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FOREWORD 

At the present time, eight Member States of the IAEA have major fast 
breeder reactor development programmes — with ten liquid metal cooled fast 
breeder reactors (LMFBRs) in operation, five under construction and five in an 
advanced planning stage. More than ten additional Member States have some 
research and development activities in the field of fast reactors or programmes 
related to the development of LMFBR components. 

To promote international co-operation and technical information exchange 
in the field of fast breeder reactors, the IAEA in 1967 established the Inter-
national Working Group on Fast Reactors (IWGFR), which co-ordinates the 
IAEA activities relating to fast breeder reactors. Since this time the IAEA has 
sponsored more than 80 conferences, symposia, technical committees and 
specialists' meetings in the field of fast reactors and has prepared annual reports 
of national programmes of the major countries involved in LMFBR development. 

The present Technical Reports Series document represents a compilation 
of the information on the status of fast breeder reactor development and 
worldwide activities in this advanced nuclear power technology. The Report 
is intended to provide complete and authoritative information regarding the 
state of LMFBR development for academic, energy, industrial and planning 
organizations in the IAEA Member States. This information should be useful 
especially for those Member States which do not have major fast breeder reactor 
programmes and which have not had direct access to earlier reports developed 
by the IWGFR. The Report also provides extended reference and bibliography 
lists. 

The preparation of any compilation of this sort requires judgement about 
the topics to be included, the degree of emphasis to be given, and the depth to 
which each topic is pursued. Any such judgement is naturally subjective, but it 
is hoped that by including details of national programmes a proper overall 
balance has been achieved. 

The International Atomic Energy Agency was fortunate to receive the 
generous support of outstanding experts in producing this Report. Special 
appreciation is expressed to Prof. Dr. Günther Kessler, Director of the Institut 
für Neutronenphysik und Reaktortechnik, the staff of this Institut, and their 
colleagues from the Fast Breeder Project at the Nuclear Research Centre, 
Karlsruhe, Federal Republic of Germany, who not only provided the largest 
contribution to the Report but also greatly influenced the content and form 
of the book. Special mention should be made of Mr. Dieter Faude of the 



Institut, who performed an outstanding job as technical editor and Ms. Christine 
Kastner, who typed the numerous drafts. (A complete listing of responsibilities, 
for the various sections is provided in the Annex.) 

It is hoped that the reader will find this status report a useful and valuable 
means of gaining insight into the development of LMFBRs throughout the 
world. 
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Chapter I 

BACKGROUND AND OVERVIEW 

I - l . INTRODUCTION 

Nuclear power is now one of the most important alternative energy sources 
and is already a practical reality, at present producing more than 13% of the 
world's electricity. The current development of this energy source is based on 
thermal reactors which can utilize only a small fraction (mainly 235 U) of uranium -
the naturally occurring nuclear fuel — for energy production. The estimated 
world's uranium resources available at competitive prices are limited to 
approximately 10-20 million tonnes [I-l]. The energy equivalents of 
these resources, burned in conventional reactors, are comparable to the energy 
equivalents of the world's resources of oil and natural gas. If large-scale development 
is based on the present technology (thermal reactors, once-through mode) nuclear 
power can only be considered as a relatively short-term energy source, since the 
uranium reserves known at present will probably be exhausted within the 
next 30—50 years. 

However, Fast Breeder Reactors (FBRs) can effectively convert the naturally 
occurring fertile isotopes 238U and 232Th into the fissile isotopes 239Pu and 233U, 
respectively. Both fertile isotopes are only used to a small extent in present-day 
thermal reactors. Breeders have the capability to do this conversion in a way that 
more fissile material is produced than is consumed in the reactors. This 
results, through fuel reprocessing and closing the fuel cycle, in the means 
of utilizing not only 235 U but also almost all fertile material, thus increasing 
essentially the energy potential of natural uranium. Fast reactors do the breeding 
as a side-line, for the main purpose of a breeder, like that of any other nuclear 
power plant, is to generate electricity. As a result of the breeding, the consumption 
of natural uranium per energy unit produced by a fast breeder reactor is many 
times less than for thermal reactors. Thus, even the utilization of low grade ores 
becomes economically justified. 

