sequence of events after the power 
surge and during the aerosol and fission product releases which occurred especially 
during the 10 days following the accident (p. 30). While such information might be 
of general scientific interest, it may not be relevant to source terms from non-RBMK 
reactors. This is because of fundamental differences in plant features and because of 
the manner in which a non-RBMK reactor accident is expected to proceed. A 
non-RBMK severe accident is expected to proceed ir. the direction of core melt and 
fission product volatilisation, while the early release from Chernobyl-4 was due to 
fuel explosion and fragmentation. However, the later stages of the release were the 
result of a long term heatup and might therefore be relevant to the source term from 
certain OECD Member country reactors. 

An improved understanding of the management and operator actions would 
facilitate evaluations of the numerous rule and procedural violations involved in the 
accident (p. 69). This requires additional details concerning the existing piant 
procedures, organisational responsibilities, as well as the means to violate rules and 
bypass safety systems. Likewise, the question of associated management and 
operator actions prior to the accident (p. 69) requires information on these matters 
from the Soviets. 

Related to the issue of management and operator errors is the fact that the 
Soviets reported that neither operation at low power nor at such high coolant flow 
rate are normally permitted. However, there is no evidence of a scram signal to avoid 
these conditions, and no evidence of safety analyses having been performed using 

* Page numbers given in parentheeie refer to the INSAG report (Reference 2). 
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these as initial conditions. These specific questions were raised separately from the 
INSAG report (Reference 2) by the Federal Republic of Germany {Reference 6). 

The INSAG report included the question, How would the containments of 
existing and future nuclear power plants perform during such an event (p. 70) ? This 
is difficult to assess in view of the sequence of events being so specific to the RBMK 
design. It may be, as the Soviet experts believe, that no containment building could 
have withstood the mechanical effects of such an accident. Nevertheless analyses 
of hypothetical severe accident sequences typical for the light-water reactors in 
OECD countries show that most of the reactor 'xmtainments have a high capability 
to withstand the loadings caused by such severe accident sequences. 

In what terms is the operational reactivity margin expressed to RBMK 
operators (p. 70) ? INSAG calls on the Soviets to provide a more detailed description 
of the present system including the manner of calculations and its display. 
Presumably a more logical means could be developed and incorporated into a special 
safety parameter display system mentioned in the INSAG report and by various 
experts at the Vienna meeting. 

Data on the chemical and physical forms of radionuclides produced by the 
accident and released from the core while not relevant to non-RBMK type reactors 
would be of scientific interest to the study of severe fuel damage and source term 
(p. 71). The INSAG report calls on the Soviets and others to exchange these data 
and for this new resource to be integrated into the relevant international research 
programmes. 

In the Soviet report to the IAEA, reference is made to an incident at the 
Kursk station relevant to the events leading to the Chernobyl accident. The INSAG 
report suggests that this and other unexpected transients where reactivity 
coefficients played a role would be useful in analysing the Chernobyl accident, and 
calls on the Soviets to share in the study of this information (p. 72). 

A most significant question addressed by the INSAG report is the 
understanding of the cause of the accident. In their report to the IAEA, the Soviets 
provided a point kinetics analysis which others have attempted to confirm as 
described above in Section I. All these attempts agree wkh the INSAG report in its 
conclusion that the Soviet analysis represents a plausible explanation, although it 
was not possible to corroborate the exact sequence and levels of the power surges. 
The following discussion summarises the problems encountered in these analyses 
and the information needed to resolve these problems. 

The U.S. analysis concluded that some of the information provided by the 
Soviets in Figure 4 is incorrect, and that details of the rate and extent of the power 
rise after 01:23:40 cannot be corroborated. The accident sequence is very sensitive 
to pressure and steam flow from the system; if the Soviets have additional 
information on pressure and steam flow from the system, its availability could 
improve the ability to analyse this important aspect of the accident. 

Implicit in the reactivity curves shown in Figure 4, the U.S. analysis 
concludes that there is a positive reactivity ramp of 1.5mk/sec starting at 
01:23:40.25 and continuing for 3 seconds. This positive reactivity insertion ramp 
appears to be associated with the initial insertion of the control rods when the AZ-5 
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(scram) button was pushed. However, the Soviet report contains no information 
concerning this positive scram phenomenon nor the analyses that quantified the 
reactivity insertion ramp magnitude. Such information would be helpful to 
understanding the analysis and the accident. 

Additional information required to allow further refinement of those 
analyses includes: 

1. Information on the exposure of the fuel as a function of location. 

2. Control rod locations at the time of the accident. 

3. Fission product distribution, including xenon prior to the accident. 

4. The data used to establish control rod worth at the time of the accident 
and the magnitude of the 1.5 mk/sec positive reactivity insertion 
rate. 

5. Details of the flow orificing at the time of the accident. 

6. Details concerning the steam flow leaving the system during the 
accident. 

7. Information on damage to the steam drums. 

8. Details concerning pressure relief mechanisms, such as rupture disk 
location areas and failure pressure, pressure relief valve locations, 
settings, and flow characteristics. 

9. Details of main coolant flow characteristics, including flow curve and 
relevant cavitation data. 

Should the Soviets provide this information it would then be possible to 
refine these analyses to arrive at a better understanding cf the accident, the safety 
characteristics of the RBMK and proposed improvements in these characteris
tics. 

The questions asked here are limited to those raised in the INSAG report and 
to those arising from the reported analyses. There remains a vast number of 
questions which were posed to the Soviets prior to and during the August 1986 
meeting in Vienna by the international community. Authors of this report have been 
informed by members of INSAG that the IAEA is expecting responses to the latter 
questions. Once these become available, OECD Member countries may then have 
the opportunity to extend the analyses reported here and to arrive at more definitive 
conclusions. 

III. CONCLUSIONS 

Immediately before the accident occurred, the reactor was operating in an 
unstable regime with the following characteristics: 

- A large void coefficient of reactivity; 

- A slow response control rod system positioned so that positive 
reactivity would be inserted before scram c-u!d begin; 
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- An extreme sensitivity of the reactivity to changes in pressure and 
steam flow. 

Several analyses confirm the plausibility of the Soviet report that the event 
which led to the initial power rise was most likely the coast-down of four main 
coolant pumps and the resulting reduction in core coolant flow. However, in the 
absence of detailed information on the core neutronic characteristics, different 
conclusions are drawn about the initial rate of power increase. During this stage, the 
analyses show that a moderately fast shutdown system typical of power reactors in 
OECD countries could have terminated the transient. 

Other factors may have had considerable effect on the power excursion 
which followed. They include the rate of increase in inlet coolant temperature, the 
momentary increase in reactivity insertion as the shutdown rods were lowered, the 
opening of a turbine bypass valve, the possibility of pump cavitation which would 
cause a sudden increase in coolan* void, and the possibility that this type of flow 
perturbation caused pressure tube or steam drum ruptures, and thus system 
depressurisation. 

If a better understanding of the overpower transient is to be achieved, 
additional information of the type described in this chapter is needed from the Soviet 
Union. 
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Figure 1 THE TIME VARIATION OF REACTOR PARAMETERS IN THE SIMULATION OF THE CHERNOBYL ACCIDENT 
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Figure 2. CALCULATED REACTIVITY EXCURSION 

0.010 

0.008 -

0.006 -| 

'3 

Tj 0.004 -

£ 
0.002 - I 

0.000 - i > 

-0.002 -

MINET ANALYSIS OF 
CHERNOBYL POWER EXCURSION OF 4/26/86 

• Soviet 

O MINET 

01 :23 am 

T 
10 

- • * > - ' — 

"i r 
20 30 

Time (sec.) 

40 50 

Figure 3. CALCULATED POWER EXCURSION 

MINET ANALYSIS OF 
CHERNOBYL POWER EXCURSION OF 4/26/86 

100000 -

10000 

1000 — 

100 

O Soviet 

O MINET 

01 :23 am 

T 
10 

1 r 
20 30 

Time (sec.) 

T 
40 

"I 
50 

24 



Chapter 2 

RBMK SAFETY FEATURES AND THE CHERNOBYL ACCIDENT 
COMPARISON WITH COMMERCIAL POWER REACTORS 

IN OECD MEMBER COUNTRIES 

INTRODUCTION 

Providing a high degree of assurance of the safety case for a reactor is a 
complex task which extends over all phases of design, construction and operation. 
Success will depend or: 

- A deep understanding (by operators and designers) of the plant 
behaviour; 

- Identification of potential accidents; 
- Provision of adequate engineered safeguards to protect the plant when 

its unaided response would lead to danger; 
- Arrangements to ensure that the quality of all parts of the plant is at the 

specified level; and 
- Arrangements to ensure that throughout its life the plant is operated w 

strictly within the boundaries prescribed. 
t 

The above requirements are generally recognised, and all OECD organisa
tions which own and operate reactors strive to achieve high levels of safety by such 
means. However, it is also recognised that deficiencies may occur in any of these 
areas. To meet that risk it is usual to require a closely knit safety strategy which 
avoids undue reliance on any single provision (e.g. single failure criterion; defense in 
depth) and to expect designers to show that the efficacy of their safety provisions is 
not unduly sensitive to a moderate increase in accident severity beyond levels 
postulated in the design (the 30-called cliff-edge). Probabilistic Safety Analysis 
(PSA) is employed as a systematic technique for ensuring that due attention is paid 
to each of these features. 

The questions underlying the material in this chapter, then, are: 

1. Are plant characteristics well-enough understood for safety pur
poses? 

2. Are the engineered safety features adequate? 
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3. Is plant operation adequately assured to be within the limits prescribed 
in the safety case? 

4. Is the structure of safety management adequate? 

These matters will be discussed in more detail under three headings: 

Design Features [Covering 1 and 2] 
Containment [Covering 2] 
Safety Culture [Covering 1, 3 and 4 ] . 

I. DESIGN FEATURES 

The RBMK reactor is a graphite-moderated direct cycle boiling water 
reactor. The nominal pressure and temperature operating conditions are similar to 
those of most BWRs operated in the OECD countries. Major distinguishing RBMK 
design features are the absence of a pressure vessel, the use of graphite as 
moderator, and the containment configuration. 

The accident at Chernobyl demonstrated the effects of a power excursion. 
The reactor power suddenly increased by orders of magnitude above nominal power 
level. One ingredient in the post-accident review is to examine whether scenarios of 
similar type may occur in commercial power reactors in the OECD countries. 

The natural response of a reactor to rapid reactivity changes is of great 
importance for safety. The most important mechanisms which characterise the 
inherent response are reactivity feedback associated with fuel temperature, 
moderator temperature and void fraction. 

The light water moderated reactors possess a considerable degree of 
inherent reactor safety. In addition to the negative fuel and moderator temperature 
coefficients a major feedback mechanism controlling the reactivity is the negative 
steam void coefficient. A reduction in core flow leads to higher void fraction and 
lower reactor power and this effect is used to control the reactor power under 
load-follow operation. A pressure reduction, e.g. in a LOCA, also leads to higher void 
and less power. 

Transients which may lead to local or global power increases are included in 
the safety analysis of the reactors. Events like erroneous control rod operation, 
overcooling, steam valve closure and incidents during refuelling are regularly 
analysed using methods which are verified against experiments. Also power 
excursions under more improbable transients such as sudden control rod withdra
wal, failure to scram and relief valve failure are determined to be limited by inherent 
properties. 

The RBMK-concept furnishes inherent protection in a limited range of 
operating conditions and core configurations. Both the moderator temperature 
coefficient and the void coefficient are positive undar some operating conditions. In 
particular, under these conditions, the positive voio coefficient tends to destabilise 
the reactor and to challenge the capability of systems for reactor control. An 
increase in void fraction, for example, due to core flow reduction or depressurisation, 
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leads to an increase in reactivity and power which has to bo compensated by 
automatic or manual activation of the power control system. This is manageable 
under norm?I conditions. However, in off-normal situations the reactor has to be 
protected also against inherently aggravating phenomena. 

From the published information on the RBMK reactors it seems clear that 
the Soviet designers had recognised all these considerations. Presumably for the 
benefits of good neutron economy (since at the cost of paying a penalty in this area a 
greater degree of inherent stability could have been designed in) they chose to 
overcome the disadvantage of a positive void coefficient in other ways. The negative 
fuel Doppler coefficient at power was seen as a stabilising feature, the control 
system was designed to cope with the kinetic characteristics of the reactor within a 
prescribed range of operation, and rules were set out requiring the operators to 
remain within appropriate limits. (For instance, it was known that for power levels 
less than 20 per cent nominal the overall power coefficient of reactivity was positive 
and operation at these levels was severely restricted.) In principle this approach is 
sound and in general all reactor systems reqjire some such restrictions, though the 
degree of constraint varies from design to design. 

However, as was recognised at the post-accident meeting at Vienna in 
August, the design could have included additional measures to make it much less 
likely that the operators would inadvertently transgress the prescribed operating 
limits. Examples are interlocks, greater independence between control and 
shutdown systems, mechanical stops on control rods and trips not readily 
by-passed and fast scram. By such means, the designers' understanding of the 
safety characteristics could be exploited to reduce the high degree of reliance on 
administrative control. 

For the conditions which existed prior to the accident the reactor was 
inherently unstable in the sense that a local excursion would, unless prevented 
deliberately, progress into a global excursion. The reactor was operating close to 
saturation with excellent cooling of the fuel, and the low power reduced the 
immediate effectiveness of the fuel temperature reactivity feedback as a limiting 
factor. The void fraction was low providing a large potential for uncontrolled 
reactivity increase. Similar conditions in a light water moderated reactor would be 
inherently stable. 

With regard to the adequacy of the design features to ensure stability in the 
reactor kinetics, mention has already been made of interlocks etc. to promote 
current operation. An additional question is the adequacy of the design concept of 
the safeguards. In this respect the safety case would have been made more robust if 
the design conditions had postulated a demand requiring shutdown on a timescale 
set by the dynamics of rapid channel-voiding even though the design basis does not 
include that as a normal foreseeable accident. In the OECD area even reactors 
without marked characteristics of instability are provided with at least one rapid 
scram system. The Soviet analysis itself suggests that even during the late stages of 
the development of the accident a rapid scram, even manually-initiated, might have 
averted the disastrous consequences. In fact the operator did intervene, but his 
efforts were fruitless because of the initial positive effect of expelling water as the 
control rods went in and the relatively slow rate of insertion. 
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The protection system of the CANDU reactors provides illustration of 
designing for the maximum possible (rather than maximum expected) rate of 
reactivity insertion. 

In addition to normal control rods and a normal regulating system, CANDU 
reactors have two independent emergency shutdown systems. The first consists of 
gravity and spring-driven solid absorber shutoff rods which are dropped into the 
core to effect shutdown. Because of the significance of the special safety systems, 
high reliability must be demonstrated by routine testing during operation; the fast 
shutdown rods are tested at the start of every 8 hour shift. The rods can insert about 
80mk in less than 2s. For most CANDU reactors, the second shutdown system 
consists of several perforated tubes inserted horizontally into the core and 
connected to external tanks containing gadolinium nitrate neutron-absorber 
dissolved in heavy water. To shut down the reactor, fast acting valves connecting 
the poison tanks to a tank containing helium under pressure open, forcing the poison 
into the tubes out through the holes into the heavy water moderator in the core. The 
liquid injection system is at least as fast as the rod insertion ( < 2s). In both cases, 
the shutdown systems insert negative reactivity into a low pressure region of the 
core and have the capability to override the reactivity from all control devices driving 
in the positive reactivity direction at once and, in particular to override the void 
reactivity at any power. 

It is clear that a fast and reliable shutdown system depends on the quality of 
the in-core instrumentation. Modern CANDUs have a network of in-core neutron 
detectors dedicated to each shutdown system. Since at least 65 per cent of a 
CANDU core (vs < 10 per cent of a RBMK core) is required to form a critical array, 
accidental power increases of a severe nature would affect a large portion of the 
core and, therefore, would be easy to detect. Based on the available information it is 
unclear if the RBMK in-core instrumentation is adequate in this respect at low 
power. 

The construction of the RBMK reactors is basically different from that of the 
LWRs built in the OECD countries. The LWRs have a thick-walled vessel as a 
pressure barrier. In the RBMKs, the wall of each pressure tube is the pressure 
boundary. A consequence of this is that the fuel in the RBMKs is much closer to the 
pressure wall than in other BWRs. Thus, under occurrences which involve 
overheating of the fuel an increased potential exists for pressure tube failure. 
Therefore, in the pressure tube design particular attention must be paid to reducing 
the consequences of core-wide fuel overheating. It might be argued that a deficiency 
here was the failure to appreciate the significance of a power excursion in providing a 
common cause of multiple tube failures which would impose a demand on the 
engineered safeguards well beyond their design basis. 

The amount of zirconium in the primary system available for hydrogen 
production under overheating events is larger in the RBMKs than in light water 
moderated LWRs. Also the potential for a graphite fire in the event of a severe 
accident is an RBMK feature not found in LWRs. However, in themselves those 
features do not predispose the reactor to accidents; they rather tend to aggravate 
the consequences. 
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II. CONTAINMENT 

Generally, in OECD countries LWR containments are designed to enclose 
the primary circuit and to cope with significant releases of radioactivity and 
associated mechanical and thermal loads imposed in design basis accidents at a 
very high level of confidence. In most designs their capability extends well beyond 
the design basis events and currently much attention is being paid to points of detail 
to ensure that maximum benefit is obtained from this potential advantage. Weak 
points are being identified and measures applied to see that the possible advantages 
are not lost because of minor and easily remediable deficiencies. 

The RBMK containment design differs dependent on reactor generation. 
The older designs have steam condensation capacity separated from the reactor 
building. The Chernobyl-4 reactor was equipped with a pressure suppression type 
containment based on steam condensation in large water pools. As for pressure 
suppression systems designed in the OECD countries, the pools are used as heat 
sinks for steam discharge through the pressure relief valves and to reduce the 
pressure-times-volume requirements under loss of coolant accidents. 

A major difference is that the RBMK containment concept is based on a 
number of pressure tight compartments which communicate with the pools through 
vent pipes. This system is often referred to in the literature as a system for localising 
leaks. 

The compartment is primarily designed to protect against ruptures in the 
piping external of the reactor; the strongest compartments encompass the pumps 
and pressure headers. It is worthy of note that the reactor itself is located outside 
the structures of strong compartments. The reactor compartment is designed to 
accommodate failure of a single pressure tube, and communicates with the pressure 
suppression pool through a separate vent system. 

The power excursion experienced at Chernobyl-4 went far beyond the 
mitigation capability of the RBMK containment. A bypass was established early, and 
the role of the containment in the subsequent events was insignificant. Pressure 
suppression systems for BWRs in OECD countries are arranged with the central 
parts of the primary system, the reactor vessel and the main coolant circulation 
system encompassed within one containment structure. Those containments would 
provide a barrier against releases even under core degradation events. 

'" . SAFETY CULTURE 

Very promptly after the accident, Soviet spokesmen suggested that the 
main cause was to be found in the so-called human element and this was 
emphasized by the Soviet experts attending the conference in Vienna at the end of 
August 1986. For example the Soviet report published just before the Vienna 
conference states: the prime cause of the accident was an extremely improbable 
combination of violation of instructions and operating rules committed by the staff 
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of the unit. The summary report on the post-accident review meeting by INSAG 
recognizes that the human element is the root cause of the Chernobyl accident but 
underlines that, among the main factors contributing to the high level of the 
consequences, must be included certain features of the RBMK's design, such as 
physics characteristics and containment philosophy (see other sections of this 
chapter). 

At the Vienna conference, particularly during the session of the technical 
group number 1, the INSAG members and experts tried to find basic explanations 
for the operators' behaviour leading to the accident and questioned the Soviet 
experts about the education, the training of the operators and also the adminis
trative control on the operation of nuclear plants. The Soviet response to this kind of 
question was that the practice in USSR does not differ fundamentally from what is 
done or required in Western countries. In the context of the conference it was of 
course impossible to pursue the subject in depth. It is not yet possible to make a 
valid comparison of the Soviet and the remaining world practices in this area, owing 
to the lack of information coming from USSR. 

But, concerning the operators' behaviour during the sequence of events 
leading to the Chernobyl accident, some elements are nevertheless certain and 
significant: the Chernobyl unit 4 successive shifts (remember that a full day elapsed 
between the first departure from nominal power and the power excursion) were not 
conscious of the risk they were running and in particular they appeared to have 
insufficient safety concern about reactor behaviour at low power. 

Finally, the experimental procedure being tested by the operators had not 
received proper prior administrative approval. 

In the absence of a full detailed knowledge of Soviet practice, the following 
short review of what we call the safety environment of the operators is limited to 
Western nuclear plants, stressing the human factor. Of course the TMI-2 ace ient 
nas already confirmed, long before the Chernobyl accident, the high impact of this 
factor on the overall safety assessment of nuclear plants and some of the measures 
we shall recall were introduced as a consequence of the analysis of this first 
accident. 

III. 1. Operator Qualification 

The operators may be expected on recruitment to have all the necessary 
scientific background and they attend a very full course of instruction. But it is clear 
(and, indeed, will be their objective) that during the normal operation of a reactor, 
they may go for long periods without having a restart to perform and they may never 
experience a significant incident. There is here a clear risk of progressive loss of 
qualification, to be countered by periodical refresher courses. Among these, two 
means are particularly efficient: the feedback on incidents viewed as possible 
accident precursors occurring in the plants and training on simulators. In this respect 
it may be mentioned that plant standardization makes that easier and also that 
feedback of information relating to incidents is now organised at the international 
level. 
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111.2. Operator Environment in Control Room 

As a consequence of the analysis made on the TMI-2 accident, feedback of 
operating experience and general technical advances, improvements have "rsen 
made in reactor control rooms. A good illustration is provided by the particular effort 
in this area made in France and the following section describes the French 
arrangements in some detail as as example of practices within OECD countries. 

f'-or normal operation: 

The main improvements are of two kinds. 

First the display of the plant parameters has been improved after an 
ergonomic investigation taking particular account of operator judgment. For 
example colours have been introduced in the panels; parameters related to 
the same function have been grouped together; homogenisation of the 
wording has been made. 

Secondly the writing of procedures has been improved, in trying to adapt it 
to the personnel charged with applying the procedures, emphasizing in 
particular their most important objectives. 

In case of incidental or accidental situation: 

A safety panel has been introduced in the control room, gathering together 
all information necessary for managing an accident (this information was 
previously of course available in the control room, but dispersed all over the 
control room). 

Moreover a safety engineer ensures confirmation of the diagnosis made by 
the shift staff and takes over command if a transient deviates from what is 
expected in the normal operating procedures. It should be noted that, in 
normal conditions, the safety engineer plays a prominent role in plant safety 
by producing reports on incidents which have occurred, participating in the 
training of personnel on the site, etc. Similar improvements have been 
introduced in other countries. 

111.3. Control of the Operators 

Utilities use different ways for controlling operator behaviour: monitoring of 
the control room log where the actions taken by the operators are recorded, analysis 
of the incidents affecting the plant, training on simulator, periodic internal inspection 
visits. 

Safety authorities play an important role, in making periodic inspection 
visits on the plants to make su re - by direct observation, interviews of the 
personnel, or examination of the records - that the plants are operated safely and in 
conformity with the regulations. 
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111.4. Help to the Operators in Case of Nuclear Emergency 

In the event of an accident occurring on a reactor, the plant staff put into 
action an emergency internal plan, established in advance and agreed upon by the 
safety authorities. Its level will depend on the severity of the accident, the 
impl'cations of invoking the accident procedures, the response to given events in the 
plant, and the likelihood of releases of radioactivity of a given magnitude. 

This emergency plan directs the actions not only of the operators in the 
control room but also of the plant personnel on the site. In particular, at a given level 
of the internal emergency plan, local crisis headquarters and technical evaluation 
panels having given tasks are activated, some of them being in direct support of the 
operator shift. Moreover these local crisis teams are linked with corresponding 
teams operating at the national level, and within the involved utility, the safety 
authorities and the civil authorities. 

To test the efficiency of such an organisation, periodic exercises are held, 
involving either the whole or parts of the organisation. The most elaborate exercises 
are carried out with the help of simulators in real time and take into account operator 
actions. 

111.5. Administrative Control 

All stages of building and operation of a nuclear plant are subject to very 
strict administrative control, generally exerted by energy and health departments 
advised by their own technical support or by independent standing groups. It is to be 
noted that the public and the local authorities are consulted at the beginning of the 
licensing procedure. 

Once approval for normal operation has been given, the installation must be 
operated in accordance with the conditions specified in the approved safety report 
and the approved general operating instructions. Any modification of the plant and 
any deviation from its normal operating rules must receive the prior authorisation of 
the safety authorities. 

Finally, any significant incident must be reported to the safety authorities 
and forms the subject of an analysis by the utility and the safety authorities. The 
conclusion of these analyses may lead to modifications of the plants or their 
operating procedures. Such feedback of operating experience is considered vital for 
validating the safety concept adopted and maintaining the necessary high standards 
of implementing it. 

IV. SUMMARY OF CONCLUSIONS 

It would appear that the Soviet designers correctly understood the 
characteristics of the RBMK reactor and produced a design which they believed to 
provide adequate protection against events within the chosen design basis. The 
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designers' strategy entailed great reliance on the compliance of the operators with 
operating rules. Less was provided, in the way of interlocks and other automatic 
checks, to forestall operator error than would be current practice in OECD countries. 
In the event, the requisite depth of understanding of the potential risks was clearly 
not possessed by the operators carrying out the experiment on 26th April 1986. 
This deficiency may well have baen symptomatic of a more general weakness in the 
safety management structure. 

The design of the engineered safeguards was sound m principle for the 
design basis accidents (failure of a single pressure tube within the reactor, or of a 
large steam pipe apart from the reactor) and for the allowable range of operating 
conditions. However, it appears that insufficient accident analysis was done to 
develop the design of the shutdown system to enhance its capability to compensate 
for failures elsewhere in the safety structure, such as the possibility that operating 
rules would be grossly breached. Similarly the containment design left limited 
margin for demands which exceeded the design basis events. 

With regard to ensuring compliance of operators with operating instructions 
it is difficult to form a view without much more detailed knowledge of vvritten 
procedures and administrative structure. The Soviet report to the Vienna meeting 
states (Part 1, page 42) in particular that although Soviet safety criteria do not seem 
significantly different from those in other countries their practical implementation 
needs to be checked. Similarly, without such knowledge it is not clear whether the 
potential of accidents (particularly those initiated by reactivity addition) to provide a 
common cause mechanism capable of producing multiple pressure tube failure had 
been appreciated. 
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Chapter 3 

DISCUSSION OF MEASURES T O IMPROVE THE SAFETY 
OF RBMK TYPE REACTORS 

INTRODUCTION 

In the aftermath of the Chernobyl accident, the Soviet Union has identified 
several measures to improve the safety of RBMK type plants. The U.S. analysis of 
the accident shows that the physics of the RBMK type reactors is very complex. 
Accordingly, the overall impact of these measures on plant safety is not clear. A 
preliminary examination was made in order to determine if they resolved known 
safety concerns with RBMK type reactors. Because of a lack of detailed information 
as described in chapter 1, this assessment was based on evaluation of the basic 
effects involved and the judgment of experts in the field. 

I. GENERAL COMMENTS OF IMPROVEMENTS IDENTIFIED BY THE 
SOVIETS 

The improvements were described very briefly in Reference 1 as 
follows: 

1. Increased fuel enrichment to 2.4 wt per cent, combined with 

2. An added number of absorber rods (this would be done while awaiting 
the fuel enrichment increase, but in neither the early nor the later case 
are the number and location of absorber rods specified). 

3. Limited control rod withdrawal distance (must remain inserted a 
minimum of 1.2 m). 

4. Addition of a fast shutdown system (Soviet oral suggestion during the 
25th-29th August 1986 meeting in Vienna). 

5. Addition in number of indicators of low margin to pump cavitation. 

6. Addition of automatic calculation of reactivity margin with shutdown 
signal. 

7. Increased technical discipline and quality of operation. 

A few general comments should be made before discussing these 
improvements individually. The Soviets have often described the design features of 
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the RBMK in terms of good neutron economy. And they have openly described the 
operational problems and their solutions, associated with these design features, 
including special instability associated with xenon oscillation and dynamic instability 
associated with the positive void coefficient, especially at low pov*er. The incore 
improvements which are now proposed, itams 1 to 3, and probably 4 represent a 
retreat from this drive toward high neutron economy and demonstrate a recognition 
of an imbalance in the design between economics and safety. 

No improvement in the containment-confinement system was proposed by 
the Soviets. Given the apparent scenario of the accident, an improvement of this 
kind would be in order. As an example, an increase m the size and number of 
pressure-relief vents from the reactor vault could serve to extend the number of 
pressure tube failures accommodated in the design basis accident. 

All of the first six proposed improvements require some degree of 
administrative control to enforce. For example, the operational flexibility of the 
RBMK easily permits an adverse change in the enrichment and the absorber rod 
loadings, mechanical stops can be removed to allow complete withdrawal of control 
rods and indicators of reactivity and pump cavitation margins can be ignored, in view 
of the failings in the management and operations systems highlighted by this 
accident, the success of these improvements is dependent on the success of the 
implementation of the seventh improvement - increased technical discipline and 
quality of operation. As indicated in the discussion of this improvement in Section II 
of this chapter, this will depend on the success of the Soviet goal to upgrade its 
nuclear safety culture. 

No assessment of these improvements is possible without having more 
specific, quantitative descriptions of each, together with a more thorough 
understanding of the plant and operational procedures, as discussed in Section II of 
Chapter 1. Therefore the discussion which follows is qualitative and requires 
rigorous analyses which only the Soviets can perform. 

Other information of a more general nature which is needed from the 
Soviets to assess the effectiveness of these improvements is: details of quality 
assurance provisions relating to the existing plants and to the improvements, the 
contents of the document Technical Bases for the Plant Safety (Construction and 
Operation), JOB, required by Soviet general safety criteria, the supporting studies 
on the structural consequences of a sudden large rupture in one pressure tube, 
including rupture propagation, and information on any consideration given to the 
increase in size of reactor tank pressure vents to mitigate the consequences of such 
an accident. 

II. DISCUSSION OF INDIVIDUAL IMPROVEMENTS 

The first four improvements directly affect key safety parameters such as 
void coefficient, power peaking, shutdown margin and reactivity insertion rate and 
have been assessed in terms of the effect of changes in these parameters on 
selected transients. The remaining three improvemer.ts involve measurement and 
administrative changes. A brief discussion of each follows: 
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1. Increased Enrichment, in combination with 

2. Increased Number of Absorber Rods 

A combination of reduction in the positive void coefficient and probably 
a decrease in power peaking will result, although the latter effect will 
depend on the number and loading of absorber rods. These changes 
will help to avoid a repetition of the disastrous accident of 
26th April 1986 and will reduce the severity of heat removal and 
primary coolant transients, loss of power, reactivity insertion, and loss 
of automatic power regulation. 

With the current enrichment of 2.0 wt per cent, in the absence of 
absorber materials, it is understood that local criticality can occur 
among 20 to 30 freshly fueled channels. With the increase in 
enrichment, the location of absorber rods will be important to avoid 
exacerbating this problem. 

3. Limited Control Rod Withdrawal Distance 
If the majority of the control rods had not been fully withdrawn from 
ChernobyM, the consequences of this accident would have been much 
less severe for two reasons: the insertion of positive re jctivity due to 
graphite followers at the tip of the control rods would have been 
avoided, and negative reactivity would have been inserted earlier ir. the 
power increase sequence. Of less significance is the increase in power 
peaking in the lower third of the core caused by this change. As a 
result, the severity of all those transients listed in 2 above, will be 
increased, but on balance this improvement is seen to be quite 
beneficial to the safety of the RBMK. 

4. Addition of a Fast Shutdown System 

In Vienna, the Soviets stated an interest in adding a fast liquid or gas 
shutdown system. This is conceptually promising and offer? potential 
for an important impiovement in safety. However, there is insufficient 
information available to assess the effectiveness of thr change. 

5. Addition in Number of Indicators of Low Margin to Pump Cavitation 

it is quite possible that the power surge which occurred during this 
accident was initiated or amplified by a cavitation of the primary 
coolant pumps, in Vienna, the Soviets indicated considerable concern 
over this possibility and the need to measure the margin to or onset of 
cavitation. This improvement would serve to reduce the probability of a 
rapid void insertion and a repetition of this type of accident, assuming 
the operators are attentive to the cavitation margin indicators. 

6. Automatic Calculation of Reactivity Margin with Shutdown Signal 
This will serve to alert the operator when the reactivity margin is 
approaching some predetermined limit, but it will not guarantee that 
that limit is safe for the given operating condition, such as the highly 
unstable condition existing at the time of the Chernobyl-4 accident. 
Furthermore, unless it is set to activate an automatic scram its 
usefulness will depend on the operator's willingness to heed the 
signal. 
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7. Increased Technical Discipline and Quality of Operation 

Measures of these types are clearly needed to avoid the lapse of 
discipline and attentiveness to procedures which preceded the 
Chemobyl-4 accident. Although the Soviets highlighted operator 
errors as a significant cause of the accident, the blame should be 
spread more broadly than this; the importance of a Safety Culture in 
eliminating this broad-base cause is discussed at length in 
Chapter 2. 
The Soviets' determination to develop their nuclear safety organisation 
is apparent in Section 8.2. of Reference 1. This section identifies a 
need for more careful verification of implementation of nuclear safety 
standards, and improvements in the quality of training and plant 
components. Also, it states that organisational measures have been 
taken to improve the safety of nuclear power plants, a Ministry of 
Nuclear Power has been established to raise the level of leadership and 
responsibility for the development of nuclear power, and a whole range 
of measures is being carried out to improve State monitoring of nuclear 
safety. All these changes, together with an increased focus on 
international collaboration in the safety of nuclear power, as described 
in Section 8.3. of Reference 1, imply a heightened awareness in the 
Soviet Union with regard to nuclear safety culture issues. 

In addition to these seven improvements, it was pointed out in Section 1.7 
of chapter 1 that the Soviets have stated their intention to limit the position of the 
flux shaping absorbers which drive in from the bottom of the core, to no lass than 
50 cm into the core. This would serve to reduce the lower flux peaking problem, at 
the expense of neutron economy, and so increase the effectiveness of the shutdown 
rods as they are lowered from above, possibly eliminating the short period of 
positive reactivity insertion associated with scram. Although no mention of this 
improvement has been made officially, it does add to the evidence of the Soviet 
desire to remove the most serious design and operational deficiencies of the 
RBMK. 

III. CONCLUSIONS 

Measures 1 through 6 will provide a much needed increase in stability and 
control of the RBMK to the detriment of neutron economy and possibly the severity 
of certain hypothetical transients. However, in the absence of more details of these 
improvements, the associated information listed in this chapter, and other 
information described in chapter 1, it is not possible to make quantitative judgments 
regarding their effectiveness. 

In addition to a reanalysis of design basis accidents, a Probabilistic Risk 
Analysis is needed to ensure the reduction of all high risk accidents to acceptably 
low probabilities. Collaborative efforts on an international scale are especially 
encouraged in this area by Member countries of the OECO Nuclear Energy Agency. 
Such efforts would provide an avenue for exchanges of information mutually 
beneficial to the safety and security of all nuclear power. 
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Ultimately, it is the implementation of measure 7 which will determine the 
safety of the RBMK, for even with the first six measures implemented to their 
optimum effectiveness, the safe operation of this reactor remains dependent on the 
quality of operations and hence on the underlying fabric of the nuclear safety culture 
in the USSR. 
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Chapter 4 

DEVELOPMENTS IN REACTOR SAFETY 
IN OECD MEMBER COUNTRIES OVER THE LAST DECADE 

INTRODUCTION 

The quest for nuclear safety in OECD Countries in the last decade has been 
marked by constant and strenuous efforts to learn from actual experience, and to 
extract as much information as possible from normal operation, abnormal 
occurrences, incidents, and accidents. The objective is twofold: improve the 
operation of nuclear reactors and their safety, avoid the repetition of conditions 
likely to turn into dangerous situations. In order to put into perspective the efforts 
underway in Member countries on the analysis of the Chernobyl accident and the 
applicability of any lessons learned to commercial power reactors in OECD Me-nbT 
countries, a short description of safety improvements made in response to the Three 
Mile lsland-2 accident as well as in response to operating experience and tne results 
of safety research are given in this chapter. It is apparent that the principal lessons 
which can be drawn from the Chernobyl accident - in the areas of reactor design and 
operation, operating procedures, operator training, exchange of operating exper
ience, plant management, containment philosophy, emergency response - have 
already been learned by OECD Member countries several years ago, and that that 
knowledge has already mostly been implemented in commercial power reactors in 
OECD countries; a more specific discussion is given in Chapter 5. 

I. MAIN CONCLUSIONS DRAWN FROM THE TMI-2 ACCIDENT 

The Three Mile Island-Unit 2 accident on 28th March 1979 demonstrated 
that nuclear safety is based not only on reliable equipment, but also on competent 
and qualified people. At TMI there were equipment malfunctions, but the vital safety 
equipment performed well. An accident with relatively minor radioactive release and 
very serious core damage occurred because operators mistakenly stopped the flow 
of emergency cooling water. Health effects from radiation exposure were minimal. 
However, serious fright and trauma resulted from technical misperceptions of the 
accident and public announcements based on these misperceptions a few days after 
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the accident. The long-range effects of the accident on nuclear programmes in the 
United States and the other countries were substantial. This is especially important 
precisely because TMI was not a major disaster insofar as significant health effects 
are of concern. Earlier experience from incidents in other reactors and their analyses 
dating back to 1971 should have alerted the nuclear industry, the regulatory 
agencies, and the operators. They could have avoided the TMI accident. However, 
TMI provided many valuable lessons which led to improvements to the safety of 
commercial nuclear power plants in OECD Member countries. Detailed analyses 
performed in the months following the accident led to the general conclusions 
relevant to nuclear safety listed below: 

1. Although of low probability, severe nuclear accidents must be 
planned for; the operating company and the nuclear industry should 
not only be better prepared to prevent a core degradation or core melt 
accident, but also to better manage the accident and mitigate its 
consequences. 

2. The TMI safety equipment performed better than had been expected 
for accidents outside the design basis regime; nevertheless, potential 
improvements should be explored and implemented where these are 
determined to yield cost-effective and substantial improvements to 
safety objectives. 

3. Serious reactor accidents often result from a combination of 
equipment or human failures; therefore, improvements in probabil
istic risk assessment (PRA) are desired. 

4. The onsite and offsite consequences regarding health effects, 
property and economic losses of severe accidents, and the costs of 
post-accident recovery need to be better understood and incorpo
rated in PRA models, especially for failure sequences that are the 
dominant contributors to severe accident risk. 

5. Lessons to be learned of the relative safety importance of equipment 
and human failures are to be gained from improved information and 
analyses of operating reactor experience as well as research directed 
to understanding severe accident precursors and accident progres
sion sequences and phenomenology. 

6. The operating company should be primarily responsible for achieving 
nuclear safety; government responsibilities should include the estab
lishment of regulatory policies and safety performance standards, the 
conduct of safety reviews and inspections, as well as shared 
responsibilities for safety research, oversight of quality assurance and 
operator training, emergency preparedness planning, post-accident 
recovery measures, and the collection and dissemination of safety 
information and related planning measures. 

7. There must be adequate administrative controls and safety proce
dures for quality assurance and reliable performance in the construc
tion, operation, and maintenance of nuclear power plants; the 
purpose and nature of these controls and procedures must be well 
understood by management, plant engineers, operators, and other 
workers. 
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8. Detailed regulations, administrative controls, and safety procedures 
do not alone assure nuclear safety; their dutiful compliance may 
actually introduce an unwarranted sense of complacency and a 
deterrent to the pursuit of vigilance and excellence beyond the 
minimum requirements of detailed regulations and procedures. 

9. Acceptable standards of nuclear safety should be established along 
with an improved management of severe accident risk that will 
achieve or surpass these standards, reflecting low probabilities of 
severe accidents along with attention to reduced consequences 
should any accidents occur. 

10. It is important to design or select reliable safety equipment and to 
understand and implement those operating procedures important to 
its reliable functioning. 

11 . Plant equipment must be adequately maintained to preserve its 
reliable functioning, including those instruments or sensors that serve 
the operator in diagnosing accident precursor events and plant 
conditions during an accident in progress that would aid in its 
management. 

12. Operators, engineers, and shift supervisors must be well trained with 
accident diagnostic capability and man-machine interfaces must be 
understood and designed to aid diagnosis and effective accident 
management. 

13. A reactor accident can have serious effects on the public perception of 
risk even if radiation health effects are negligible. 

14. There should be adequate plans and facilities for informing the public 
(or news media) as well as government and other agencies at the 
local, national, and international levels that play responsible roles in 
emergency actions and post-accident recovery measures that limit or 
reduce accident consequences. 

15. Emergency preparedness planning should have an appropriate blend 
of realism and flexibility to deal effectively with a reasonable 
spectrum of accident scenarios that may differ with the magnitude of 
released energies and radionuclides and advance warning times; wind 
and weather conditions; time of day and population status; and other 
factors whose uncertainties are resolved at the time of accident 
progression. 

It is likely that analyses of the Chernobyl accident as detailed as those 
performed for TMI would lead to a similar - if not more extensive - set of general 
conclusions. 