The market introduction of the fast breeder reactor is complicated by its 
long, costly development, the need for a closed fuel cycle, and the view that, with 
recent downturns in energy demand in the industrialized world, it may not be 
required for another thirty to fifty years, if ever. 

A dichotomy between overwhelming enthusiasm and total rejection can there-
fore be found at present in most countries engaged in the development of fast 
breeder reactors. This status report aims at presenting an objective view and 
providing a balanced perspective of the facts and technical bases concerning 
Liquid Metal cooled Fast Breeder Reactors (LMFBRs). 

1 
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1-2 . RATIONALE FOR FAST BREEDER REACTORS 

In most studies of future energy supply possibilities, nuclear power is regarded 
as one of the most important alternative energy sources for the long-term 
replacement of fossil sources of energy, especially oil (see Chapter IX). However, 
the present thermal reactors exploit only a very small fraction of the natural 
uranium resources to generate energy. Even the advanced high conversion thermal 
reactors result in no more than marginal improvements in uranium utilization. 
Thermal reactors can burn the fissile 235 U isotope, which is contained in natural 
uranium at an abundance of 0.72%, more or less completely and directly, but the 
fertile 238U (99.28%) isotope is used only in a very small percentage partly by1 

conversion into fissile plutonium according to the reaction 

2?1U — - — • 2 |9Np »• 2 | |Pu (1-1) 92 92 23.5 min 93 F 2.35 d 94 

This results in a total natural uranium utilization in thermal reactors of 
the order of 1% (if the converted plutonium is used by recycling). 

In a similar way the rich thorium reserves of the earth can be transferred into 
fissile material in a reactor: 

HlTh " 3 X h >33pa 233U ( I _ 2 ) 
22.1 min 27.0 d 

The use of fast neutrons generated by fission for inducing nuclear fission 
and the use of plutonium as the fissile material greatly improves the neutron 
economy, first, because of the greater number of neutrons generated by fission and, 
second, because of fewer parasitic neutron captures. After subtracting the 
neutrons required to continue the chain reaction, and after deducting the 
unavoidable neutron losses, there are still sufficient neutrons in the neutron 
balance for U/Pu conversion to ensure that more fertile material is converted into 
fissile material in the process than fissile material is consumed. This process is 
called breeding. Theoretically, it would allow 100% uranium or thorium 
utilization but, because of the losses occurring in the operation of the nuclear fuel 
cycle, practical utilization would be around 60% (Fig.I-1). 

The significance of the breeding process in terms of energy policy arises from 
the greatly reduced dependence of breeder reactors on an external nuclear fuel 
source, i.e. natural uranium. This implies a qualitatively different dimension of 
energy reserves compared with thermal reactors. 

The world's known, assured, and additionally estimated uranium resources 
which can be mined economically with today's technology would lead to energy 
generation of the order of 150 billion tonnes of coal equivalent (150 X 109 tee) 
when employed in thermal reactors. This makes them comparable to the oil 
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CONVERSION RATIO *\ BREEDING RHTIQ-* 

FIG.I-1. Utilization of uranium as a function of the conversion or breeding ratio. 

reserves of the world. Using 238U in the same amount of natural uranium in 
breeder reactors would lead to a fuel utilization factor some sixty times higher 
(see Fig.I-1). In addition, the volume of the uranium resources which can be 
exploited economically would increase as a result of the utilization of lower 
concentration ores in breeder reactors. The conclusion is often drawn that 
breeder reactors have the potential of extending current energy reserves by 
as much as 1000 times [1-2]. 