II. SAFETY IMPROVEMENTS IN OECD COUNTRIES IN THE LAST 
DECADE 

One must turn nuclear accidents to advantage to learn as much as possible 
from actual experience, to introduce new safety improvements and to avoid the 
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repetition of dangerous situations. In response to the general and specific lessons 
learned from the TMI accident, the regulatory authorities and the nuclear industry 
have undertaken and are pursuing many activities directed towards increasing 
reactor safety. For instance, upon the issuance of the Three Mile Island Action Plan 
(NUREG-0660) and the subsequent approval by the U.S. Nuclear Regulatory 
Commission of specific items to be implemented at each facility (NUREG-0737), the 
NRC and industry embarked on a concentrated effort to incorporate the required 
TMI Action Plan-related changes at nuclear reactors. About 30 per cent of the 
approved items for implementation at the 65 nuclear reactors operating in the 
United States at the time of the TMI accident involved equipment backfits — no 
major design improvements — and the remainder involved procedural changes and 
required analyses and reports. As of January 1987, about 90 per cent of the 
implementation actions have been completed at the 65 plants. It is expected that by 
December 1989 about 95 per cent of the implementation actions will have been 
completed. 

A significant portion of the remaining implementation work stems from 
Supplement 1 to NUREG-0737 — Requirements For Emergency Response Capabil
ity, issued in December 1982. Some of the work required by this document - for 
example, the design and installation of a Safety Parameter Display System (SPDS) -
is more complex than many other NUREG-0737 items, and has, therefore, taken 
longer to implement. Another large segment of remaining work pertains to the 
completion of technical specifications. TMI action items are also required of plants 
still under construction or completed since the TMI accident, but data are not readily 
available on the progress of their implementation. 

In Italy, compliance with recommendations of NUREG-0737 has been 
required for operating plants and plants under construction; for new plants, 
10CFR50.34F will be adopted at the construction permit stage. In France, a number 
of general measures have been taken in response to TMI. Other countries took 
similar decisions. 

The general approach to safety has considerably evolved in OECD Member 
countries as a result of TMI, increased operating experience and results emerging 
from safety research. Efforts have been or still are underway particularly in the 
following areas: 

- Installation of new equipment at nuclear plants; 

~- Exchange of operating experience, operating standards; 

- Incident reporting and analysis; 

- Human reliability; 

- Aid to operators; 

- Training; 

- Emergency preparedness; 

- Probabilistic safety analysis; 

- Severe accident considerations; 

- Containment; 

- Nuclear safety research; 

- International co-operation. 
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These are described in detail below. 

Generally speaking, since TMI, attention has been intensified on actual 
operation experiences in addition to postulated hypothetical events. That includes 
accident precursor events, human factors, management failures, and equipment 
failures, as discussed in more detail below. 

11.1. Installation of New Equipment at Nuclear Plants 

As mentioned above, new equipment was installed at many plants in 
several OECD Member countries as a result of national safety reviews following the 
TMI accident. A few examples are mentioned below; others wilt be described briefly 
in the section entitled Aid to operators. It is emphasized that these examples are not 
generally applicable as they depend on specific reactor characteristics and national 
safety practices. 

For instance, the following extra instrumentation was installed at the 
Ringhals 2 PWR in Sweden: 

— Instruments designed to improve the operators' ability to observe the 
status of the equipment inside the containment; 

— Television cameras in the containment with zoom objectives mounted 
on turnable and tiltable consoles and equipped with search lights; 

— Position indicators for all safety valves connected to the pressuriser; 

— Graph chart recording the saturation curve (with 28 °C margin); 

— A new containment leak detection and measuring system; 

— An ultrasonic fluid level alarm at each air cooler in the containment; 

— A pipe leading from the pressure head to evacuate any hydrogen bubble 
that might form; 

— Equipment to make it possible to take air samples from the contain
ment; 

— Piping and valve systems to be connected to a portable hydrogen 
recombiner. 

Reactor shutdown panels were installed in nuclear power plants in several 
Member countries. 

New valves were installed on pressurisers in French PWRs; these valves can 
be actuated from the control room. Some equipment was modified in order to be 
operable under water should the reactor building be flooded. 

In Italy, hardware improvements implemented at the only operating PWR 
(the Trino Vercellese plant) include: automatic actuation of auxiliary feedwater, 
instrumentation for measuring subcooling margin, requalification of post-accident 
monitoring instrumentation, containment isolation upon high radiation field, 
automatic ECCS actuation on low pressure signal. 

A filtered containment venting system was installed at the BarsebSck 
station in Sweden. The aims of the system are to relieve excess pressure in the 
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containment and reduce releases, as a result of a containment over-pressurisation 
accident, of radioactive substances which could cause long term contamination; 
venting systems of a simpler and newer design will be installed before 1989 on the 
other Swedish reactors. Simple filtered venting systems will be installed on all 
French PWRs; similar measures are under consideration in the Federal Republic of 
Germany and in Spain. 

11.2. Exchange of Operating Experience, Operating Standards 

The impact of operating procedures on the degree of safety of a nuclear 
plant was not adequately perceived at the time of the TMI accident. There was a 
remarkable gap between safety analyses done by design engineers and the content 
of the various documents available to operators in the case of an abnormal event. 
Progressively, as operating experience accumulated, it was found that the key 
problems did not lie in the principles of the design of the safety features; rather they 
lay in deficiencies in their implementation. The main causes of these deficiencies 
are: 

1. Unsatisfactory quality control; 

2. Operator error, taken in a broad sense (i.e., including inappropriate 
wording of operating rules); and 

3. Unforeseen accident sequences, resulting from such causes as 
systems interactions, special operating conditions, inoperable equip
ment in accident conditions, or incorrect diagnosis inducing unpredict
able operator actions. 

Since TMI, increased efforts are being made in OECD Member countries to 
analyse the operating experience at existing reactors to ensure that this experience 
is fed back to all plant operators. Operating experience is also reviewed on an 
international basis, particularly in the framework of CSNI. In all countries, a number 
of operating instructions have been revised and new ones issued based on previous 
experiences in general and the TMI-2 accident in particular. 

In addition, efforts are being made to improve operating standards. One 
particular effort worthy of mention in this context is the establishment of the 
Institute of Nuclear Power Operations (INPO) set up by the U.S. nuclear industry in 
the months following TMI. The basic purpose of INPO is to facilitate exchange of 
operating experience and to encourage excellence in operating standards, and to 
establish benchmarks for operating standards and training; the Institute also 
conducts independent evaluations to determine that the required standards are 
being achieved. Utilities from several OECD Member countries participate in the 
activities of INPO. 

11.3. Incident Reporting and Analysis 

Incidents which can have significance for safety are now widely reported 
and analysed with a view to drawing lessons from them and attempting to uncover 

44 



severe accident precursors. This is a major task which forms the subject of 
numerous exchanges within OECD Member countries and between them (NEA-
incident Reporting System), and to a lesser extent with other countries (IAEA-IRS). 
One problem remains, though. That is the delay between a safety-significant 
incident and the application of the results of its analysis to all relevant plants: there 
were only eighteen months between TMI and its precursor at the Davis-Besse 
plant. 

On a broader level of reporting, large numbers of abnormal events are 
collected in several countries as it is clear that with wider sharing of experience of all 
types of abnormal incidents, such incidents are less likely to cause problems again. 
The difficulty of this task is that, typically, only some 25 per cent of the many 
thousands of events reported have safety significance, and only 3 per cent of these 
may be justifiably defined as of some importance due to the maloperation of a safety 
system, for example. Nevertheless, there remains a considerable number of events 
that are of sufficient significance that operators should be made especially aware of 
them, or new design requirements should be involved. By collecting data on such 
events it is hoped to be able to detect any trends that will have significance for the 
safe operation of plants. 

11.4. Human Reliability (all plant personnel) 

In the absence of operator intervention in shutting the emergency core 
cooling system the TMI accident would probably not have happened. Confusion 
dominated operator behaviour (and the behaviour of many advisers present in the 
control room) during the half day which followed the beginning of the accident. 
Before that, the auxiliary feedwater valves had been left closed in consequence of a 
maintenance error. 

Human reliability is a most complex issue, that is very hard to predict. 
Renewed efforts are being made since TMI to take account of it in safety work; they 
take place in four areas: 

- Analysis of lessons which can be learned from abnormal events, 
incidents or accidents; 

- Critical review of classical safety analyses and investigation of the 
sensitivity of systems to human error; 

- Elimination of causes of errors in the every-day operation of the 
plant; 

- Search for optimum working conditions for the staff. 

This work also involves aspects of reactor design, construction, quality 
assurance and control, in addition to operation and maintainance. 

11.5. Aid to Operators 

Analysis of the sequence of events underlined the need to improve plant 
design, especially in the area of man-machine interface, and to ensure that operators 
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are not only properly trained but also have the necessary tools to cope with 
emergencies. Ergonomics has become a major force in the design process, and much 
work has been carried out on the man-machine interface under stress conditions 
(e.g., on how data are displayed). 

So, partly as a consequence of the TMI accident and other incidents, partly 
as a result of experience derived from plant operation, the design of instrumentation 
and control systems in nuclear plants has undergone significant changes over the 
last few years. Also, rapid developments in electronics and data processing have led 
to the possibility of introducing more sophisticated control systems and hence to 
higher operational capabilities. 

Acquisition, transmission, and display of nuclear plant safety-related 
information is one of the areas receiving regulatory and industry attention as a 
means of enhancing safe operation. Improvements in this area assist the operating 
staff in detecting and understanding an incident and, if the incident is following a 
course for which procedures do not exist, their ability to diagnose the situation and 
take steps to terminate it will be greatly improved. 

One of the concepts being explored actively is the Safety-Parameter Display 
System (SPDS), the functional objectives of which are: 

— To monitor a few critical plant parameters in a concentrated way in 
order to give a systematic view of the safety status of the plant; 

— To express critical parameters in a manner which is consistent with 
basic safety functions that must be satisfied; 

— To assist operations personnel in correcting abnormal conditions and 
provide feedback to corrective actions. 

Such safety panels have beew installed on a number of plants, (e.g. all Fiench 
900 MWe PWRs, all U.S. plants, the Leibstadt BWR in Switzerland). 

11.6. Training (ail plant personnel) 

Considerable efforts are being made in order to: 

— Upgrade the training and abilities of operators to handle abnormal 
events; 

— Increase the understanding of plant systems and operations *>y 
supervisors and engineering support staff; 

— Develop training programmes for supervisors; 

— Develop training specifications and performance standards for techni
cians involved in plant maintenance and operations support; 

— Develop educational programmes for plant executives, covering man
agement responsibility, relations with regulatory and government 
agencies on public safety, and crisis management. 

An important step towards the improvement of operator training is the 
increased use of reactor simulators, together with the emphasis upon simulators 
that better represent the plant that is being operated. 
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Increasingly, operator training emphasizes diagnostic of plant systems and 
incidents. Indeed, training to respond to what can be expected to happen is not 
sufficient: operators must have sufficient diagnostic ability to understand and 
respond to events that may not be the same as those prescribed in the training 
programmes. They must have the understanding and capacity to diagnose 
information in terms of the functions of operating and safety systems, not just the 
identification of prepostulated events. The TMI accident showed that at each level 
of responsibility there is some degree of diagnostic ability that is essential. Nuclear 
safety assurance demands that this ability exists and that it is periodically and 
continually updated and verified. This is probably the most important lesson that 
was learned from the TMI accident. 

11.7. Emergency Preparedness 

Emergency plans have been revised and adapted in the light of the lessons 
learned at TMI. Except for the radioactive noble gases, the then-current estimates of 
potential releases of fission products to the environment from power reactor 
malfunctions were very conservative, in order to account for large uncertainties, and 
emergency plans in the late seventies reflected this situation. Today, emergency 
plans are still under continuing review to take account of recent findings, notably in 
the source term and severe accident areas. 

Generally speaking, emergency preparedness is moving in the direction of 
more comprehensive and detailed planning for response to the different kinds of 
events that may require off-site emergency response. 

Moreover, a number of specific modifications to emergency plans were the 
direct result of experience gained during the TMI accident; for instance, in the United 
Kingdom, the Central Electricity Generating Board realised, in the light of TMI, that 
the information centres that would have been set up under its current emergency 
plans about 1.5 kilometres from each nuclear station would be quite inadequate; 
arrangements were made for larger facilities. Another lesson learned from TMI is the 
short time in which telephone systems, both for operational needs and for informing 
the public and local authorities, can be overwhelmed. 

11.8. Other Safety Improvements 

A large number of other remedial measures have been implemented or 
undertaken in response to the lessons learned from the TMI accident. To some 
extent, these actions depend on national circumstances. 

For instance, the U.S. nuclear industry has established self-help schemes to 
provide an emergency task force for rapid assistance in the event of an emergency; it 
has also established a mutual insurance to help cover the costs of replacement 
generation after the loss of a nuclear unit from such an incident. 

In several countries, resident inspectors have been stationed at every 
reactor site. Generally speaking, inspections of reactors in operation or under 
construction have become more frequent and more thorough. 
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In France, safety and radiation protection engineers have been assigned to 
all stations; their task is to provide independent advice to operators in situations 
which can be handled with normal procedures, and to take over control of the plant 
in extreme cases. 

In several countries, the conclusions of the TMI investigation have led 
towards a more open policy in the release of information on nuclear safety 
matters. 

These conclusions have also strengthened the position of those countries 
who have made the responsibility of the licensee for plant safety a cornerstone of 
their regulatory practice. 

11.9. Probabilistic Safety Analysis 

The fact that the TMI event went beyond conventionally analysed design 
basis accidents and involved sequences of events similar to those that had been 
studied in the U.S. Reactor Safety Study (WASH-1400), published in 1975, made 
the nuclear community much more aware of the usefulness of PRA techniques. As a 
result, the last few years have seen a growing understanding that accidents 
involving severe core damage are within the range of real possibility and that the 
PRA approach can give significant quantitative insights into this area as it permits 
estimates to be made of the likelihood and consequences of a broad range of events 
that have not been observed because of their low frequency. 

PRA techniques - more generally, Probabilistic Safety Analysis (PSA) - are 
being used increasingly as a methodical way of focussing attention on what is (or is 
not) important to public risk and as an aid to engineering judgment. By assessing the 
reliability of safety systems, weighing risks against one another, and identifying 
dominant accident sequences, they make reactor designers, utilities and operating 
personnel better informed about plant safety and associated uncertainties. PSA has 
been used to improve designs and to guide design revisions. Studies on individual 
power stations have been completed or are in progress in most OECD Member 
countries using nuclear energy. 

The establishment of safety goals for nuclear regulation in some countries 
has been a further stimulus to the expansion of the use of PSA; although it is 
considered premature to base mandatory requirements in individual licensing cases 
solely on safety goals in conjunction with probabilitic analyses, PSA can be used as 
an additional tool to improve the regulatory fabric. 

11.10. Severe Accident Considerations 

Before TMI, safety considerations were mainly focused on design basis 
accidents. As a result of TMI, severe accidents are now also an integral part of the 
general reflection in matters of safety, and the need for procedures and technical 
means to cope with severs accidents is recognised. Safety authorities are fully 
aware of the paramount importance of making reactor operators sensitive to severe 
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accidents and of training them accordingly; accident management is considered of 
the highest importance at all stages of accident development from initiation to long 
term control measures. Severe accidents have been extensively discussed in the 
framework of CSNI. 

One important aspect of severe accident studies is that they have made it 
possible to better specify on-site and off-site emergency plans. 

H. 11 . Containment 

The basic function of the containment is to reduce the probability that 
fission products will be released to the environment if they should escape from the 
primary coolant system of the reactor. This function may be accomplished in many 
ways, but in general, the practice is to surround the reactor and much of its directly 
connected equipment with a mechanical barrier of steel or concrete or both. The 
piping leading from the reactor directly to other equipment outside of this barrier is 
equipped with isolation valves which can be closed to prevent release of fission 
products through that piping. 

The volume and strength of the containment must be such as to withstand 
the release of the primary coolant. Although containments are designed to hold the 
releases from Design Basis Accidents with little or no consequence to the 
environment, the safety margins provided in practice permit a range of more severe 
accidents to be accommodated. A great deal of work has been devoted since the 
TMI accident to improve the qualitative and quantitative understanding of a number 
of basic phenomena of severe accidents. These efforts have permitted improve
ments in deterministic modelling and analysis of severe accident sequences, 
including containment heat and mass removal. Furthermore, design-specific studies 
carried out in recent years indicate that many threats to containment integrity can be 
mitigated or even eliminated through appropriate (plant specific) accident manage
ment actions for containment heat and mass removal. In the particular case of a 
possible late containment failure—expected to be on a time-scale of at least several 
hours, more probably days — appropriate accident management actions have the 
potential to avert a failure. 

The issue of containment performance has received increasing importance 
in the context of accident source term reassessment which has followed TMI. 
Indeed, the current understanding of fission product release and transport in the 
primary system, though evolving rapidly, does not yet enable final statements to be 
made as to the efficacy of the reactor coolant system as a long-term trap for 
radionuclides. If containment integrity is maintained for several hours after releases 
into the containment atmosphere have terminated, it is likely that only very small 
quantities of radionuclides will remain airborne in containment at the time of failure. 
Moreover,rf containments can be expected to leak before they rupture, fission 
products released through long, slow leaks would be less concentrated and so have 
less severe consequences, and leaks would reduce pressures and lower the 
likelihood of a catastrophic failure. On the other hand a sudden containment failure 
releasing fission products in a burst would have obvious severe effects. 
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Calculations for certain reactor types indicate that failure pressures of 
containments exceed the design pressure by a factor of 1.5-2 or sometimes more. 
Additional plant-specific structural integrity studies are underway. 

As mentioned earlier, the possibility of using controlled leakage (venting to 
atmosphere, or another building) has been adopted in some OECD Member 
countries; it is under consideration in others. 

• .12. Nuclear Safety Research 

An immediate consequence of the TMI accident was that a number of 
research programmes were questioned and in some cases re-oriented. As a result of 
this reappraisal: 

- Research was re-oriented towards more physical and more realistic 
accident sequences than the hypothetical accident sequences (e.g. 
guillotine breaks) on which regulations had been founded; this applies to 
small break LOCA, loss of heat sink, steam generator thermal-
hydraulics, etc.; the LOFT Project was re-oriented in that direction at an 
early stage; ROSA IV in Japan, BETHSY in France and SPES in Italy 
have been designed to study complex accident sequences in the case of 
two-phase operation; 

- Important programmes have been devoted to the study of severely 
degraded cores and severe accidents, in order to understand accident 
progression, accident management, consequence mitigation; these 
programmes include the Severe Fuel Damage Program in the United 
States, the core debris/concrete interaction programmes in the United 
States and the Federal Republic of Germany, the Phebus programme in 
France, the OECD LOFT Project; they include also all the work aimed at 
defining more precisely radiological source terms, with programmes 
such as CSE and LACE in the United States, Piteas in France, 
Marviken V in Sweden, DEMONA in the Federal Republic of Ger
many. 

This is not intended to produce an exhaustive list of research activities 
which have been undertaken in the OECD community. The main general areas of 
investigation — most of which are reflected in the CSNI programme of work - can be 
summarised as follows (with a few outstanding aspects in parentheses): 

- Thermal-hydraulic performance (small break LOCA); 

- Fuel behaviour (melting phenomena, steam explosions); 

- Structures, components and systems (pressurised thermal shock, 
stress corrosion cracking, improved inspection techniques/PISC Pro
gramme); 

- Material transport (fission product transport, hydrogen combustion, 
filters and filtration); 

- Research examination of operational experience; 
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— Plant monitoring and control (emergency procedures, control room 
design, human factors, simulators, training/; 

- Operation maintenance and quality assurance; 

- Decontamination; 

— Risk assessment (system reliability, accident sequence analysis, 
probabilistic safety assessment); 

— Accident consequence analysis; 

- Containment systems (containment integrity). 

The TMU2 core itself has become the subject of a large research 
programme, part of which is conducted in the framework of CSNI, designed to 
develop a full understanding of the progression of the accident. 

11.13. International Co-operation 

International co-operation is a key factor in nuclear safety (a nuclear 
accident anywhere is an accident everywhere). Partly because of TMI, partly 
because of other factors (increasing number o f ' WRs, increasing public concern, 
increasing costs of safety research programmes), the post-TMl period has been 
characterised by growing :nternationalisation of safety issues. Safety research is 
clearly an ideal field for international co-operation; exchanges and collaboration on 
such safety issues as the ones reviewed in this chapter— lessons learned and 
remediai actions — are of paramount importance and interest. In response to TMI, 
OECD Member countries backed one another up and made their collaboration on 
safety matters broader and deeper. The benefits of this co-operation continue to be 
great and irreplaceable today to all of them in the face of new chal/vvjes to nuclear 
power programmes. 