With breeding, nuclear fission offers an almost inexhaustible source of 
energy supply for the foreseeable future. Fast breeder reactors can also convert 
into usable nuclear fuel the depleted uranium which is considered as enrichment 
waste from nuclear power systems based on thermal reactors. Large quantities 
of depleted uranium have been accumulated in many countries as a result of 
the light water reactor and military programmes. These stocks could be utilized 
in fast breeder reactors, decreasing the need for further natural uranium. 
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As a consequence of all these characteristics, fast breeder reactors represent 
a source of energy that can be used far beyond our time horizon or, as the IIASA 
study on Energy in a Finite World, expressed it: "It is only through breeding that 
nuclear power becomes nuclear power" [1-2]. 

However, thermal reactors help to supply the initial fissile core inventory for 
the breeders. This does not make fast breeder reactors competing reactor lines 
but rather the logical extensions of an existing first reactor generation. Breeders 
and converters constitute a completely balanced, mutually supportive nuclear 
system (see Chapter IX). 

Another important feature arises from the closed nuclear fuel cycle of 
fast breeders, which is necessary for the fissile material bred in the reactor to be 
utilized. This means that fast breeders not only represent a type of reactor but 
constitute an integral system comprising reactor, reprocessing and fabrication 
plants (see Chapter VIII). 

From the standpoint of economics, a natural uranium price rise caused by 
a greater uranium demand or by a transition to poorer grade ores would not 
markedly affect the cost of the energy produced by fast breeder reactors. This is 
due to the very high fuel utilization in fast breeder reactors. On the other hand, the 
broad deployment of fast breeder reactors in industrialized countries with their 
large energy demands could extend and reduce the demands on the available 
uranium, thus prolonging low-cost natural uranium supplies. This would result in a 
moderation in the rise of uranium prices and thereby increase the competitiveness 
of nuclear power in countries without fast reactor development programmes, 
particularly developing countries. 

The incentive to use fast breeder reactors is not only based on economic 
considerations. For some industrialized countries like those of western 
Europe or Japan, which have little uranium ore and are dependent on the 
quantities of uranium available on the world open market, the FBR option is 
essential to the achievement of energy independence and self-sufficiency. 

1 -3 . LIQUID METAL COOLED FAST BREEDER REACTORS 

At the present time Mixed Oxide (MOX) fuel and sodium coolant have 
become accepted almost universally as the route for the development of fast 
breeder reactors. 

In the earlier phases of breeder reactor development, especially in the 1950s and 
1960s, metal fuels were employed. However, the demanding requirements of high 
fuel burnup, greater linear power, and higher fuel operating temperature have resulted 
in the almost exclusive adoption of MOX fuels (see Chapter V). Many other coolants 
for fast breeders also have been investigated, but the choice of liquid sodium metal is 
preferred in all development programmes in the world today. 

Sodium has very good heat transfer properties. Its high boiling point permits 
high coolant temperature conditions under very low system pressures. This results 
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in high coolant outlet temperatures and, consequently, high thermal efficiencies 
for the overall LMFBR plant (in the range of 40%). On the other hand, sodium 
becomes radioactive under neutron irradiation, and it reacts chemically with water 
and air. Both these properties lead to special technical measures having to be 
incorporated into the reactor design to prevent or greatly minimize their effect. 
The basis of these measures is a series of coolant loops to isolate the radioactive 
coolant from any possibility of contact with water. 

In principle, high pressure gases, such as helium, N 2 0 4 , C0 2 or superheated 
steam, also could be used as fast reactor coolants for MOX fuel. Between 1960 
and 1970, H20-steam cooled and D20-steam cooled fast reactor concepts were 
studied in the United States of America and the Federal Republic of Germany. 
However, these design concepts were abandoned for technical reasons. Helium 
cooled fast reactor concepts have been pursued as an alternative coolant concept 
in Europe, the USSR and the USA. However, as yet no helium cooled fast test 
or demonstration reactor has been built. Some fuel development for a C02 cooled 
fast breeder has been continued on a small scale in the United Kingdom. A 
development programme on an FBR cooled by N 2 0 4 is being conducted in the USSR. 