III. CONCLUSION 

Adequate measures have been taken in OECD Membet countries in 
response to the general and specific conclusions relevant to nuclear safety drawn 
from the TMI accident, as described in the previous sections. Nuclear safety will be 
assured only if all countries do their full share to maintain and improve the safe 
operation of their reactors. It is hoped that the lessons which can be learned from the 
Chernobyl accident will be analysed in great detail by the authorities concerned and 
turned into safety improvements. 
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Chapter 5 

EVALUATION OF ISSUES RAISED BY THE CHERNOBYL ACCIDENT 

INTRODUCTION 

In the previous chapters, many aspects of the Chernobyl accident were 
aiscussed. From this information we concluded that no new information or 
phenomena has been identified which would have immediate impact on commercial 
nuclear power reactors in OECD countries. This fact, taken together with design and 
operation differences between Chernobyl and commercial nuclear power plants in 
OECD countries, leads to the conclusion that no immediate modifications or 
regulatory actions are considered necessary as a consequence of the Chernobyl 
accident. Moreover, it is generally agreed that current designs of commercial water 
cooled and gas cooled reactors in OECD countries are in fact far more capable of 
coping with severe accidents than the case of the design basis accidents would 
suggest, and that it is possible to cope with events which go beyond design basis 
with available means on site, provided that appropriate preparations are made to 
make the most of the resilience of the plants. It also is generally agreed that the 
most effective way to maintain control over events which exceed design basis and 
minimise the consequences to the public is to make accident initiation less likely, as 
well as to review the probability of its propagating at every subsequent stage. 
Accident management is therefore of the highest importance at all stages of 
accident development, from initiation to long-term control and highest priority 
should be given to improving the ability of plant personnel to monitor, diagnose and 
influence from the earliest stages the course of a severe accident. However, a 
number of technical issues have been identified after the Chernobyl accident which, 
from a cursory review, could not be immediately dismissed as non-relevant. These 
issues were considered for relevance and evaluated. A list of these issues along with 
the summary of our evaluation and conclusions is provided below. A more complete 
description and evaluation which supports these conclusions is provided in the 
subsequent sections of this chapter. 

I. OPERATIONS 

1.1. Administrative Controls to Assure Procedures are Followed and Procedure 
Adequacy- Requirements in place in OECD countries are adequate to 
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assure that operating activities will be performed in accordance with 
approved written procedures. 

Approval of Tests and Other Unusual Operations — OECD countries have 
appropriate administrative controls and review requirements governing 
conduct of tests or other operations affecting safety. 

Bypassing Safety Systems - OECD countries have effective administrative 
controls in place to ensure that improper bypassing of safety systems is 
remote. 

Availability of Engineered Safety Features — All OECD countries have in 
place requirements to ensure that engineered safety features are available. 
Some work to improve these requirements during low power or shutdown 
conditions is in progress in some OECD countries. 

Emergency Operating Procedures - As a result of the TMI accident, many 
OECD countries have required new symptom-based EOPs be developed to 
cover situations beyond the design basis. Moreover, much effort is spent on 
developing training programmes, including simulator training to provide 
operators with a thorough understanding of reactor behaviour during 
abnormal conditions. This represents a substantial enhancement of safety 
and efforts to complete implementation should proceed. 

Attitudes TowardSafety — Current programmes in place in OECD countries, 
combined with ongoing industry initiatives, provide the proper environment 
for maintaining good attitudes toward safety. 

Management Systems — Management systems in place in OECD countries 
are adequate. Where applicable, further evaluation should be made to 
determine if additional requirements are needed, including a dedicated, 
high-level onsite nuclear safety manager. 

Accident Management- Timely execution of ongoing programmes will 
provide assurances that plants can cope with postulated severe acci
dents. 

DESIGN 

Reactivity Accidents -Within standard review areas, water cooled reactors 
in OECD countries are far removed from potentially destructive energy 
levels as a result of reactivity excursions. Further examination of very low 
probability beyond design basis events is recommended where applica
ble. 

Accidents at Low Power and During Shutdown - Although no specific 
safety problems have been identified, a systematic reevaluation of accident 
initiators at low power and during shutdown should be initiated. While 
administrative requirements could result, no design changes are 
expected. 
Multiple Unit Protection- All necessary actions needed to bring an 
undamaged unit at a multiple unit site to a safe shutdown condition can be 
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taken by operators. Further study on unit interties, especially with regard to 
iong-term accident management, should be pursued as necessary. 

11.4. Fires- Fire fighting measures in OECD countries generally are acceptable 
and adequate. Some countries may conclude it is necessary to examine 
certain aspects of current fire protection practice based on unique 
considerations associated with their plants. In particular, fire fighting under 
severe accident conditions may merit further study. 

11.5. Balance Between Automatic Safety Systems and Operator Intervention -
The Chernobyl accident underlines the importance of continuing technical 
development programmes in the area of balancing automatic safety 
systems with operator intervention. No major new initiatives are war
ranted. 

III. CONTAINMENT 

111.1. Beyond Design-Basis-Accident Capabilities- Research programmes and 
regulatory initiatives to address this issue are currently in progress in OECD 
countries. Generic vulnerabilities have been identified for some types of 
containments, and some detailed plant-specific containment assessments 
have been made. However, no new programmes or initiatives are needed as 
a result of Chernobyl. 

111.2. Additional Mitigation Features — Additional mitigation features designed to 
limit tha offsite consequences of core melt accidents are being considered 
or are already installed in OECD countries. 

IV. SEVERE ACCIDENT PHENOMENA 

IV. 1. Source Terms — No new phenomena concerning the prediction of severe 
accident source terms for OECD country reactors were observed from the 
Chernobyl accident. A number of areas considered important to fully 
understand the Chernobyl source term have been identified and should be 
recognised in ongoing source term research. 

IV.2. Steam Explosions- The Chernobyl accident has little relevance to the 
current treatment of steam explosions in OECD countries. Reactivity-driven 
steam explosions may warrant further consideration based on the outcome 
of any evaluations performed in response to Section 11.1. recommenda
tions. 

IV.3. Combustible Gas - Conditions which existed during the Chernobyl accident 
may have caused the generation of large amounts of combustible gases. 
However, these gases were not generated by new or different mechanisms. 
Current regulatory positions and research on combustible gas phenomena, 
in conjunction with the study of severe accidents, are adequate for 
addressing this issue in OECD country reactors. 
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It must be noted that these evaluations are considered generally applicable 
to all OECD Member countries. However, because of detailed differences in each 
OECO country's regulatory policies and practices, these conclusions must of course 
be validated or modified by each OECD country. 

In general, we have concluded that most of the candidate areas of interest 
either have been previously resolved or do not warrant further actions beyond 
current programmes already in place but a few areas have been identified in which 
further examination appears warranted. No safety concerns have been identified for 
these areas. Furthemore, additional information has been developed over the past 
decade which should be factored into earlier safety evaluations; some regulatory 
authorities intend to review the conclusions of these earlier evaluations in light of all 
available information. 

I. OPERATIONS (ADMINISTRATIVE CONTROLS) 

1.1. Statement of Issue and Overview 

Administrative controls over plant operations include rules and regulations, 
facility license conditions and technical specifications and plant procedures. The 
overall administrative control framework requires that safety-related activities at 
nuclear power plants be conducted in accordance with approved written proce
dures. These activities include, for example, operations, tests, inspections, 
calibrations, maintenance, experiments, modifications, safety review and approval 
functions, and audits. The safety design basis of the plant is based upon assumed 
initial conditions for transients and emergencies. These assumed initial conditions 
(e.g., temperatures, pressures, control rod positions, and equipment availability) 
establish a safe operating envelope. Effective administrative controls are necessary 
to ensure that reactor operations are conducted within this safe operating envelope. 
Clearly for administrative controls to be effective they must be technically accurate 
and complete, they must be understood by those responsible for implementing 
specific procedures and management must ensure that they are enforced. A key 
finding from the Chernobyl accident is that the administrative controls in place at 
Chernobyl were not effective in maintaining conditions within the safe operating 
envelope. 

Operator training needs to stress fundamentals of reactor safety, how the 
plant should function, and the underlying danger if plant conditions move outside 
the safe operating envelope. With adequate training and knowledge, personnel 
would be less likely to succumb to pressures to speed up, take shortcuts, or defeat 
safety functions knowing the possible consequences. Operating experience and the 
Chernobyl event indicate more training is needed in the area of maintaining the safe 
operating envelope, EOPs and accident management. 

The Chernobyl accident has emphasized the need for contingency planning 
assuming core damage has occurred to ensure that appropriate controls, training, 
and planning have prepared the plant staff to manage plant assessment activities, 
response actions, and emergency actions. Significant effort to prepare for event 
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involving degraded core cooling and to upgrade emergency planning has been 
expended since the accident at Three Mile Island. However, more work needs to be 
done in training and procedure development for coping with severe core damage and 
for effective management of containment. 

Management attention and diligence is required to ensure that plant 
operations, testing and maintenance are conducted within the safe operating 
envelope. Management must focus on assuring that ail of the administrative control 
systems are effective and enforced. Audits, internal inspections, and review of 
operating data and events must be performed to get feedback on the quality of 
safety activities. Control over reviews of changes, tests, and procedures must be 
conducted by qualified, knowledgeable individuals. All plant personnel have a safety 
responsibility, but this responsibility is coupled with other functions. The benefits of 
a high-level onsite nuclear safety manager, with no other responsibilities or duties, 
should be examined. 

1.2. Current Practice and Conclusions /Recommendations 

1.2.1. Administrative Controls to Assure that Procedures are Followed and 
Procedure Adequacy 

A body of standards are now in place that provide criteria and guidance for 
development, review, control of changes, and implementation of procedures and for 
controls over procedures. They are endorsed by many OECD countries and contain 
requirements and guidance for control over administrative and technical procedures. 
In the United States, the Institute of Nuclear Power Operations (INPO) evaluates 
utility performance in the administrative controls area and feeds back information to 
management on deficiencies. In addition, administrative controls are included in 
inspection and enforcement activities. Requirements in place in OECD countries are 
adequate to assure that operating activities will be performed in accordance with 
approved written procedures. 

1.2.2. Approval of Tests and Other Unusual Operations 

Many routine changes, tests, and experiments are conducted by nuclear 
plant operators each year. Development, review, and approval of the test procedure 
is done under licensees' administrative controls governed by Technical Specifica
tions (TS). In many OECD countries, selected activities involving changes, tests, or 
experiments are inspected. In addition, in most countries, groups independent of 
production pressures periodically perform or confirm that licensees have performed 
appropriate reviews. 

1.2.3. Bypassing Safety Systems 

ECCS and reactor trip safety circuits were bypassed at Chernobyl. Bypasses 
of safety features can be done in a number of ways in OECD Member country 
reactors. There are two classes of bypasses, operational and maintenance. 
Operational bypasses defeat safety functions until operating conditions establish 
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their need, at which time the bypass is automatically removed. The maintenance 
bypass is effected for repair or test, and it involves the defeat of one train of a 
redundant safety system, but does not prevent the safety function from being 
performed. In some OECD Member countries, it is the practice that, during testing, 
safety equipment be designed to automatically start on demand, if a need arises 
during the test. Maintenance bypasses and some operational bypasses are strictly 
controlled by plant TS. The other operating bypasses and operating bypass 
removals are done automatically. Because of the multiple levels of administrative 
controls for bypassing safety systems and design features to automatically remove 
bypass if the equipment is needed, we have concluded that improper bypassing of 
safety systems is remote. 

1.2.4. Availability of Engineered Safety Features 

ECCS was intentionally bypassed in preparation for the test at Chernobyl, 
and it was left bypassed for the entire period that the test was delayed as well as 
during the test. Engineered safety features in OECD Member country reactors must 
meet current TS governing plant operation and must meet strict operability 
requirements governing allowed outage times depending on the degree of 
redundancy of engineered safety features. Work in progress in some OECD 
countries before the Chernobyl accident has revealed that the TS requirements 
governing low power and shutdown modes may not be altogether consistent with 
safety analysis assumptions for these modes. This work will continue and, where 
deviations are found, recommendations to improve safety will be made. 

1.2.5. Emergency Operating Procedures 

Emergency Operating Procedures {EOPs) are intended to ensure safe 
shutdown and to mitigate the effects of accidents and transients. Facility EOPs are 
designed for accidents and transients which initiate from within the safe operating 
envelope. The ability of operators to successfully implement EOPs is, therefore, 
directly related to their knowledge of whether or not the plant is initially operating 
within the safe operating envelope. As a result of the TMI accident, many OECD 
countries have required that new symptom-based EOPs be developed, covering 
some situations beyond the design basis. In cases where incident- or event-based 
EOPs are still used, it was required that their range of application be expanded to 
cover a wider spectrum of incidents and accidents, including situations beyond the 
design basis. These new procedures have not been implemented by all facilities. 
Thus, significant effort is needed to complete implementation of new EOPs. 

1.2.6. Attitudes Toward Safety 

Decisions and actions by operators in preparation for the Chernobyl test 
revealed a loss of vigilance toward safety. There was a clear failure to appreciate the 
fundamental physics of low power operation and an apparent disregard for rules 
governing bypasses and the sanctity of the reserve shutdown reactivity margin. 
Attitudes cannot be regulated, but the knowledge of safety system design and 
operation and understanding of operating experience acquired through training can 
improve attitudes toward safety. The high quality of training by use of plant 
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simulators and operator requalification should lay the groundwork for continued 
acceptable attitudes toward safety. Industry initiatives to accredit training 
programmes of licensed operators and key non-licensed personnel should also 
contribute to better understanding of plant safety. These measures, coupled with 
programmes in place, are judged to provide the proper environment for maintaining 
good attitudes toward safety. However, other reviews have revealed that operator 
training may need to more fully address severe accident response. Furthermore, 
implementation of EOPs to extend beyond design basis events must continue. 

1.2.7. Management Systems 

The overall safety of the plant relies on the management overseeing the 
operation of the plant and ensuring that operations are maintained within the safe 
operating envelope. Management oversight at all levels must be effective to ensure 
tests, maintenance and operations are safely conducted and enforced. Management 
also provides round-the-clock coverage of a Shift Technical Advisor or equivalent to 
support operations and provide engineering expertise for emergencies and abnormal 
operations. A management structure is also approved for emergency management. 
The management role in assuring adequate knowledge, training, and procedures for 
severe core damage accidents and management of containment needs further 
evaluation to determine if additional requirements are needed. Also, the assignment 
of a dedicated high-level onsite nuclear safety manager should be evaluated where 
applicable. 

1.2.8. Accident Management 

The Chernobyl accident reemphasized the importance of a systematic 
approach to develop accident management programmes. This experience should 
enhance commitments to develop and implement accident management strategies 
at member country plants. Timely execution of programmes, ongoing in some 
member countries, will provide appropriate assurance that plants can cope with 
prevention and mitigation of postulated severe accidents. Insights gained from 
Chernobyl should be considered in the planning for severe accidents. 

II. DESIGN 

11.1. Reactivity Accidents 

II. 1.1. Statement of Issue and Current Practice 

The intent of this issue is to examine the existing boundaries and possible 
needed extensions of (water moderated) power reactor Reactivity Accident event 
analyses and safety requirements in light of the Chernobyl accident. Relevant 
aspects of the Chernobyl transient as it relates to reactivity addition are discussed in 
Chapter 1. 

Standard practice in OECD countries includes the review of a large number 
of events which can be characterised as reactivity transients. These events are 
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primarily driven by changes in reactivity control elements or moderator state 
parameters. A wide range of relevant parameters and initial conditions are explored. 
Parameters and initial conditions are chosen to bound conservatively those 
expected to exist at the limits of permissible design and operating conditions. None 
of these standard events are significantly autocatalytic in nature (because positive 
coefficients are not significant) and control rod response is sufficiently rapid [except 
for anticipated transients without scram (ATWS) analyses] that all of these events 
are satisfactorily terminated by a scram. It is not expected that event consequences 
would change dramatically with reasonable exaggeration of transient paramet
ers. 

All OECD countries have regulatory limits on the maximum enthalpy 
allowed for the fuel during design basis events. The design and operation of light 
water reactors (LWRs) must be such that this limit is not exceeded in analyses using 
maximum allowed design and operation parameters. In practice, using modern 3D 
analysis methods, those maximum events generally fall far below these regulatory 
limits. Thus within the standard review area LWRs are far removed from (even local} 
potentially significant destructive energy levels. 

The maximum conceivable reactivity insertion which could be associated 
with a given class of events is not necessarily involved in these analyses, however. 
The selection of events and conditions is intended to be reasonably exhaustive, and 
parameters and initial conditions are set conservatively. However, they do not 
always extend to theoretical extremes on the basis of judgment of the low 
probability of multiple error or failures required to extend beyond normally explored 
regions. 

Scenarios which extend beyond the design basis generally involve 
additional failure mechanisms of a different type than the standard initiators 
assumed in the design basis and thus require a diversity of failure. The preliminary 
judgment, therefore, is that conceivable reactivity accidents are not likely to lead to 
a serious core damaging event. 

However, it would appear to be useful to carry out further examination of 
these events (and possibly some of the extended areas not currently judged 
significant), primarily via PRA studies and associated systems, structures and 
transient-consequence reviews to ensure they are of acceptably low probability or 
ruled out by design considerations. 

//. 1.2. Conclusions/Recommendations 

Within the standard review area, OECD water cooled reactors are far 
removed from potentially destructive energy levels as a result of reactivity 
excursions. Potential areas leading to reactivity accidents of a more extensive but 
less probable nature than normally studied in standard reviews have been explored. 
Preliminary judgments, applicable to some but not necessarily all OECD reactors, 
have been made of events which could involve significant but usually localised core 
damage and have not necessarily been ruled out at this stage on a mechanistic or 
probabilistic basis, although these events appear to be of very low probability. 
Further examination of these events using current evaluation tools is recommended 
where applicable. 
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N.2. Accidents at Low Power and during Shutdown 

11.2.1. Statement of Issue 

One of the unique aspects of the Chernobyl accident was that it occurred at 
a relatively low power (approx. 7 per cent). The principal effect of low power on the 
Chernobyl accident related to nuclear /thermal-hydraulic stability and reactivity 
insertion. These effects were addressed in Chapter 1. Another important aspect of 
low power or zero power operation is the availability of safety systems and the 
potential bypassing of containment. Sections 1.3 and 1.4 specifically address the 
subject of bypassing and availability of safety systems. Signals to safety systems 
are almost exclusively bypassed when the reactor is in a startup or shutdown mode 
or in a shutdown condition. Technical specifications prescribe the conditions when 
this is appropriate. The completeness of such technical specifications was also 
addressed in Sections 1.3 and 1.4. 

Another issue related to low power operation is the subject of accident 
initiators. The Chernobyl accident was initiated as a result of performing an unusual 
test at low power. Considering this, the question is posed whether or not initiators, 
other than those now assumed, should be considered to ensure that current 
analyses of design basis events remain valid. This is also discussed in 
Section 1.4. 

The aspect of low power operation to be considered under this topic is 
whether the design basis events are presently being evaluated at their most limiting 
power level or whether more attention should be given to these events at low 
power. 

11.2.2. Current Practice 

In OECO countries, owners and applicants are required to analyse and 
evaluate the design and performance of structures, systems and components in 
order to determine their adequacy for the mitigation of accidents. This is typically 
required to be done for all modes of operation including shutdown modes. 

In safety analyses, applicants provide an evaluation of each limiting 
transient to determine the impact of varying reactor power. This evaluation is partly 
prima facie and partly the result of generic or plant-specific sensitivity studies. The 
results of these evaluations and the numerical results of the worst case analyses are 
presented in the Safety Analysis Reports. 

11.2.3. Conclusions/Recommendations 

Recommendations concerning reactivity accidents are presented in Sec
tion II. 1. Recommendations concerning bypassing and availability of safety systems 
during all modes of operation are presented in Sections 1.3. and I.4. A survey of 
accidents required to be analysed for licensing shows that the steamline break, 
feedline break, inadvertent pump startup or shutdown have been adequately 
studied for an appropriate range of power conditions. 

It is recommended that a systematic evaluation of accident initiators at low 
power as proposed in Section 1.4. should be undertaken. Existing PRAs have paid 
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very little attention to low power conditions or testing in evaluating risk but may be 
useful for this task. No design changes are expected, but technical specifications 
would be revised if necessary. 

11.3. Multiple Unit Protection 

//. 3.1. Statement of Issue 

The radioactive gas and smoke release at Chernobyl, Unit 4 spread to the 
other three operating units at the site. The airborne radioactivity was transported to 
the other units via a common ventilation system as well as via general atmospheric 
dispersion paths. This raises the basic question of how accidents at one unit of a 
multiple unit site affect the remaining units, and further questions of how these 
effects may be compounded when structures, systems and components are shared 
between units. 

11.3.2. Current Practice 

This issue was raised following the TMI-2 accident and has been addressed 
by many OECD Member countries. For example, most control rooms are explicitly 
designed to ensure habitability during accidents, including many accidents that go 
beyond the design basis. Some operate slightly pressurised to ensure all leakage is 
out of rather than into the control room. 