It is expected that, at least for the rest of this century, liquid metal cooled 
fast breeder reactors will continue to dominate the breeder field. That is why the 
major emphasis of the report is concentrated on reactors of this type. 

Two principal design concepts have been used for LMFBRs — the loop-
and the pool-type concepts. In the loop-type concept, the primary pumps and 
intermediate heat exchangers are located in cells outside the reactor vessel and 
are interconnected through a pipe system. In the pool-type concept, on the other 
hand, all primary systems components are built into a large pool tank filled with 
sodium (see Chapter VI). 

As far as the safety characteristics of a liquid metal cooled fast breeder 
reactor are concerned, this reactor system, like any other, contains in its fuel 
large quantities of radioactive materials, fission products in particular. As 
with any other reactor, the LMFBR employs the principle of multiple safety 
barriers in order to protect the public and the environment from their potential 
release (see Chapter VII). 

The low pressure in the coolant system, the large margin between the maximum 
operating temperature and the boiling point of sodium, and the excellent natural 
convection conditions of the cooling system are inherent safety characteristics of 
an LMFBR. If sodium boiling would be initiated in large LMFBR cores as a 
consequence of misbalance between power and cooling conditions, a marked 
increase in reactivity would occur. For this reason, much emphasis is put on the 
safety systems to prevent losses of coolant flow under steady-state power conditions. 
This is accomplished by two independently acting shutdown systems in modern 
LMFBR designs. 

On the whole, therefore, loss-of-coolant accidents followed by core melting 
(so-called Bethe-Tait accidents) are highly improbable in LMFBRs and belong 
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to the class of hypothetical accidents (see Chapter VII). All told, the risk arising 
from the operation of an LMFBR and its associated nuclear fuel cycle plants is 
not significantly different from that of thermal reactors (see Chapter IX). In 
addition, the risk from LMFBRs compares favourably with other societal risks. 

1 -4 . HISTORICAL DEVELOPMENT - OVERVIEW 

The principle of breeding was recognized from the very beginning of nuclear 
reactor development. As early as the 1940s, it was recognized in the USA that 
238 U can be fissioned by fast neutrons, and that 239Pu emits more neutrons in 
the fission process when exposed to fast instead of thermal neutrons. The higher 
number of emitted neutrons could thus convert more 238 U into fissile 
plutonium [1-3]. 

Early in 1944, E. Fermi and W.H. Zinn discussed the possibility of building 
a fast neutron reactor that was able to produce more fissile material than it 
consumed — this is what is called a breeder reactor. In summer 1944, Fermi 
moved to Los Alamos and Zinn to the Metallurgical Laboratory at Argonne. Fermi's 
enthusiasm at Los Alamos for the breeder concept resulted in the development 
of the fast reactor CLEMENTINE [1-4]. Encouraged by Fermi, Zinn started to 
explore a fast neutron reactor concept, at first named CP-4 and later known as 
Experimental Breeder Reactor I (EBR-I). These were the beginning steps of fast 
breeder development. CLEMENTINE and EBR-I were the progenerators of the 
first generation of metal alloy fuelled fast breeder reactors. 

In the USSR the idea of fast breeder reactors was proposed late in the 1940s 
by the academician Lejpunskij [1-5]. In 1950 and 1951 several fast reactor 
designs with different coolants (sodium, sodium-potassium, lead-bismuth, helium, 
etc.) were proposed and investigated, resulting in the construction of reactors BR-1 
(1955) and BR-2 (1956). 

At the same time, the first fast breeder reactors were put into operation in the 
United Kingdom - after the zero power reactors ZEPHYR (1954) and ZEUS (1955), 
the Dounreay Fast Reactor (DFR) was initially put into operation in 1959. This 
first round of experimental fast reactors was concluded in the USA by the EFFBR 
and EBR-II [1-6] (see subsection III-9.5). 

Consistent with the general approach to reactor technology at that time, 
the principal fuel was metallic; the metal being either enriched uranium or 
plutonium, alloyed in some cases with molybdenum. The high power density in 
fast neutron cores required a liquid metal coolant and sodium was selected 
finally as the preferred coolant. The first sodium cooled reactor (Soviet BR 5) 
started operation in 1958. Most attention was given to a high breeding ratio, 
i.e. a short doubling time of the fissile core inventory [1-7,1-8]. EBR-II, for 
example, was designed as a reactor plant with an integrated fuel cycle facility in 
order to demonstrate breeding on a technical basis. 
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Around 1960, with the background of a maturing thermal reactor technology 
(especially with light water reactors), the main objective of fast reactor development 
shifted from breeding to economy. In particular it became clear that the fuel 
burnup must be increased if economic feasibility is to be achieved. Fast reactors 
inherently require high enrichment, necessitating high fuel inventories (including 
the ex-core inventory) and expensive fuel fabrication and reprocessing. Thus, 
burnups of 100 000 MW • d/t are envisaged as a target in order to keep the number 
of passes of an individual fissionable atom through the whole fuel cycle 
comparatively low. Because metallic fuel could not, at that time, be exposed to 
such a high burnup, which is roughly equivalent to fissioning 10% of the inserted 
fuel and induces considerable degradation of material properties and remarkable 
volumetric changes, ceramic fuels, mainly oxides, were considered attractive 
alternatives. This led to a second generation of fast breeder reactors which have 
been under development world wide since the early 1960s. 

Further to the development work carried out in France since 1958, 
RAPSODIE went into normal operation in early 1967. Essentially modern in its 
design - two loops run by mechanical pumps, sodium cooled, mixed oxide fuelled, 
full core temperature surveillance - this reactor has served for almost 15 years 
providing considerable experience in design and technology. Furthermore, 
RAPSODIE has been a remarkable irradiation tool for more than 30 000 pins 
taken up to very high burnups as well as the first to close its own fuel cycle, 
thereby playing a major role in the development of the mixed oxide fuels. 

In the USSR, only shortly separated in time from RAPSODIE, the reactor 
BOR 60, still in operation, has been playing a very similar and important role. 

The use of mixed oxide fuel leads to a somewhat different reactor design 
because the neutron moderation by the oxygen results in a softer neutron energy 
spectrum as compared with the first generation metallic fuel FBRs. This means 
a lower breeding ratio and, because of the lower heat conductivity of the fuel, a 
larger core volume, i.e. a lower specific power density. For this reason, some 
research groups studied reactor coolants other than sodium (such as helium, 
N 2 0 4 , or steam) because higher breeding gains are achievable under these core 
conditions. However, these have not been realized to date in actual plants 
because of a considerably less urgent need than previously thought and less 
resilient material and safety consideration. 

A major venture in the fast reactor Research and Development (R&D) work 
of the 1960s was related to the question of inherent safety of fast mixed 
oxide fuelled reactors, especially the demonstration of the negative Doppler 
coefficient and the question of the positive sodium void effect. Other areas 
of interest have been the development of mixed oxide fuel and of structural 
materials, their behaviour under fast neutron irradiation, and the development of 
sodium technology and of large sodium components. 

Another feature of fast reactor development during those years — the 
truly international exchange of information and collaboration - is worth 
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mentioning. The IAEA Seminar on the Physics of Fast and Intermediate Reactors, 
held in Vienna in 1961 [1-9], was the first of a series of international meetings 
that took place in the 1960s, and was followed by the Safety Conferences 
at Argonne in 1963 [1-10] and 1965 [1-11], the Conferences on Fast Reactor 
Technology in Detroit in 1965 [1-12], on Fast Breeder Reactors in London in 
1966 [1-13], on Fast Reactors in San Francisco in 1967 [1-14], and on Sodium 
Technology and Large Fast Reactor Design at Argonne in 1968 [1-15], not 
to forget the Geneva Conference in 1964 [1-16]. 