Multiple-unit plants that share a common control room take into consid
eration the radiological impact of an accident at one unit on the other to ensure a 
safe shutdown. For those plants where the control rooms are separate, review 
includes an evaluation of control room operator protection when an accident 
produces radioactive releases at an adjoining unit. 

Another aspect of the habitability issue in undamaged units adjacent to a 
damaged unit is the ability to take actions outside of the control room. In most 
commercial reactors in OECD countries, it is necessary for the plant operators to 
take specific actions outside of the control room to bring the plant to a cold 
shutdown condition. These actions typically involve restoring power to valves that 
are required to lock open or shut during power operation. If a severe accident at one 
unit caused these key locations outside of the control room of the undamaged units 
to become uninhabitable, the ability to bring the undamaged units to cold shutdown 
could be jeopardised. This has been evaluated, however, and deemed not to be an 
issue. Actions needed to be taken outside of control rooms in order to bring a plant 
to a safe shutdown condition are not extensive and usually can be performed 
relatively fast. In a PWR, for example, the accumulator isolation valves, locked open 
during normal operation, must be closed to prevent accumulator discharge during 
depressurisation. This involves reenergising the valve motors at a local motor 
control centre. Similar actions must be t»ken to open valves to the RHR system, 
normally locked closed during normal operation. In the event of an adverse radiation 
environment, operators could put on protective clothing to briefly enter a 
contaminated area and take the necessary actions. Finally, the most likely severe 
accident sequences would involve slow over-pressurisation of containment, with 
failure from several to tens of hours after accident initiation. Operators of units 
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adjacent to or near a unit experiencing a severe accident would have ample warning 
to bring their units to a stable shutdown condition before containment failure in the 
damaged unit. 

Finally, the effect of a severe accident at one unit of a multiple unit site on 
unit interties has been raised. While specific examples of design deficiencies in this 
area have yet to be identified, it should be the subject of further assessment as 
necessary to confirm our current judgments. 

11.3.3. Conclusions/Recommendations 

In the event of a severe accident at one unit of a multiple unit site in OECO 
countries, control rooms have been adequately designed with specific provisions 
such that there is high confidence they will remain habitable so that the undamaged 
units can be safely controlled and shut down. For areas outside of the control room 
requiring operator action to ensure S3fe shutdown of undamaged units, we have 
concluded that all necessary actions to bring the undamaged units to a safe 
shutdown condition can be taken by operators. For the more likely severe accident 
sequences, containment failure will occur late enough that all shutdown actions can 
be taken prior to any release of radiation. Further study on unit interties, especially 
with regard to long-term accident management, should be pursued as neces
sary. 

11.4. Fires 

//. 4.1. Statement of the Issue 

A key aspect of the Chernobyl, Unit 4 accident, which to our understanding 
the Soviets put great emphasis on, was fire fighting. 

As a result of the explosi jn in the Unit 4 reactor, fragments of the core were 
ejected out of the reactor building and onto roofs and other plant areas. This resulted 
in the ignition of approximately 30 fires. The plant operators determined the most 
important action in combatting the accident was to first extinguish the fires. The 
immediate threat was the fire spreading from Unit 4 to Unit 3, Fire fighters from 
neighbouring towns responded and within 1 hour contained the fires to Unit 4 and 
all fires were extinguished within 4 hours. It is our understanding that plant 
personnel began combatting the fires and were soon joined by fire fighters from 
neighbouring towns. 

Of particular concern was the ability to fight fires at locations above grade 
(i.e., roofs of buildings). The Soviets stressed the need for special equipment to lift 
fire fighting equipment to roofs. Also of concern was the naed for protective clothing 
for fire fighters when fighting fires in radioactive environments. A review of fire 
fighting capabilities at nuclear plants and fire protection measures in general is 
appropriate in light of these concerns. 

11.4.2. Current Regulatory Practice 

There have been numerous fires in operating nuclear power plants around 
the world. Of these, the fire on 22nd March 1985 at Browns Ferry nuclear plant in 
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the United States was the most severe. On the average, a nuclear power piant may 
experience one or more fires of varying severity during its operating life. Although 
WASH-1400. Reactor Safety Study-An Assessment of Accident Risks in U.S. 
Commercial Nuclear Power Plants, dated October 1975, concluded that the Browns 
Ferry fire did not affect the validity of the overall risk assessment, the NRC 
concluded that cost-effective fire protection measures should be instituted to 
significantly decrease the frequency and severity of fires and consequently initiated 
the development of guidelines and rules. 

The major oil fire in the turbine building of the nuclear power plant at 
Muhleberg (Switzerland) on 28th July 1971 and the subsequent heavy cable fire 
led - together with other fires in conventional power stations - to new International 
Guidelines for the Fire Protection of Nuclear Power Plants, published on behalf of the 
National Nuclear Risks Insurance Pools and Associations (last revision of 1983). The 
post-Browns Ferry fire effort also resulted in the promulgation of new rules and 
guidelines for fire-protection both in the United States and internationally. These 
guidelines call for management participation in the fire protection programme and 
for design of fire protection features by qualified utility staff. The utility staff is also 
responsible for fire prevention activities, maintenance of fire protection systems, 
training, and manual fire fighting activities. 

The fire protection programme for a nuclear power plant in general consists 
of design features, personnel, equipment, and procedures that provide defense-
in-depth protection to vital equipment of the plant and to the public. The primary 
purpose of the programme is to prevent significant fires, to ensure the capability to 
shut down the reactor and maintain it in a safe shutdown condition, and to minimise 
radioactive releases to the environment in the event of a significant fire. To meet 
these objectives, it is essential that management participation in the programme 
begin with early design concepts and plant layout work and continue through plant 
operation and that a qualified staff be responsible for engineering and design of fire 
protection features that provide fire detection, annunciation, confinement, and 
suppression for the plant. The staff should also be responsible for fire prevention 
activities, maintenance of fire protection systems, training, and manual fire fighting 
activities. It is the combination of all these that provides the needed defense-
in-depth protection of the public health and safety. 

Guidelines in most OECD Member countries require each reactor site to 
have a site fire brigade trained and equipped for fire fighting. The fire brigade was 
established to ensure adequate manual fire fighting capability for all areas of the 
plant containing structures, systems or components important to safety (this 
includes roofs, high radiation areas and remote plant locations). 

The fire brigade training programme is designed to ensure that the 
capability to fight potential fires is established and maintained. 

A major problem at Chernobyl in combatting the fires was the inability to get 
fire fighting personnel equipment to the fires, i.e., on top of combustible roofs which 
ignited as a result of hot core material landing on them following the accident. 
International fire protection guidelines require the installation of standpipes and 
hoses to allow manual fire fighting capabilities and installation of personnel access 
and escape routes for each fire area in the plant; thereby addressing the concern of 
accessibility for fire fighting personnel and equipement. 
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Another problem encountered at Chernobyl was to extinguish fires in high 
radiation areas. Specific guidelines on the interaction of fire fighting and radiological 
contamination ars not currently provided. Use of typical fire brigade protective 
equipment (turnout coats, boots, gloves, hard hats and self-contained breathing 
apparatus) provides a rm«sure of protection against radioactivity as well as fire and 
smoke. However, explicit guidelines do exist regarding radiation exposure. 

Nuclear power plants use the concept of defense-in-depth to achieve a high 
degree of safety by using echelons of safety systems. With respect to the fire 
protection programme, the defense-in-depth principle is aimed at achieving an 
adequate balance in: 

- Preventing fires from starting; 

- Detecting fires quickly, suppressing those fires that occur, putting them 
out quickly, and limiting their damage; and 

- Designing plant safety systems so that a fire that starts in spite of the 
fire prevention programme and bums for a considerable time in spite of 
fire protection activities will not prevent essential plant safety functions 
from being performed. 

No one of these echelons can be perfect or complete by itself. Each echelon 
meets certain minimum requirements; however, strengthening any one can 
compensate in some measure for weaknesses, known or unknown, in the 
others. 

11.4.3. Conclusions/Recommendations 

The concept of defense-in-depth is primary in the fire protection programme 
at OECD Member country nuclear power plants by: 

a) Preventing fires from starting; 

b) Detecting fires quickly, suppressing those fires that occur, and limiting 
their damage; 

c) Designing plant safety systems so that a fire that starts in spite of the 
fire prevention programme and bums for a considerable time in spite of 
fire fighting activities will not prevent essential plant safety functions 
from being performed. 

The approach indicated above provides a substantial level of protection 
against fires. The use of typical fire brigade protective equipment (turncoats, boots, 
gloves, hard hats, and self-contained breathing apparatus) provides a measure of 
protection against radioactivity as well as fires and smoke. Training of the fire 
brigade in the proper use of the protective equipment as stated previously can 
ensure its effectiveness for personnel radiation protection. Fire brigade training also 
includes instruction on proper use of equipment and fire fighting in all plant areas 
including roofs. Based on this assessment, it is concluded that fire fighting measures 
in OECD Member countries generally are acceptable and adequate, and no major 
revisions to current methods or practices are needed as a result of Chernobyl. 
However, some OECD countries may conclude it is necessary to examine certain 
aspects of current fire protection practice based on unique considerations 
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associated with their plants. In particular, fire fighting under severe accident 
conditions may merit further study. 

H.5., Balance between Automatic Safety Systems and Operator Interven
t ion 

11.5.1 Statement of Issue and Current Practice 

The analysis of the Chernobyl accident raised a number of questions about 
the RBMK design relying on operator action to keep the reactor within a safe 
operating envelope. For commercial power reactors in OECD countries the design 
philosophy has always been to automate important safety functions to the greatest 
extent practicable. Also, there are typically numerous interlocks provided which are 
difficult to bypass without tripping the reactor if operation in violation of technical 
specifications or other procedures is attempted, in OECO country reactors, many 
safety system bypasses are key locked and require at least two responsible 
operators or managers to produce the keys necessary to effect the bypass. This 
design philosophy serves to make OECD reactors highly resistant to operator 
interference (both accidental and deliberate), the operator's role being more to 
check that automatic systems are responding correctly and taking corrective action 
whenever necessary. 

There is continuous technical development going on in this area, based on 
operating experience, progress in computer technology, etc. 

11.5.2. Conclusions/Recommendations 

The Chernobyl accident underlines the importance of continuing technical 
development programmes in this area. As mentioned in Section 11.2, special 
attention should be paid to low power and shutdown requirements. No major new 
initiatives are warranted. 

III. CONTAINMENT 

111.1 - Beyond Design-Basis-Accident Capabilities 

///. 1.1. Statement of Issue and Current Practice 

The public safety record of nuclear power plants has been accomplished by 
applying the Defense-in-Depth principle which means that every important function 
in the operation of the plant is backed up by an alternative or redundant system, or 
several systems that can fulfill the task. The role of containments as a vital barrier to 
the release of fission products to the environment has been recognized for a long 
time as the last barrier to protect the public from the radioactive materials released 
in an accident. During the licensing review for all plants, licensees must demonstrate 
that the overall defense system is designed to provide complete protection for the 
public in case, of an accident up to the design basis accident, in which fuel and 
primary system may be damaged but the core does not melt. The containment plus 
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certain other engineered safety features, such as spray systems and filters are 
designed and relied upon to mitigate such releases. Equally important is the need to 
have reliable containment isolation systems, and the avoidance of suppression pool 
bypass (e.g.. due to open vacuum breakers or ventilation lines) in BWRs. 

The issue of the capability of containment to prevent the release of large 
quantities of fission product following an accident more severe than the design basis 
accident has been the subject of considerable research and evaluation since the TMI 
accident. 

Recently, two working groups of experts en Severe Accidents had 
performed assessment for containment loading and containment performance. 
Results of these activities are documented in NUREG-1079, Estimates of Early 
Containment Loads from Core Melt Accidents, and in NUREG-1037, Containment 
Performance Working Group Report, which presents the results of studies to 
evaluate the potential effects of such phenomena on containment integrity. The fire: 
report estimates the magnitude of pressure and temperature loads on cor>t:.mmf.r;t 
associated with severe accident sequences involving significant core damage. The 
second report discusses the leakage rate of containment building as a function of 
increasing internal pressure and temperature. 

In a complete core-melt, including failure of the reactor pressure vessel, 
some containments may be unable to prevent a major release. Although 
containment structures are conservatively designed to withstand the substantial 
temperatures and pressures associated with a major pipe rupture, and several 
research studies have shown that they retain their integrity at temperatures and 
pressures well in excess of these conditions, their design margin might not oe 
sufficient to withstand the additional challenges associated with a complete 
core-melt. Such challenges include phenomena such as increased pressures from an 
uncontrolled hydrogen combustion or release of large quantities of non-condensible 
gases from core-concrete interactions. Venting of the containment in case of certain 
severe accidents could be a way to preserve containment integrity and reduce 
radioactive material release. 

Strategies to enhance containment performance have been considered in 
several OECD Member countries such as developing emergency procedures and 
venting the containment to prevent containment failure. Furthermore, even before 
the Chernobyl accident, the CSNI Senior Group of Experts on Severe Accidents have 
suggested that containment performance assessment should be included in the 
activities in the framework of the Committee. 

A Task Force whose objectives was to identify containment issues 
appropriate for international collaboration and to propose a programme of work was 
established in February 1986 and submitted its report to the CSNI plenary at the 
November 1986 meeting. 

///. 1.2. Conclusions /Recommendations 

Research programmes and regulatory initiatives to address the issue of 
containment performance during severe accidents are currently in progress in OECD 
Member countries. Generic vulnerabilities have been identified for some types of 
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containments, and some detailed plant specific containment assessments have 
been made. Bearing in mind the existing research and evaluation programmes 
initiated over the last few years, new programmes or initiatives are not needed as a 
result of Chernobyl. 

However, the Chernobyl accident has clearly demonstrated the impact of 
containment performance on the overall risks of nuclear power plant operation and 
thus underlines the importance of existing severe accident programmes. 

ill.2. Additional Mitigation Features 

111.2.1. Statement of Problem and Current Practice 

The addition of mitigation features to reduce the consequences of some 
severe accidents is being considered or implemented in some OECD Member 
countries. For example, all French reactors will be installed wi th a filtered vent for 
their containments to prevent containment failure by slow over-pressurisation and 
to sharply reduce the quantity of any radioactive materials vented from the 
containment. Sweden has installed a filtered vent on its Barseback plant, and is 
installing water filters to vent containment atmosphere through to prevent 
overpressure failures for some severe accidents. Other measures include connecting 
the containment sprays to the fire protection system as an additional source of 
water for the sprays. 

111.2.2. Conclusions/Recommendations 

Additional mitigation features as a means of limiting the offsite conse
quences of core melt accidents are being considered or are already installed in some 
OECD Member countries. The existing programmes for evaluation and implemen
tation appear adequate. The current programmes of severe accident research and 
implementation will, however, be enhanced by anticipated technical exchanges 
among representatives from OECD Member countries that are implementing 
mitigation features. 

IV. SEVERE ACCIDENT PHENOMENA 

IV. 1 . Source Terms 

IV. 1.1. Statement of the Issue 

a) Are the magnitude and other characteristics of the Chernobyl source 
term confirmatory or contradictory to that which would be predicted 
for OECD Member country LWRs by our current methods? 

b) Are there radionuclide release and in-plant transport mechanisms 
identified in the Chernobyl accident that may not have been considered 
in our source term evaluations? 
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c) Are there any technical aspects of the Chernobyl source term that 
would affect the source terms currently used for emergency planning 
purposes? 

IV.1.2. Current Practice 

The total quantity of fission products released from Chernobyl was large, 
and is considered to be comparable to the quantities predicted to be released for the 
worst cases (those involving core-melt with early containment failure or contain
ment bypass) studied for LWRs using WASH-1400 as well as our most recent 
source term methodology. Most core-melt sequences for LWR plants are predicted 
to result in considerably lower amounts of fission products released to the 
environment, chiefly due to the mitigating effects of the containment and other 
fission product cleanup systems. 

The Chernobyl release occurred with essentially no warning. This is 
considered unique to the RBMK design, and is a consequence of its sensitivity to 
large reactivity initiated accidents (RIA). Accident sequence progression for LWR 
reactors is predicted to occur over a generally longer time scale. While a small 
number of severe accident sequences could progress rapidly, resulting in releases 
within a fraction of an hour or less from the onset of discernible off-normal 
conditions, the progression for the majority is considered to be of the order of 
hours. 

The energy and duration of the Chernobyl release were unusual. Approxi
mately 25 per cent of the total release was in the initial plume, which also had 
sufficient energy to result in an initial plume height of about 1 000 to 2 000 meters. 
This is considerably in excess of the plume heights predicted for energetic severe 
accident sequences in LWR plants, which are estimated to be of the order of a few 
hundred meters. A release duration of ten days is considered to be large on the basis 
of the methodology of WASH-1400, which did not have release durations greater 
than 10 hours. This may have been due to the exigencies of the WASH-1400 
consequence model, however, which did net adequately model releases of greater 
duration. The newer source term methodology does predict longer duration 
releases, principally from core-concrete interactions. However, releases from LWR 
plants are predicted to gradually decline as the core debris gradually cools. The 
Chernobyl release rate rapidly decreased in the first few days and then increased in 
the last few days, presumably because the materials deposited on the degraded 
core acted initially to filter radionuclide releases and later as insulation which 
allowed core debris heatup prior to the use of cold nitrogen to finally cool the 
core. 

The principal mechanisms of fission product release from core debris at 
Chernobyl appear to be as follows: 

i) Mechanical releases related to the power excursion and to the 
mechanical core disassembly at Chernobyl amounted to 3-6 per cent 
of the fuel material and the fission products contained therein. 

ii) Increasing temperatures may have resulted in the vaporisation of fuel 
and fission products from the debris. The increasing temperatures 
were probably caused by decay heat and the insulating effects of 

68 



materials deposited on the debris (boron carbide, dolomite, clay, sand, 
and lead) and also by the graphite fire. 

Hi) Enhanced gas flow from the hot debris may have resuspended 
particulate debris that had settled back into the core region after the 
initial release. 

iv) Enhanced oxidation (conversion of U0 2 to U3Oa) or other chemical 
reactions involving carbon may have produced small particles of fuel 
material and fission products that were transported as aerosols. 

A number of other observations related to the source terms have been made 
through Chernobyl. These are described below: 

i) No definite explanation for the sudden drop in release rate after 
6th May has been offered. 

ii) The Soviet strategy of depositing materials such as sand, clay, 
dolomite, boron carbide, and lead seems to have been quite effective in 
initially reducing and subsequently terminating the radionuclide 
release. 

Hi) There are reports that aerosol particles containing pure cerium, cesium, 
or ruthenium have been found in the Chernobyl release. This is a 
surprising result that is not understood with the present techno
logy. 

iv) During the reactivity initiated accident, the oxidation of fragmented 
and dispersed core materials led to the production of hydrogen. There 
is some speculation that this hydrogen may have been involved in a 
second explosion. 

v) There is no information on the initial chemical form of iodine in the 
Chernobyl release. There were reports from Sweden of the observation 
of gaseous forms of iodine reaching that country. Elemental iodine 
would be the expected iodine species in a hot, oxidising environ
ment. 

The presence of particulate matter in the Chernobyl release, consisting of 
only cerium, cesium, or ruthenium, seems to be associated with processes that 
require further studies. 

Emergency planning actions in OECD Member countries are, in part, based 
on expected source terms associated with severe accidents. The major difficulty in 
drawing a nexus between the Chernobyl accident and source term related 
emergency planning implications for Western reactors is that the Chernobyl release 
was unique to the RBMK design. As previously stated, accident progression in OECD 
country reactors would progress at a slower rate, resulting in longer warning times, 
and the amounts of radioactive material released would be less because, among 
other things, of containments around the reactors. 

An important factor which must also be recognised is that emergency 
planning in all member nations has been significantly strengthened as a result of the 
TMI accident. Emergency plans have been developed, reviewed, and exercised. 
Alert and notification systems have been designed, installed, and tested, as well. In 
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contrast, there is little indication that the Soviets had extensive site-specific 
emergency plans. It appears that most of the emergency actions taken as a result of 
the Chernobyl accident were ad hoc. 

IV. 1.3. Conclusions/Recommendations 

The source term that occurred as a result of the Chernobyl accident was 
unique to the RBMK type of reactor. No new phenomena were observed and no 
changes to ongoing source term research programmes in OECD countries are 
warranted. No changes to current emergency planning programmes in OECD 
countries are warranted based on source term information from Chernobyl. A 
number of areas considered important to fully understand the Chernobyl source 
term have been identified and should be recognised in ongoing source term research. 
These areas include: 

i) Mechanical fuel fragmentation and dispersal by processes such as high 
pressure melt ejection and molten fuel-water interaction. 

it) Conversion of UO2 to loose or porous forms which may result in 
aerosolisation of the fuel and radionuclide stripping from fuel. In 
particular, the effects of fuel oxidation should be further character
ised. 