It was commonly accepted by all fast breeder groups that the target size of 
a commercial fast breeder reactor, as for thermal power reactors, should be in 
the range of 1000 MW(e). This required an interim step on the way from the 
existing small experimental fast reactors to the 1000 MW(e) plant size - the 
prototype or demonstration reactors of about 300 MW(e). The design of this 
class of reactors was in the forefront of interest in the late 1960s [1-17,1-18]. 

Looking at the 1970s, it should be emphasized that three demonstration 
reactors were already accumulating many years of operating experience. The 
Soviet BN 350 reached criticality in 1972. The French PHENIX was 
connected to the grid in 1973. The British Prototype Fast Reactor (PFR) 
reached criticality in 1974 and has delivered power into the public grid since 1975. 
For all three prototype plants, the original design characteristics were confirmed 
in terms of fast reactor core physics, control and safety engineering parameters, 
and performance of the primary cooling system [1-19 to 1-21]. 

The Fast Flux Test Facility (FFTF) reactor in the USA, a large sodium 
cooled test reactor of 400 MW(th), began operation in 1980 after extensive 
pre-test programmes. It is mainly being used for fuels and materials testing. The 
Soviet reactor BN 600, with a power output of 600 MW(e), went into operation 
in 1980. At present it is the largest operational LMFBR in the world. 

In the Federal Republic of Germany, a 300 MW(e) prototype reactor, 
SNR 300, is under construction. This builds on the experience that has been 
gained from the earlier KNK II. 

In Japan, after a very successful experience of construction and startup of 
the experimental LMFBR JOYO, a 300 MW(e) demonstration reactor, MONJU, 
is in an advanced stage of design. India is joining the international fast breeder 
community with the construction of a small experimental fast test reactor. 

In Italy, the breeder reactor research activities were begun during the 
1960s in connection with a Euratom association. The programme developed 
along two lines: fuel element and sodium technology. An experimental reactor 
PEC has been designed and proposed as a tool to test fuel elements under different 
conditions, up to and beyond design limit. 

The phase of near-commercial size demonstration power plants was begun 
in France in 1977 with the construction of SUPER PHENIX. It has a power out-
put of 1200 MW(e) and is expected to be operated at full power in 1986. In 
the United Kingdom, a Commercial Demonstration Fast Reactor (CDFR) is 
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envisaged. In the USSR, plans for an 800 MW(e) and a 1600 MW(e) demonstra-
tion LMFBR have been started. These are to serve as first of a series of later 
commercial size facilities. Similar studies are underway in the Federal Republic 
of Germany and Japan [1-22,1-23]. 

An integral element of fast breeder technology is the closing of the fuel 
cycle, i.e. the development of reprocessing and (re)fabrication technologies. 
Several small test and pilot plants for LMFBR fuel reprocessing and mixed oxide 
fuel fabrication in the USA, the United Kingdom and France have been operated 
for almost twenty years. Japan and the Federal Republic of Germany together 
with Belgium have laboratory scale reprocessing facilities in operation. With 
SUPER PHENIX and other commercial demonstration LMFBR plants coming 
into operation after 1984, reprocessing and refabrication plants with 50 to 100 t/a 
throughput will be needed [1-24 to 1-26]. 

1-5. CONTENTS OF THE REPORT 

A summarized overview of the national programmes of LMFBR development 
in various countries is given in Chapter II. This chapter also includes aspects of the 
integration of FBR development in the general energy policy situation and of 
international co-operation associated with the respective country. 

Chapter III on LMFBR experience provides a brief description and purpose 
of all fast reactors — experimental, demonstration and commercial size — that 
have been or are planned for construction and operation. Whatever unique results 
have been obtained from each are indicated. 

Fast reactor physics is dealt with in Chapter IV. Besides the basic facts and 
definitions of neutronics and the compilation and measurement of nuclear data, 
a broad range of the calculation methods, codes, and the state of the art is 
described. 