Hi) Effect of accident management actions prior to and after containment 
failure on behaviour and magnitude of radionuclide release. 

iv) Revaporisation and resuspension of radionuclides within the plant. 
v) Mechanisms for release of single element hot particles. 
vi) Hydrogen generation from dispersed fuel fragments. 
vii) Physical and chemical forms of iodine in the source term. 

IV.2. Steam Explosions 

IV.2.1. Statement of Issue and Current Practice 

The evidence that a steam explosion (SE) occurred during the Chernobyl 
accident is largely circumstantial although it is generally given as an accepted 
explanation of the damage observed. The initial conditions, i.e., the characteristics 
of the early transient as calculated by the Soviet analysts (and corroborated by 
analyses in OECD countries) are consistent with the conditions that have produced 
SEs in laboratory tests. 

Given that sufficient circumstantial evidence indicates an SE could have 
occurred we note that the driving transient was a rapid insertion of substantial 
reactivity from the fast boiling of the coolant with a positive coolant void reactivity 
effect. This resulted in a very strong overpower condition. This is an important 
aspect of the Chernobyl accident and is not characteristic of any accident in the 
spectrum of those considered in the safety review of commercial nuclear power 
reactors in OECD Member countries. Reactivity initiated accidents (RIAs), such as 
that experienced at Chernobyl, are either precluded by design or are of acceptably 
low probability in commercial power reactors. 
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A basic observation is that, as a result of the high power developed in RIAs, 
the associated fuel thermal expansion and swelling due to generation of fission 
gases forces the two materials together coherently (the prompt-critical power pulse 
in water reactors imposes millisecond-scale coherence) which ensures a violent 
thermal interaction even if the conditions are not quite sufficient for a trigger/es
calation of a propagating explosion event. Because of these reasons, such premixed 
configurations have been str ">ngly contrasted in the past to the pouring mode of 
contact found in the slow meltdown situations relevant to current commercial 
reactors. That is, we generally consider SEs only in the context of loss-of-coolant 
accidents which, by definition, are associated with separation of coolant from the 
fuel. In this class of accidents the fuel subsequently melts and is poured into the 
residual water in the bottom of the vessel. Under these circumstances the fuel and 
water are initially physically separated and special circumstances must then 
produce fuel fragmentation and dispersal within the coolant to give the fine scale 
mixing necessary for an SE to occur. 

Based on these considerations it is clear that the Chernobyl accident has 
little relevance to the current treatment of SEs. It may be worthwhile, however, to 
reexamine RIAs in a broader context, consistent with modern PRA approaches, in 
order to obtain a more comprehensive picture of the risk due to RIAs. The need for 
such a reexamination is discussed in more detail in Section 11.1. Within such efforts it 
may become necessary to quantify the severity of fuel/coolant interactions within a 
phenomenological context outside the realm of present (or past) assessments. The 
extent of new efforts in such areas should be dictated by the likelihood of 
corresponding initiating events. 

IV.2.2. Conclusions/Recommendations 

Based on the above it is recommended that: 

If reviews of RIAs indicate a risk-based need for further study of RIAs that 
can produce energy depositions beyond the current limits, then additional studies of 
related SE phenomenology associated with severe RIAs should be initiated. 

IV.3. Combustible Gas 

IV. 3.1. Statement of Issue and Current Practice 

The Soviet RBMK design utilises large amounts of zirconium and graphite in 
the reactor core, both of which may oxidise under certain conditions resulting in the 
generation of large quantities of combustible gases, principally hydrogen and carbon 
monoxide. The generation of copious quantities of combustible gases was not 
apparently considered as part of the Soviet containment design. The Chernobyl 
accident produced reactor core conditions which may have led to the generation of 
large quantities of combustible gases which in turn may have influenced the 
evolution and consequences of the accident. 

The need to deal with combustible gas generation, principally hydrogen, as 
a consequence of reactor accidents has been generally recognised since the early 
days of water-cooled reactors. The burning and/or detonation of combustible gases 
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are of concern in reactor safety for several reasons. First, a large enough energy 
release might threaten the integrity of the containment. Second, even if the 
containment survives, important safety equipment might be irreparably damaged, 
thus increasing the severity of the accident. 

In addition to the generation of hydrogen within the reactor vessel, 
principally by the oxidation of hot zirconium, ex-vessel combustible gas generation 
occurs following vessel failure due to molten core-concrete interactions. 

Degraded core accidents have been identified as a discrete set of accidents 
since the TMI-2 accident in March 1979. They are intended to include those 
accidents that are more severe than the DBAs, i.e., oxidation of more than about five 
per cent of the fuel cladding, but which are successfully terminated short of full core 
melt. 

In order to gain a better understanding of hydrogen generation and control 
in reactor accidents, both government agencies worldwide and the nuclear power 
industry have sponsored extensive analytical and experimental work over the last 
several years. This research provided the technical insights to support licensing and 
provides technical background information to support the consideration of 
additional requirements for hydrogen control for core melt accidents, being 
examined or already installed. 

IV. 3.2. Conclusions/Recommendations 

In summary, although the conditions which existed during the Chernobyl 
accident may have caused the generation of large amounts of combustible gases, 
from the available data it cannot be concluded that these gases were generated by 
some new or different mechanisms or produced consequences not previously 
investigated as part of severe accident analyses for reactors in OECD countries. 
Direct application of the existing observations from Chernobyl to the plants in OECD 
countries is difficult because of significant design differences and lack of detailed 
accident data. Therefore, based on our preliminary evaluation it does not appear 
that any additional work due to the Chernobyl event is warranted. As a corollary, we 
conclude that current regulatory positions and research on combustible gas 
phenomena, in conjunction with the study of severe accidents, is adequate for 
addressing this issue in OECD Member country reactors. 
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Appendix 1 

CHRONOLOGY OF THE CHERNOBYL ACCIDENT 

(reproduced from Reference 2) 



TABLE I. ACCIDENT EVENT SEQUENCE 

Interpretation 

Time Event Result of event Significance 

25 April 
01:00.00 

13:05.00 

14:00:00 

23:10:00 

The start of reactor power" 
reduction 

Reactor power reduction stoppedb 

at 50% of full power. Turbogenerator 
No. 7 switched off. Electric power 
requirements for Unit's needs 
switched to TG No. 8 (four main 
circulating pumps, two feed pumps, 
plus other equipment) 

The ECCS was isolated0 

Initial steps of test programme 
and planned maintenance outage 

Done in accordance with the test plan 
because crew wished to avoid spurious 
triggering 

Load dispatcher halted the 
power reduction 

ECCS remained isolated9 

Power decrease continuedf 

towards the target level of 
700-1000 MW(th) 

The slow reduction in power would help to 
reduce the effects of the buildup of 
xenon poison 

These components will run down with 
the TG during the test. Pump 
configuration at this time: 
four running from TG No. 8; 
two running from grid; 
two on standby connected to grid 

Safety principle violation, but blocked 
ECCS played no role in transient to point 
of core disruption. Might have been useful 
in the post-disruption period 

Note: Discussion by Soviet experts 
confirmed during the Meeting that ECCS 
blocking was not necessary for the test 

The long hold in power would further 
reduce the buildup rate of xenon at test 
power level 

In accordance with test procedure. This 
level was chosen to be above the minimum 
allowable operating power of the reactor 



00:28:00 Operator error with transfer6 

from local (LAR) to global power (AR) 
control — hold power at required level 
not entered 

01.00:00 The reactor was stabilized ath 

a power of 200 MW(th) 

01:03 The fourth main cooling pump1 

powered from the grid was connected 
to the left loop of the heat transport 
system 

01:07 The fourth main cooling pumpJ 

powered from the grid was connected 
to the right loop of the heat transport 
system 

01:19:00 Operator increased feedwater 
flow. About this time operator blocked 
the shutdown signals associated with 
steam drum level and pressure 

01:19:30 Onset of rise in water level in steam 
drum. The feedwater flow exceeded 
three times balanced value 

The automatic control rods went' 
up to the upper tie plate 

The manual control rods were"1 

raised 

Power reduced to 30 MW(th) owing to 
inability of the automatic control rods 
and lack of prompt operator action to 
compensate for the void due to power flow 
mismatch 

Reactor operating below the minimum 
permissible power level 
Required reactivity reserve margin violated 

Owing to low power and increased flow 
rate of coolant in the heat transport 
system, the coolant temperature 
approached saturation 

The flow rate in some of the main 
cooling pumps exceeded the permissible 
value 
There were significant deviations of 
the water level and steam pressure in the 
steam drums 

Core subcooling increase results in more 
void collapse. Control difficulties 
throughout this period 

The feedwater entering the system exceeds Steam drum level increases 
the steaming rate. The cooler water 
reached the core and reduced the steam 
quality and core void 

Calculated core average void is now zero 

Addition of negative reactivity 
compensated by rod withdrawal 

Negative reactivity sdded to system and 
more manual rods withdrawn to compensate 

No excess reactivity available to 
raise power 

This adds negative reactivity to the 
system, necessitating withdrawal of 
more rods to compensate 

Violation of flow vibration limits based on 
potential cavitation problems. 
Addition of both pumps caused further 
control rod withdrawal and further decrease 
in reactivity reserve margin 

The onset of SD steam pressure drop 



TABLE I. (cont.) 

Interpretation 

Time Event Result of event Significance 

01:19:58 The steam bypass valve was" 
closed 

01:22:10 

01:22:30 

Slowdown in the rate of drop of the steam 
pressure 

01:21:50 The feedwater flow exceedc four times Steam drum level still rising, pressure 
the balanced flow rate still falling 

Operator abruptly decreas i the0 

feedwater flow 
Steam quality starts -..igp, 
automatic control rods start driving in, 
water level in steam drum stabilizes 

Feedwater flow reduced to two-thirds 
of the balanced flow rate 

The distribution of powerq 

density and the positions of every 
control rod were printed out 

01:22:45 Feedwater flow rate stabilized 

01:23:04 The personnel blocked the' 
two-TG trip signal 
Emergency stop valve to thes 

turbine was closed 
The reactor continues operating at a 

Control rod position constant as modelled. 
Reduction in pressure produces enough void 
to compensate additional feedwater flow 

Warmer water reaching core inlet produces 
a rise in average core void, control 
rods drive in to compensate 

Operator unable to stop feedwater flow 
rate at desired level owing to coarseness 
of control system, not designed for this 
operating regime 

This was done to establish the flux 
distribution and reactivity margin prior to 
beginning the test 

Steam quality in the core stabilizing, 
pressure starts rising 

TG No. 8 test starts 

Control rods have moved in to compensate 
added reactivity of increased voiding 

Confirmation that the operational reactivity 
reserve margin was half of the minimum 
permissible, and the operator should have 
initiated immediate shutdown based on the 
computer printout 

Removal of last process safety system 
trip to allow test to be repeated. 
This trip would have saved the reactor. 
Operator aware he was inducing transient 
which required shutdown. (This was 



-^1 

rods starts driving out 

01:23:21 Two groups of automatic control 
rods begin reinsertion 

01:23:31 Net reactivity increasing1 

with subsequent slow increase in 
reactor power 

01:23:40 Operator pushes AZ-5 button 
(reactor trip) 

01:23:43 The triggering of the high power 
and short period alarms 

The sharp growth of the calculated 
fuel temperature 

01:23:44 Rapid increase in power 

increasing system pressure 

Reduction of the coolant flow rate and the Both of these results lead to positive 
approach of the warmer water to the core 

Control rods can no longer balance 
added reactivity 

No apparent effect 

reactivity addition to the core. Control rods 
trying to balance this addition 

Power slowly rises; positive power 
coefficient accelerates reactivity 
imbalance 

The emergency protection is not 
efficient enough to prevent the reactor 
runaway 

Heat transfer crisis 

Calculated power reaches 100 times full 
power 





Appendix 2 

FIGURES OF THE CHERNOBYL PLANT 



HeacTcr 
Working channel routes 
Steam-to-water pipes 
Drum separator 
Steam headers 
Downcomers 
Main circulation pumps 
Group dispensing headers 

9. Water pipelines 
10. Fuel element cladding control system 
11. Upper biological shield 
12. Lateral biological shield 
13. Lower biological shield 
14. Cooling pond 
15. Unloading-loading machine 
16. Bridge crane 

A sectional view of the RBMK-1000 reactor. With an electrical power of 1000 MW, the reactor's thermal power 
is 3140 MW; the coolant flow is 37.5 X 103 t/h and steam capacity 5.4 X 103 t /h. The reactor inlet water 
temperature is 270°C and the saturated steam temperature 284°C with a pressure in the separator of 70 
kg/cm". The initial fuel enrichment is 1.8 %. 
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1. First-stage condensate pump 
2. 125/20-t overhead travelling crane 
3. Separator-steam superheater 
4. K-500-65/3000 steam turbine 
5. Condenser 
6. Additional cooler 
7. Low-pressure heater 
8. Deaerator 
9. 50/10-t overhead travelling crane 

10. Main circulating pump 
11. Electric motor of main circulating pump 
1 ?. Drum separator 
13. 50/10-t remotely controlled overhead travelling crane 
14. Refueling mechanism 
15. RBMK-1000 reactor 
16. Accident contain, nent valves 
17. Bubbler pond 
18. Pipe aisle 
19 Moaular control board 

20. Location beneath control board room 
21. House switchgear locations 
22. Exhaust ventilation plant locations 
23. Plenum ventilation plant locations 

7ZO00 

Cross-section through the main structures of a power plant with an RBMK-1000 reactor (reproduced from Reference 1) 
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GLOSSARY 

Absorber Any material intended for insertion into a reactor core in the form of solid pins, 
elements, sub-assemblies or as liquids, particles or gases, which contain materials 
capable of absorbing neutrons so that the neutron chain reaction may be controlled or 
shut down. The control of nuclear reactors is commonly effected by the use of control 
rods which contain materials which are good absorbers of thermal neutrons, such as 
cadmium, indium, boron, or hafnium. See Neutron Absorber. 

Accident Any event arising from a fault which event gives rise to exposures to ionising 
radiation in excess of those anticipated for normal operation. 

Accident Management The totality of measures, both short-term and long-term, taken 
to control the course of an accident in progress and to mitigate the consequences of an 
accident during its occurrence; examples of measures that may be involved include 
procedures, communications, analyses, ad hoc plans, outside specialist help, special 
equipment, etc. 

Accident Prevention All measures to prevent severe core damage, including: reducing 
the frequency or severity of challenging events; improving the reliability of plant 
equipment needed to respond to these challenges; and the use of instrumentation and 
automatic or operator action to control events before core damage occurs. 

Atom The smallest portion of an element which can take part in a chemical reaction; the 
atom consists of a positively charged central core, the nucleus, surrounded by one or 
more negatively charged planetary electrons; almost all the mass of the atom resides in 
the nucleus. 

Autocatalytic Instability The presence of an autocatalytic instability implies that for a 
given reactor there is a power level and coolant flow rate for which, if the reactivity is 
increased above zero, the resulting increase in power level will somehow act to continue 
to insert reactivity and the power level will continue to rise until the reactor destroys 
itself by melting or worse. 

Available Reactivity See Excess Reactivity. 

Backfit To apply new requirements to previously approved reactors to bring them up to 
the same degree of compliance with the new regulations and new interpretations and 
guidance as state-of-the-art reactors. 

Some of the terms defined in the Glossary have well-established meanirgs. others have not. The definitions 
given here pertain to the use of the terms in this report and are not necessarily applicable to the terms as they may be 
used generally in the literature. In a few cases the definitions may not be strictly accurate; this is due to the 
constraints imposed by the wish to avoid mathematical formulation and unnecessarily specialised language. Some 
degree of repetitiveness has been introduced intentionally, in order to make the definitions reasonably 
self-contained. A few terms particularly important for the understanding of the Chernobyl accident have been 
defined in a more detailed manner (e.g., those pertaining to reactivity). 
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Biological Shield Thick walls, usually of concrete, separating a source of radiation from 
the operating personnel and designed to reduce the intensity of ionising radiation to 
biologically allowable levels. The term is applied particularly to the shield surrounding 
the core of a nuclear reactor with the object of absorbing neutrons and gamma-
radiation. 

Boiling Water Reactor (BWR) A reactor in which the coolant, water, is allowed to boil 
under pressure in the primary circuit, the steam being passed through a dryer directly to 
the turbogenerator, from which the steam tailings are condensed and returned to the 
reactor {Direct Cycle). 

Bubbler Pond See Pressure Suppression Systems. 

Built-in Reactivity See Excess Reactivity. 

Burnable Poison A nuclear poison (e.g., boron or its compounds, or compounds of 
lithium) purposely introduced into a reactor to help control long-term reactivity 
changes. As the poison is progressively burnt-up there is an increase in reactivity which 
offsets the reduction in reactivity caused by burnup of the fuel. 

Burnup Induced nuclear transformation of atoms during reactor operation. The term may 
be applied to fuel or other materials. See also Burnup (Specific). 

Burnup (Specific) The total energy released per unit mass of a nuclear fuel; the burnup is a 
measure of the amount of fissile material consumed (or power produced). Also called 
Fuel Irradiation Level. 

CANDU Canadian Deuterium Uranium reactor; a reactor system in which the moderator is 
heavy water and the fuel natural uranium. 

Capture A process in which an atomic or nuclear system acquires an additional particle; 
for example, the capture of neutrons by nuclei. 

Cavitation The phenomenon of bubble formation in a liquid when the pressure on it is 
suddenly reduced to a level at, or near, its vapour pressure (that is, the pressure exerted 
by the vapour given off by the liquid under equilibrium conditions in an enclosed space). 
Tiny bubbles filled with gas or vapour appear and grow rapidly. Then, as they move 
along in the liquid to a point where the local pressure is high enough, the bubbles 
implode (exceedingly rapid collapse). 

Chain Reaction A series of nuclear reactions in which one of the agents necessary to the 
series is itself produced by the same reactions.In the neutron-fission chain rsaction, a 
neutron induces a nucleus to fission as the result of which neutrons are released which 
cause another nucleus to fission and so on. Depending on whether the number of 
reactions directly caused by one reaction is on the average less than, equal to, or 
greater than unity, the chain reaction is convergent (subcritical), self-sustained (critical), 
or divergent (supercritical), respectively. 

Cladding A material, usually a thin layer of metal, totally enclosing nuclear fuel and serving 
to protect the fuel from chemical attack (corrosion) by the coolant, to prevent the 
escape of fission products, and to provide structural support. 

Combustion A chemical reaction, or complex of chemical reactions, in which a substance 
combines with oxygen producing heat, light and flame. Any substance that readily 
ignites upon contact with a flame is said to be combustible. 

Condensate Condensed steam from a turbine; it forms the greater part of the steam 
generator feedwater. 

Condenser See Steam Condenser. 

Containment A structural envelope which completely surrounds the reactor system and is 
designed to hold the releases - steam and any entrained radioactive substances - from 
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the design basis accidents with little or no release to the environment. See Primary 
Containment, Secondary Containment. 

Containment Accident Loading The time-varying physical loads such as pressure and 
temperature imposed on the containment during the course of a severe accident. 

Containment Response The physical response of the containment, including strains, 
leakage and rupture, due to the stresses imposed by containment accident loading. 

Control Element A movable part of a reactor which itself affects reactivity and is used for 
reactor control. 

Control Rod A solid control element in the form of a rod, that absorbs neutrons and hence 
when inserted into the reactor core decreases reactivity, producing a decrease in 
power. Control rods are used for reactor control. 

Control System An association of equipment, assemblies, instrumentation, and materials 
used for the purpose of reactor control. 

Coolant A substance, either a gas or a liquid, passed through the core of a reactor to 
remove the heat liberated in the fission process. The coolant may be referred to as 
Reactor Coolant or Primary Coolant. 

Cooling Pool A large container, usually filled with coolant, in which nuclear fuel and 
control elements removed from a reactor following burnup and irradiation are set aside 
until their radioactivity has decreased to a desired level. 

Core Melt The term applied to the overheating of a reactor core as a result of the failure of 
reactor shutdown or cooling systems, leading to melting of the radioactive fuel and fhe 
structures which hold the fuel in place. Also called Meltdown. 

Critical Just capable of sustaining (at a constant level) a chain reaction. A nuclear reactor 
is critical when the rate of neutron production, excluding neutron sources whose 
strengths are not a function of fission rate, is equal to the rate of neutron loss. A reactor 
is said to be subcritical when it can no longer sustain a chain reaction and supercritical 
when it is more than capable of sustaining such a reaction. 

Defense in Depth Engineering practice as applied to nuclear power plants, which involves 
careful quality assurance and quality control in plant design, construction, and 
operation to reduce the likelihood of accidents; the installation of backup systems to 
nullify the consequences of malfunctions in important plant systems and to prevent 
individual malfunctions from escalating into major accidents; the installation of 
engineered safety features to confine the consequences of certain postulated 
design-basis accidents to minimise effects on the public health and safety. It also 
involves siting of nuclear plants in areas of low population density and in locations that 
are not near natural or man-made hazards, and calls for responsible assurance that 
adequate protective measures can and will be taken by the licensee and local 
authorities in the event of accidents. 

Deflagration Combustion in a gas in which the flame progression is governed by mixing 
processes. It is a slower process than detonation. 

Delayed Neutrons Neutrons emitted by excited nuclei formed in a radioactive process, so 
called because they are emitted an appreciable time - a few milliseconds to many tens 
of seconds- after the fission. For a nuclear reactor to remain critical at a given 
steady-state power, its neutron population must be essentially constant. If the 
phenomenon of delayed neutrons were non-existent, it would be difficult to conceive of 
a stable reactor. This is because a slight increase in the neutron population would cause 
the population to multiply exponentially at an exceedingly rapid rate with disastrous 
results. Fortunately, delayed neutrons do exist, so the fact that their characteristic 
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half-lives are of reasonable length can be exploited with respect to reactor control. That 
is, the reactor is kept slightly subcritical with respect to prompt neutrons. The 
additional population required to bring the reactor to criticality is supplied by the 
delayed neutrons. 

Design Basis The design basis comprises basic specifications for the design in order to 
ensure the capability of the plant to undergo a specified range of operational conditions, 
accidents, and external hazards within strict radiological limits; it usually includes the 
pecification of challenging events, important assumptions, and in some cases 

particular methods of analysis. 

Design-Basis Accident (DBA) A postulated accident that a nuclear facility must be 
designed and built to withstand without exceeding the off-site exposure limits provided 
in the siting regulation. 

Detonation A process in which combustion takes place extremely rapidly within a shock 
front moving at supersonic speed into the unburnt material. The flame and shock front 
mutually sustain each other and are coincident. 

Diagnosis In reactor technology, the identification of the condition of a reactor from its 
signs and symptoms. 

Direct Cycle See Boiling Water Reactor. 

Dollar In reactor technology, a unit of reactivity equal to that amount of reactivity required 
to make a reactor critical on prompt neutrons only, and therefore equal to the effective 
delayed neutron fraction for that reactor. When prompt critical, a reactor has a 
reactivity of exactly one dollar; in this case, the neutron population can grow very 
rapidly to dangerously large magnitudes, since the damping influence due to delayed 
neutrons is no longer present. 

Doppler Coefficient Can be defined as the amount of reactivity change associated with a 
one degree Celsius change in the fuel temperature. 

Drum Separator See Steam Drum. 

Dry-out The phenomena caused by the onset of film boiling which causes the production 
of an insulating vapour layer which keeps the coolant away from the hot surface that is 
to be cooled, such as the cladding of a fuel pin. 

Effective Delayed Neutron Fraction The ratio of the mean number of fissions caused by 
delayed neutrons to the mean total number of fissions caused by delayed plus prompt 
neutrons. 

Emergency Core Cooling System (ECCS) A separate cooling circuit designed to 
maintain core cooling in a shutdown reactor, following an accident that has disabled the 
normal cooling systems. 

Emergency Shutdown See Scram. 

Engineered Safeguards See Engineered Safety Features. 

Engineered Safety Features This is a general term which refers to all those systems 
which have a role to play in ensuring safety following a fault (i.e., following any 
unplanned departure from the specified function of a system or component because of 
malfunction, maloperation or defect) and in directly mitigating the consequences of a 
design-basis accident; example: the Emergency Core Cooling System. 

Enriched Fuel Nuclear fuel containing enriched uranium. 

Enriched Uranium Uranium in which the proportion of the fissile isotope uranium 235 has 
been increased above its natural abundance. 

Enthalpy The thermodynamic state of a substance, representing its total thermal energy 
with respect to an arbitrary reference level. Can be defined as the heat content of a 
substance. 
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Equipment Any plant items or components, including instrumentation but excluding 
structures. 

Ergonomics Seeks to ensure that the tools and machines man uses, and the work he 
performs, are in accordance with his characteristics. Also called Human Factors 
Engineering. 

Excess Reactivity The amount that the reactivity of a reactor can be increased or 
decreased depends upon the condition of the reactor, i.e., its temperature, pressure, 
time, etc., and upon control elements. The reactivity which would result if all control 
elements were adjusted to their maximum-reactivity states is known as the Excess 
Reactivity of the reactor in that particular condition. Also called Available Excess 
Reactivity, Available Reactivity, or Built-in Reactivity. 

Explosion An imprecise term that has been applied to different forms of combustion. Can 
be defined as a violent and rapid increase of pressure in a confined space. 

Exposure The incidence of radiation on living or inanimate material, by accident or intent. 
In the case of ionising radiation, equivalent to Irradiation. 

Failed Fuel Elements Fuel element whose cladding is damaged in a way which allows 
fission products to escape. Also called Failed Fuel. 

Fast Ne ons Neutrons of kinetic energy greater than some specified value. 

Feedwater The water, previously treated to remove air and impurities, that is supplied to a 
boiler for evaporation. 

Filter A device having a porous or fibrous filling for removing suspended particles from air 
or gas that is passed through the device. 

Fissile Of a nuclide, capable of undergoing fission by interaction with slow neutrons. Of a 
material, containing one or more fissile nuclides. 

Fission (Nuclear) The division of a heavy nucleus - such as uranium 235 - into two (or, 
rarely, more) fragments with masses of equal order of magnitude, usually accompanied 
by the emission of neutrons, gamma radiation, and, rarely, small charged nuclear 
fragments. 

Fission Product Decay Heat Power When a nucleus fissions, it may split into any of 
about twenty pairs of product nuclei. Most of these are unstable and undergo 
radioactive decay to a stable end product. In general, there are several transitions 
before stability in reached and each of these transitions has its own method of decay 
and lifetime. Since there are some 80 different radioisotopes produced in fission and 
each is, on the average, the precursor of two others, there are over 200 radioactive 
species present among the fission products after a short time. Nearly all of the fission 
fragments emit beta particles; in addition, a large proportion of them emit gamma rays. 
The rate of emission of beta and gamma energy is often called the decay heat power. It 
is a function of the reactor operating power, the length of operation, and the time after 
shutdown. At 10 seconds after shutdown the heat liberated by the decay of fission 
products can be as large as 5 per cent of the power of the reactor during 
operation. 

Fission Products Nuclides produced directly by nuclear fission or by the subsequent 
radioactive decay of such nuclides. 

Fuel (Nuclear) Material containing fissile nuclides which, when placed in a reactor, 
produces the neutrons necessary to sustain a nuclear chain reaction. 

Fuel Assembly A grouf »g of fuel pins and supporting structures which is not taken apart 
during the loading and unloading of a reactor core. 

Fuel Channel A passage extending through the reactor core which is designed to contain 
one or more fuel assemblies and through which the primary coolant flows. 
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Fuel Element The smallest individual unit of a reactor core containing nuclear fuel as its 
principal constituent. 

Fuelling Machine The device used for loading new fuel assemblies into and unloading and 
repositioning irradiated fuel assemblies out of and in a reactor, respectively. Also called 
Refuelling Machine, Loading-Unloading Machine. 

Fuel Rod In reactor engineering, a fuel element in the form of a rod. 
Half Life (Radioactive) The time taken for the activity of a radioactive material to lose ha If 

its value by radioactive decay. 

Heat Exchanger A piece of equipment that transfers heat from one medium to another. A 
typical example is a steam generator in a PWR in which heat is transferred from the 
reactor coolant circuit to the secondary circuit where it is used to convert water into 
steam to run the turbine. 

Heavy Water Water in which the hydrogen of the water molecule consists entirely of the 
heavy hydrogen (deuterium) isotope; heavy water is found in natural water in 
concentrations of approximately 1 part in 5,000; it is used as a moderator in some 
types of reactor because it slows down neutrons effectively and does not absorb them 
too much. 

Hot An expression commonly used to mean "highly radioactive". 

Human Factors Engineering See Ergonomics. 

Inert Gases The elements helium, neon, argon, krypton, xenon, radon. They are all 
chemically inactive, although some compounds have been reported. Also called Noble 
Gases, Rare Gases. 

Initiator A postulated single event taken as the starting point for an accident sequence; it 
may not necessarily be the original cause of the accident but may itself be the result of 
some other event. 

Instrumentation All equipment provided to measure, indicate, record, control or 
communicate. 

Interlock A device, usually electrical and (or) mechanical in nature, which is provided to 
prevent plant items being operated in an incorrect manner or to prevent unsafe plant 
conditions arising. For example, an interlock may be provided to prevent withdrawing 
control rods until flo>v of coolant has been established. 

Ionising Radiation Any radiation that directly or indirectly displaces electrons from the 
outer domains of atoms. 

Irradiation See Exposure. 
Isotopes Nuclides having the same number of protons in their nuclei, and hence belonging 

to the same chemical element, but differing in the number of neutrons. Such atoms have 
identical chemical properties but their nuclear characteristics, e.g. neutron absorption 
or fissile properties, may be vastly different (as, for example, the isotopes of uranium 
U-235 and U-238). 

Lattice In a nuclear reactor, the regular geometrical pattern in which fuel and other 
materials are arranged. 

Licence Written authorisation to a licensee by the regulatory body to perform specified 
activities related to siting, construction, commissioning, operation, and decommissio
ning of a nuclear plant. 

Light-Water Reactor (LWR) A nuclear reactor that uses ordinary water as both a 
moderator and a coolant. LWRs use slightly enriched uranium 235 fuel. There are two 
commercial LWR types: the boiling-water reactor (BWR) and the pressurised-water 
reactor (PWR). 
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Loading Machine A machine for introducing fuel into a nuclear reactor. Since the same 
machine commonly will remove fuel also, it may be called an Unloading Machine. It is 
also called a Fuelling Machine, or a Refuelling Machine. 

Loss-of-Coolant Accident (LOCA) An accident resulting from a failure in the normal 
reactor cooling water system (primary coolant system) leading to a loss of the cooling 
medium from the coolant system. 

Meltdown See Core Melt. 
Mitigation Denotes all measures taken to limit the radiological consequences of an 

accident, including: limiting release into the containment; limiting release from the 
facility; reducing public radiation exposure by sheltering, evacuation, off-site cleanup, 
etc. 

Moderator A material used in a thermal reactor to reduce the energies of the neutrons 
from the high value with which they are released in the fission process in order to 
increase the chances of further fission. The neutrons are slowed-down by means of 
scattering collisions with the nuclei of the moderator. Typical moderator materials are 
water and graphite. 

Multiplication Factor (k) The ratio of the total number of neutrons produced during a time 
interval (excluding neutrons produced by sources whose strengths are not a function of 
fission rate) to the total number of neutrons lost by absorption and escape during the 
same interval. 

Neutron An elementary particle which is a constituant of all atomic nuclei exceot that of 
normal hydrogen; the neutron has no electric charge; its mass is very slightly greater 
than that of the proton. 

Neutron Absorber A material with which neutrons interact significantly by reactions 
resulting in their disappearance as free particles. See Absorber. 

Neutron Economy In a nuclear reactor, the detailed account of neutrons produced and 
lost. 

Neutron Energy Group One of a set of groups consisting of neutrons having energies 
within arbitrarily chosen intervals as used in the multigroup model. 

Neutron Flux Density The number of neutrons passing through a unit area per second, 
the unit area being at right angles to the path of the particles; the neutron flux density in 
a reactor is a measure of its power. Also commonly, but incorrectly, called Neutron 
Flux. 

Neutron Lifetime The average time elapsing between the release of a neutron in a fission 
reaction and its absorption or escape from the system. 

Noble Gases See Inert Gases. 
Normal Operation Day to day operation of a nuclear power plant within specified limits 

and conditions in accordance with approved procedures; normal operation includes 
shutdown, power operation, shutting down, starting up, maintenance, testing and 
refuelling, and any routine transfers between these conditions. Aiso called Specified 
Normal Operation. 

Nuclear Aerosols Very small airborne particles of solid or liquid nature which may be 
formed by various processes occurring in a nuclear installation. Tney are usually 
composed of a variety of chemical elements and radionuclides, and pose a certain 
health risk in case of release into the atmosphere of the installation or the 
environment. 

Nuclear Fission See Fission. 

Nuclear Power Plant A reactor or a number of reactors together with all structures, 
systems and components necessary for safety and for the production of power in the 
form of heat or electricity. 
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Nuclear Reactor A device in which nuclear fission can be sustained as a controlled 
self-supporting chain reaction. It includes fissile material, such as uranium or plutonium, 
moderator (unless it is a fast neutron reactor), a control system and, unless its power 
output is very small, provision for the removal of heat by means of a coolant. 

Nucleus The positively charged central portion of an atom which has almost the whole 
mass of the atom but only a minute fraction of its volume; except for ordinary hydrogen, 
which has a single proton, all atomic nuclei contain both protons and neutrons. 

Nuclide A particular kind of atomic nucleus characterized by the number of protons and 
neutrons and, in some cases, by the energy state of the nucleus; e.g., U-235 and U-238 
are nuclides contained in natural uranium. 

Operating Procedures A set of mandatory requirements which specify operating 
parameters and the way in which the operation of items of plant affecting nuclear safety 
is effected and controlled. 

Operation All states that the nuclear plant may be in as a result of any approved and 
planned operation including startup, power production, shutdown, maintenance, 
testing and inspection. 

Plume The trail of airborne contamination from a smokestack, a firs, etc. 

Poison (Nuclear) A material which absorbs neutrons unproductive^ and thus causes a 
decrease in the reactivity of the reactor. See also Burnable Poison. 

Power Coefficient of Reactivity Whenever reactor power is changed, the overall reactor 
temperature and the temperature distribution usually change as well. If reactivity 
changes foliow, the reactor is said to have a power coefficient of reactivity that is due to 
the temperature changes. The power coefficient of reactivity can therefore be defined 
as the change of reactivity per unit change of reactor thermal power when other 
variables are not independently changed. A reactor with a power coefficient of 
reactivity can be considered as part of a feedback loop. If increasing power causes 
reactivity to increase, the power coefficient of reactivity is positive and the loop has 
positive feedback; conversely, a reactivity decrease with increasing power means a 
negative coefficient or negative feedback. 

Power Excursion Very rapid increase of reactor power above the normal operating 
level. 

Pressure-relief Valve See Safety Valve. 

Pressure-suppression Systems Rupture of the coolant line or other break in the reactor 
coolant system of a light-water reactor would result in a sudden vaporisation of the 
water. Pressure-suppression systems which involve condensation of the steam in a 
pool of water are used to decrease the pressure of the vapour which would have to be 
contained. A system called Bubbler Pond, used in RBMK reactors, is similar in 
underlying principle, but quite different in design basis and operation. 

Pressure Tube Reactor A reactor whose fuel assemblies and coolant are confined in 
tubes that withstand the pressure of the coolant. 

Pressure Vessel For water-cooled reactors, with or without boiling, the pressures are 
high and th« reactor vessel is designed for a substantial operating pressure; the Reactor 
Vessel is therefore generally called a Pressure Vessel. 

Pressurised-Water Reactor (PWR) A reactor cooled and moderated by light water 
contained in a 15- to 20- cm thick steel pressure vessel which surrounds the core. The 
water is maintained under pressure (pressurised) to prevent boiling and is circulated 
through a heat exchanger in which steam is generated in a secondary loop, which is 
maintained at a lower pressure to permit boiling. The steam thus produced is pumped 
through a steam dryer and then to a turbogenerator, from which the steam tailings are 
condensed and returned to the steam generator. 
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Primary Circuit The main cooling circuit of the reactor which removes heat from the 
core. 

Primary Containment In a PWR, a large thick reinforced or prestressed concrete or steel 
enclosure surrounding the reactor system which is capable of withstanding the 
pressures and temperatures caused by a loss-of-coolant accident. It lirrits the release 
of fission products to the environment. 

Primary Coolant See Coolant. 

Probabilistic Risk Analysis (PRA) See Probabilistic Risk Assessment. 

Probabilistic Risk Assessment (PRA) The act of mathematically quantifying an expected 
average risk based on observed and calculated component and human failure rates and 
the anticipated consequences associated with these failures, which may occur either 
singly or in combination. 

Probabilistic Safety Analysis (PSA) That method of analysis which systematically treats 
the design and operation of nuclear power plants to obtain realistic estimates of safety 
performances. PSA includes coverage of initiating events, system response, the 
phenomena of core melt, containment loading and response, and the effects of release 
of radioactive material. Available evidence for expected performance is treated 
probabilistically, where possible, to ensure realistic estimates of performance and the 
ability to treat uncertainties. Probabilistic Safety Analysis is more general than 
Probabilistic Risk Assessment. 

Prompt Critical Capable of sustaining a chain reaction without the aid of delayed 
neutrons. 

Prompt Neutron Lifetime The mean time required for prompt neutrons arising from 
fission to produce the next generation of prompt neutrons as a result of other fissions. 
Also called Prompt Neutron Generation Time. 

Prompt Neutrons Neutrons accompanying the fission process without measurable 
delay. 

Proton A stable elementary particle with electric charge equal in magnitude to that of the 
electron but of opposite sign; the proton is one of the constituents of every atomic 
nucleus. 

Quality Assurance Planned and systematic actions necessary to provide adequate 
confidence that an item or facility will perform satisfactorily in service. 

Quality Control Quality Assurance actions which provide a means to control and measure 
the characteristics of an item, process or facility in accordance with established 
requirements. 

Radiation The emission and propagation of energy through space or through a material 
medium in the form of waves; there are three types of radiation: mechanical (e.g., 
acoustic waves, or waves on a water surface), electromagnetic (e. g., radio waves, light, 
X-rays, gamma rays), and nuclear (e.g., alpha and beta particles, protons, neutrons, 
and other nuclear fragments of the emitter). 

Radioactive Decay The decrease in activity of a radioactive material as it transforms 
spontaneously from one nuclide into another or into a different energy state of the same 
nuclide. 

Radioactivity The property, possessed by some atoms, of disintegrating spontaneously 
with the emission of radiation (electromagnetic waves and fast-moving particles). 

Radionuclide A synonym for Radioactive Nuclide. 

Ramp Insertion of Reactivity A linear increase of reactivity with time. 
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RBMK Acronym for fteaktory Solshoi Moshchnosti Kanalnye in Russian (translation: 
high-power pressure-tube reactors). In publications in English, RBMK reactors are also 
called LWGR reactors as these systems are Graphite-moderated pressure-tube 
Reactors with boiling Light-Water coolant. 

Reactivity A measure of the departure of the reactor from the critical condition. Positive 
values of the reactivity imply increasing power (supercritical state) and negative values 
decreasing power (subcritical state). Reactivity is also a measure of the departure of the 
multiplication factor of a reactor from unity. The reactivity of a reactor is affected by the 
motion of the control rods: insertion of the rods into the core reduces the number of 
neutrons available for fission, thus reducing reactivity, which causes the power level to 
diminish; conversely, the power level increases when the rods are withdrawn from the 
core. It is also affected by the temperature of the reactor and the radiation history of the 
core. 

Reactivity Coefficients Parameters which describe how the nuclear chain reaction will be 
affected by a change of state in the core of the reactor such as a change in temperature 
or density of the various materials in the core or insertion of a small amount of a 
substance. The reactivity coefficient of a substance may depend upon the amount and 
distribution of the substance inserted, but it is usually quoted as the reactivity change 
per unit mass of the substance at specific positions in the reactor or as a uniform 
d'stribution. The different materials — fuel, coolant, moderator, etc. — have different 
characteristics and therefore different coefficients. Void coefficients are special cases 
of the reactivity coefficients of substances. 

In the case of an RBMK reactor: 

— The fuel has a negative temperature coefficient of reactivity: increases in 
temperature result in increases in non-fission neutron captures and cause a 
reduction in reactivity which tends to counteract the temperature rise; 

— The coolant has a positive void coefficient: increased boiling increases the reactivity 
and power and causes more boiling; 

— The graphite moderator has a positive temperature coefficient of reactivity; 
however, the coefficient response rate to changes is very slow; 

— The combined effect of all reactivity coefficients - that is, the power coefficient of 
reactivity — is negative when the reactor is at full power, because it is dominated by 
the fuel temperature coefficient of reactivity; 

— At low power, however, below 20 percent, the power coefficient of reactivity is 
positive, because of the increased effect of the coolant void coefficient. 

Reactivity Feedback The term Feedback is used to describe the behaviour of any 
controlled system when the system responds to a change (or error) in such a manner as 
either to enhance (positive feedback) or to counteract (negative feedback) the error. For 
example, an increase in reactivity of a steady-state reactor will cause the neutron flux 
(and the power) to rise. Without any change in rate of flow of the coolant, this reactivity 
increase will be accompanied by an increase in temperature. However, there are 
generally some self-limiting characteristics of a reactor, such as a negative temperature 
coefficient of reactivity, which may serve as a stabilizing influence: if the system has a 
negative temperature coefficient, the reactivity will decrease to such an extent that a 
new steady state, at a higher temperature, may be attained. 

Reactivity-Initiated Accident (RIA) See Reactivity Insertion Accident. 

Reactivity Insertion Accident (RIA) Among the potential causes of RIAs are the 
following: uncontrolled withdrawal of control rods; a fuel-loading error; control-rod 
expulsion from the core; fuel-element failure and subsequent fuel movement external to 
the cladding; fuel-rod bowing. 
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Reactor See Nuclear Reactor. 

Reactor Control The intentional variation of the reaction rate in a reactor or adjustment of 
reactivity to achieve or maintain a desired state of operation. 

Reactor Coolant See Coolant. 

Reactor Core That region of a nuclear reactor in which a chain reaction can take place; the 
reactor core contains the fuel elements, moderator, neutron poisons and support 
structures. 

Reactor Excursion See Power Excursion. 

Reactor Vessel The principal vessel surrounding at least the reactor core. See also 
Pressure Vessel. 

Refuelling In a nuclear reactor, the removal of spent fuel and the introduction of new 
nuclear fuel. Refuelling is known as On-Load Refuelling when this process is 
accomplished while the reactor is operationally supplying heat and the power station 
generating electricity; and as Off-Load Refuelling when the reactor has to be shut down 
before refuelling can take place. 

Refuelling Machine See Fuelling Machine. 

Relief Valve See Safety Valve. 

Residual Heat The sum of the heat originating after shutdown primarily from radioactive 
decay and the heat stored in structures associated with the reactor and the reactor 
coolant. 

Resonance Absorption/Resonance Capture When neutrons bombard different ele
ments in a nuclear reactor, it can be observed that for certain specific values of the 
energy of the incident neutrons there is a sharp increase in the rate of absorption/cap
ture of these neutrons by the reactor elements. This phenomenon, which is very marked 
in connection with slow neutrons, is attributed to what is called in physics a nuclear 
resonance effect. 

Risk The product of the probability of occurrence of an accident and the magnitude of the 
consequences given that occurrence. 

Runaway An increase in power or reactivity that cannot be controlled by the normal 
reactor control system. It might possibly be terminated safely by the emergency 
shutdown system or a negative reactivity coefficient. 

Safety Rod See Scram Rod. 

Safety Valve A valve which opens automatically at a certain pressure to allow the escape 
to atmosphere of steam or other contents of a pressure vessel, so preventing a 
dangerous buildup of pressure. Also called Pressure-Relief Valve, Relief Valve. 

Saturated Steam See Steam Condensation, Steam Conditions. 

Saturation Temperature See Steam Condensation, Steam Conditions. 

SCRAM Of a reactor, its rapid shutdown (to prevent or minimise a dangerous condition) 
which is initiated when some operational parameter reaches a level determined by 
operational or safety requirements; usually this is achieved by dropping the scram rods 
into the core. Acronym for Safety Control Rod Axe Man (reminiscence from the first 
self-sustaining chain-reacting atomic pile, Chicago, 2nd December 1942). Also called 
Emergency Shutdown or Trip. 

SCRAM Rod A control rod used for the emergency shutdown of a reactor. Also called 
Safety Rod. 

Secondary Circuit The system to which heat is transferred from the primary system. 
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Secondary Containment An enclosure surrounding the primary containment wh-ch 
provides for the collection of leakage from the primary containment and filtering of the 
leakage before discharge to the atmosphere. 

Severe Accident An accident which exceeds the design basis sufficiently to cause failure 
of structures, materials, systems, etc., without which core cooling cannot be properly 
achieved by normal means. The degree of severity of a severe accident depends on the 
degree of fuel damage and on the degree of loss of containment integrity. 

Severe Core Damege The condition in which a substantial degree of rupture and 
oxidation of the fuel cladding and possibly some melting of the fuel has occurred. 

Shock Wave A compressional wave abrupt increase in pressure, density and tempera
ture, accompanied by a decrease in velocity, formed whenever the speed of a body 
relative to a medium exceeds that at which the medium can transmit sound. In contrast 
to sound waves of normal loudness, which are relatively small disturbances, a shock 
wave constitutes a disturbance of large dimensions with sharp boundaries. An intense 
sound will develop into a shock wave after travelling a short distance. Thus, a strong 
explosion inevitably produces a shock wave, which in some cases is the most damaging 
aspect of the blast. Shock waves exist only in connection with supersonic motion, 
because only in this case can disturbances pile up to form such waves. 

Shutdown Procedure of stopping a nuclear chain reaction by bringing the reactor to a 
subcritical condition. State cf a reactor after being shut down. 

Shutdown Margin The difference in reactivity between the critical condition of a reactor 
and the reactivity which results when all control elements are adjusted to their 
minimum-reactivity states. 

Simulator A computer program corresponding to a mathematical model representing a 
physical system that mirrors or maps the effects of various changes in the original, 
enabling the original to be studied, analysed, and understood by means of the 
behaviour of the model. By extension, the complete device (computer installation, 
display systems, input systems, mechanical systems, etc.) that enables to reproduce 
under test conditions phenomena likely to occur in actual performance. An important 
application of simulators is the training of reactor operators. 

Slow Neutrons Neutrons of kinetic energy less than some specified value. 

Source Term A quantitative description of the release of radioactive material in a nuclear 
accident. The description includes the physical and chemical form of the nuclides 
released as weH as other data relevant to the dispersion characteristics of the release 
such as the energy of the release plume, height and duration of release, etc. 

Steam Condensation Process by which steam — the gaseous phase of water — changes 
to the liquid state. The opposite process is vaporisation. In a space in contact with the 
surface of a liquid, condensation and vaporisation always go on simultaneously. The 
rate of vaporisation exceeds the rate of condensation if the space is not saturated. In a 
state of saturation, the two rates balance each other. If the space is supersaturated, 
vapour is usually condensed to form liquid. 

Steam Condenser A vessel in which steam is reduced to liquid form by a temperature 
loss. Condensers are employed in power plants for the condensation of exhaust steam 
from turbines. They perform two important functions: they create a low-pressure region 
into which the steam can exhaust; they provide a means of collecting the condensed 
steam (condensate) so that it can be reused in the steam generator without further 
chemical treatment. 

Steam Conditions As the temperature of water is increased a value is reached at which 
boiling starts. This temperature is known as the boiling point or the saturation 
temperature. The saturation temperature is a function of pressure: the higher the 
pressure the higher the saturation temperature. The steam formed by boiling - e.g., in a 
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steam generator in a nuclear plant — may contain water droplets in which case it is 
known as wet steam. These droplets of water do no work; in fact, they actually absorb 
heat, and in the steam supply for a turbine these droplets can have a disastrous effect. 
Steam is therefore dried on its way to the turbine. Steam at the saturation temperature 
which contains no water is known as dry saturated steam. When the temperature of the 
steam is higher than the saturation temperature it is known as superheated steam. 

Steam Drum A device in which steam is separated from water. Also called Steam 
Separator or Drum Separator. 

Steam Dryer See Steam Conditions, Superheater. 

Steam Explosion This term refers to a phenomenon in which molten nuclear fuel rapidly 
fragments and transfers its energy to the reactor coolant resulting in steam generation, 
shock waves and possible mechanical damage. To result in a significant reactor safety 
concern the interaction must be very rapid and must involve a large fraction of the cere 
mass. 

Steam Fraction See Steam Quality. 

Steam Generator See Heat Exchanger. 
Steam Quality In the saturation region (also called two-phase region) of the pressure-

volume diagram of steam, the fraction by weight of the water-vapour mixture which is 
vapour is called the steam quality. Steam quality affects turbine operation (wet steam 
being most common in reactor plants); in the case of boiling water (or water-steam) 
reactors steam quality is proportional to generated power. Also called Steam 
Fraction. 

Steam Separator See Steam Drum. 

Subcooled Liquid Liquid at a temperature below its boiling point. 

Subcritical See Chain Reaction, Critical. 

Supercritical See Chain Reaction, Critical. 

Superheater Device in which the steam temperature is raised above that of the steam 
generator. The process of superheating the steam is the most efficient and economical 
means of securing dry steam. See Steam Conditions. 

Symptom-based Emergency Operating Procedures Emergency operating procedures 
based on the understanding and capacity to diagnose information in terms of the 
functions of operating and safety systems, not just the identification of prepostulated 
events. 

Temperature Coefficient of Reactivity The effect of core temperature on reactivity is an 
important characteristic of a reactor and determines its ability to self-regulate should 
the power be increased inadvertently. The overall effect of temperature on reactivity is 
the result of a number of factors. For one, an increase in temperature results in increases 
in non-fission capture events. Another effect is that the coolant density is decreased by 
a rise in temperature, and this affects reactivity by reducing the moderating ability of 
the coolant (in LWRs where water is used both as a moderator and a coolant) and 
increasing the number of neutrons that escape from the reactor core or are removed 
from the system by non-fission capture. Another way in which temperature may reduce 
reactivity is by causing vapour bubbles to form in the liquid coolant-moderator (in 
LWRs). The coefficient relating the change in reactivity of a reactor to changes in the 
temperature of its components is called the temperature coefficient of reactivity. The 
practical operation of a reactor requires the temperature coefficient of reactivity to be 
small, so that a steady state can be maintained by means of the control rods. The 
reactor will then remain stable in spite of moderate fluctuations in temperature. If the 
temperature coefficient is negative, i.e., the reactivity decreases with increasing 
temperature, the reactor will be stable: a negative temperature coefficient tends to 
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self-regulate the reactor. With a positive temperature coefficient, dangerous .instabi
lities could result from the fact that any power excursion that caused an increase in core 
temperature would cause a further increase in power and temperature because of 
increased reactivity and so on, until the destruction of the reactor, unless deliberate 
control measures are taken to prevent that happening. 

Thermal Neutrons Neutrons in thermal equilibrium with the material in which they are 
moving, for example the moderator. 

Thermal Reactor A reactor in which the nuclear chain reaction is sustained primarily by 
fission brought about by thermal neutrons. Such a reactor uses a moderator to slow 
down the neutrons produced in fission. 

Thermodynamics Branch of physics concerned with the mechanical action of heat and 
with the conversion of heat to and from other kinds of energy. 

Training Simulator See Simulator. 

Transient A condition of the nuclear plant in which parameters are varying - usually 
sharply - either because of planned operations, such as load changes, or because an 
unplanned departure from the specified function of a system or component has 
occurred. 

Trip See Scram. 

Turbogenerator A steam turbine coupled to an electric generator for the production of 
electric power. 

Ultimate Heat Sink The atmosphere or a body of water to which unwanted heat, such as 
residual heat, or unusable heat, may be transferred. 

Unloading - Loading Machine See Loading Machine. 

Void Coefficient of Reactivity The change in reactivity with decrease in the material 
density of a reactor constituent. The void coefficient is equal to the reactivity coefficient 
of the material removed. Usually applied to a liquid coolant or moderator which may 
change phase to a vapour of much lower density than the liquid. Void coefficients may 
be positive or negative, and there are postulated accidents that could lead to positive 
reactivity insertion for both signs of the coefficient. It is important for nuclear safety 
that reactor designs account for positive reactivity insertion from this and all other 
sources. 

Water Reactor A reactor using light or heavy water as moderator or as coolant. 

Wet Steam See Steam Conditions, Steam Quality. 

Xenon Effect See Xenon Poisoning. 

Xenon Instability Oscillations in the power level in localised parts of a large reactor, due 
to the dependence of the xenon poisoning on the thermal neutron flux density. Also 
called Xenon Oscillation. 

Xencn Oscillation See Xenon Instability. 

Xenon Poisoning The decrease in the reactivity of a thermal reactor after a long period of 
power operation due to the presence of large numbers of xenon 135 atoms in the 
fission products; xenon 135 is a powerful absorber of neutrons and is one of the most 
important poisons in a reactor. 
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1294 Algoma Road. Ottawa. Ont K IB 3VV8 

Tel: (613) 741-4333 
Toll Free/Sara Frais: 
Ontario. Quebec. Maritime* 
I-8OO-267-I805 
Western Canada, Newfoundland: 
1-800-267-1826 
Stores/ Maga<ins: 
61 rue Sparks S t . Ottawa. Ont. KIP 5A6 

Tel: (613) 238-8985 
211 rue Yongc St Toronto. Ont. M5B IM4 

Tel: (416) 363-JI7I 
Sales Office.'Bureau des Venles: 
7575 Trans Canada Hwy. Suite 305. 
St Laurent. Quebec H4T IV6 

Tel: (514) 335-9274 

DENMARK - D A N E M A R K 
MunksgaarC Export and Subscription Service 
35. Narre Sogadc. DK-1370 Kabcnhavn K 

Tel +45.1.12 85 70 

F I N L A N D - F I N L A N D E 
Akateeminen Kirjakauppa. 
Keskuskatu I. 00100 Helsinki 10 Tel 0.1214! 

FRANCE 
OCDE/OECD 
Mail Orders/Commandes par correspondance : 
2. rue Andre-Pascal. 
75775 Paris Cedei 16 

Tel (1)45 24 82 00 
Bookshop/Librairic : 33. rue Octave-Fcuillel 
75016 Pahs 

Tel ( I ) 45 2481.67 or/ou (1)45.24.81.81 
Principal correspondant: 
l.ibrairie de I'Universite. 
I la. rue Naz?reth. 
13602 Ain-en-Provence Tel 42.26 18 08 

G E R M A N Y - ALLEMAGNE 
OECD Publications and Information Centre. 
4 Simrockstrassc. 
5300 Bonn Tel. (0228) 21 60 45 

GREECE -GRECE 
l.ibrairie KaulTmann, 
28. rue da Static, 103 64 Athens Tel 322 21 60 

HONG KONG 
Government Information Services. 
Publications (Sales) Cfice. 
Bcaconsneld House. 4/F.. 
Queen's Road Central 

ICELAND - ISI.ANDE 
Sn*bjorn J6nsson k Co. h.f.. 
Hafnarstrzli 4 & 9. 
P O B 1131 - Reykjavik 

Tel 13133/14281/11936 

INDIA INDE 
Ojford Book and Stationery Co.. 
Scindia House. New Delhi I Tel 331.5896/5308 
17 park St , Calcutta 700016 Tel 240832 

INDONESIA INDONESIE 
Pdii-I ipi. P O Bo* 3065/JKT Jakarta 

Tel 583467 

IRELAND - IRLAMDE 
TDC Publiskcn - Library Suppliers. 
12 North Frederick Street. Dabh* I. 

Tel. 744835-749*77 

ITALY - ITALIE 
Libreria Commrssionaria Sansoni. 
Via Lamarmora 45. 50121 Fireazc 

Tel 579751/584468 
Via Banoliai 29. 20155 Milam Tel 365083 
Sub-depositari 
Edithcc c Libreria Herder. 
Piazza Montecitono 120.00186 Roma 

Tel 6794628 
Libreria Hcepli. 
Via Hetpli 5. 20121 Milano Tel 8u5446 
Libreria Scientrhca 
Doll. Lucio de Basio ~ACKW~ 
Via Meravigli 16. 20123 Mila-c Tel 807679 
Librcria Lattes. 
Via Garibaldi 3. 10122 Torino Tel 519274 
La diffusione dellc cdizioni OCSF e innltrt 
asskurata dalle miglion librerie ncllc cilta piu 
important!. 

JAPAN - JAPON 
OECD Publications and Information Centre. 
U n d k Akasaka Btdg, 2-3-4 Akasaka. 
Minalo-ku. Tokyo 107 Tel 586 2016 

KOREA - COREL 
Kyobo Book Centre Co Ltd. 
P O Boa Kwang Hwa Moon 1658. 
Seoul Tel (REP) 730.78.91 

LEBANON - LIBAN 
Document] Saentrnca/Redko. 
Edison Building. Bliss St.. 
P O B 5641. Beirut Tel 354429-344425 

MALAYSIA - MALAISIE 
University of Malaya Co-opentive Bookshop 
L td . 
POBon 1127. Jalan Pantai Baru. 
Kuala Lumpur Tel. 577701/577072 

NETHERLANDS - PAYS BAS 
Staalsuitgcverij 
Chr. Planlijnstraal. 2 Postbus 20014 
2500 EA S-Gravenhajc Tel 070-789911 
Voor bcstcllingen: Tel 070-789881 

NEW ZEALAND - NOUVELLE-ZELANDE 
Government Printing Office Bookshops: 
Auckland: Retail Bookshop. 25 Rutland Street. 
Mail Orders, 85 Beach Road 
Private Bag C P O 
Hamilton: Retail: Ward Street. 
Mail Orders. P O Boi 857 
Wellington: Retail. Mulgrave Street. (Head 
Office) 
Cubacadc World Trade Centre, 
Mail Orders. Private Bag 
Christchurch: Retail, 159 Hereford Street. 
Mail Orders. Private Bag 
Dunedin: Retail. Princes Street, 
Mail Orders. P O Bon 1104 

NORWAY - NORVEGE 
Tanum-Karl Johan 
Karl Johans gate 41, Oslo I 
PB 1177 Sentrum, 0107 Oslo ITel (02) 42 93 10 

PAKISTAN 
Mirza Book Agency 
65 Shahrah Quaid E-Aum. Lahore 3 Tel 66839 

PORTUGAL 
Livraria Portugal, 
Rua do Carmo 70-74. 1117 Lisbon Code* 

Tel 360582/3 

SINGAPORE - SINGAPOUR 
Information Pubncaikms Ptc Ltd 
Pei-Fu Industrial Building. 
24 New Industrial Road No 02-06 
Singapore !953 Tel 2831786. 2831798 

SPAIN - ESPAGNE 
Mundi-Prcma Libras. S A . 
CastelM 37. Apartado 1223. Madrid-28001 

Tel 431 13 99 
Lrbrcria Bosch. Ronda Univcrsidad I I . 
Barcelona 7 Tel 317 5308/317 53 58 

SWEDEN - SUEDE 
AB CE Fntzcs Kungl Hovtokhandel. 
Box 16356. S I03 27STH. 
Rcgcringsgatan 12. 
DS Stockholm Tel (08) 23 8900 
Subscription Agency/Abonnements: 
Wenncrgren-Williams AB. 
Boa 30004. SI04 25 Stockholm 

Tel 108)54 12 00 

SWITZERLAND - SUISSE 
OECD Publications and Information Centre. 
4 Simrockstrassc. 
5300 Bonn (Germanv) Tel (0228) 21 60 45 
local Agent 
!.ibra>rie Payot. 
6 rue Grcr.us. 1211 Geneve 11 

Tel (072)31 89 50 

T A I W A N - FORMOSE 
Good Faith Worldwide Int'l Co . Ltd 
9!h floor. No 118. Sec 2 
Chu.ig Hsiao E. Road 
Taipei Tel 391 7396/391 7397 

T H A I L A N D - THAI I .ANDE 
Suksit Siam C o . Ltd . 
1715 Rama IV Ru . 
Samyaii Bangknt 5 Tel 2511630 

T U R K E Y - TURQUIE 
Kullur Yayinlari Is-Turk l td Sti 
AlalUm Bulvari No: 191/Kat 21 
Kavaklidere/Ankara Tel 25 07 60 
Dolmabahce Cad No 29 
Bcsiktas/lstanbul Tel i 60 71 88 

U N I T E D K INGDOM - ROYAUME U N I 
H M Stationery Office, 
Postal orders only: (01)211-5656 
P O B 276, London SW8 5DT 

Telephone orders: (01) 622 3316. or 
Personal callers 
49 High Holborn. London WCIV 6HB 
Branches at: Belfast. Birmingham. 
Bristol, Edinburgh. Manchester 

U N I T E D STATES - P.TATS-UNIS 
OF.CD Publications and Information Centre. 
2001 I. Street. N.W.. Suite 700. 
Washington, D C 20036 - 4095 

Tel (202) 785 6323 

VENEZUELA 
Libreria del Erie. 
Avda F Miranda 52. Aptdo 60337. 
Fdiftcio Galiprn, Caracas 106 

Tel 32 2301/33 2604/31 58 38 

YUGOSLAVIA - YOUGOSLAVIR 
Jugoslovenska Knjiga. Kner Mihajlova 2. 
P O B 36. Beograd Tel 621 992 

Orders and inquiries from countries where Sales 
Agents have not yet been appointed should be ser.l 
to: 
OF.CD. Publications Service. Sales and 
Distribution Division. 2. rue Andre-Pascal. 75775 
PARIS CEDEX 16 

Lcscommandes provenantde paysou IOCDF n'a 
pas encore esigne dc deposilaire peuvent tire 
adressccs a : 
OCDE. Service des Publications. Division des 
Venlcset Distribution 2. rue Andre-Pascal 75775 
PARIS CEDEX 16 

70712-04-: 087 
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