In Chapter V, fuels and materials are described. Main emphasis is put there 
on the design and development of the experience gained with mixed oxide 
fuel pins and subassemblies. Besides, structural materials, blanket elements and 
absorber materials are discussed in this chapter. 

Chapter VI presents a broad overview of the technical and engineering aspects 
of LMFBR power plants. After the description of general plant design aspects, 
LMFBR core design is described in detail, followed by the components of the main 
heat transport system, the refuelling equipment, and auxiliary systems. 

Chapter VII on safety is a compilation of the current safety design concepts 
of LMFBRs and new trends in safety criteria and safety goals. Protected and 
unprotected transients are treated in detail. The chapter concludes with risk 
analyses of LMFBR technology. 

In Chapter VIII, the systems approach has been emphasized in the 
consideration of the whole LMFBR fuel cycle. Characteristics associated with 
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different stages of the fuel cycle are described here. Special emphasis is placed on, 
among other topics, safeguards aspects and the environmental impact of the 
LMFBR fuel cycle. 

Chapter IX describes deployment considerations of LMFBRs. Special 
emphasis is placed on economic aspects of the LMFBR power plant and its related 
fuel cycle. Other topics dealt with in this chapter are the potential role of the fast 
breeders in the energy supply and the perspectives and frontiers of LMFBR 
deployment. 

Finally, Chapter X provides an overall summary and a description of the 
prospects of the LMFBR in the near future. 
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Chapter II 

NATIONAL PROGRAMMES 

II-1. INTRODUCTION 

Developing fast breeder reactors to commercial maturity is a lengthy and 
costly task which generally goes beyond the capabilities of any individual country. 
It became apparent at a very early stage that this development proceeds in a number 
of clearly distinguishable stages, which converge in research and experimentation, 
industrial development and demonstration, and the commercial phase of a fast 
breeder nuclear power plant. All breeder programmes in the world have followed, 
and still tend to follow, this pattern. 

Research and experimentation requires the buildup of considerable R&D 
capacities in a broad fundamental programme. This includes, in particular, large 
physics experiments and the development of fuels and materials up to the con-
struction and operation of a low-power fast test reactor. 

Industrial development and demonstration includes the design, construction 
and operation of a prototype power plant including the development and testing 
of its technical components. The size of a prototype facility is limited on the 
one hand by the experience accumulated in the first phase, while, on the other, 
prototype plants should have all the main characteristics of future commercial 
facilities. 

The commercial phase has been reached when a power plant and fuel cycle 
facilities of the size of future economic units has been commissioned successfully. 

The same steps analogously apply to the closed.fuel cycle of a fast breeder. 
These steps are treated in more detail in Chapter VIII. 

The following nations are at present involved in the development of fast 
breeder reactors: France, the Federal Republic of Germany together with Belgium 
and the Netherlands (DeBeNe), India, Italy, Japan, the Union of Soviet Socialist 
Republics (USSR), the United Kingdom (UK), and the United States of America (USA). 
The development programmes in those countries are described in a summarized 
survey in the following subsections (in alphabetical order of the respective 
countries). Other fast breeder activities not directly linked to a national breeder 
development programme are briefly described in subsection I I -10 . In compiling 
the text the authors have drawn heavily on programme descriptions presented at 
many international conferences, as well as on national contributions to the 
meetings of the International Working Group on Fast Reactors (IWGFR) of the 
IAEA [II-1 to 11-12]. The different ways in which the individual countries 
presented their development activities on those occasions, and also the aspects 
on which they concentrated, are reflected in the subsections below. 

13 
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Nevertheless, the authors have attempted to arrange a uniform scheme for 
all these descriptions: (a) the integration of the fast breeder development in the 
general (nuclear) energy policy situation of the country in question, (b) the 
description of the R&D activities including the test facilities, and (c) an outline 
of the international co-operation. 

Table I I - 1 summarizes all programmes. The main component of any fast 
breeder programme is the experience accumulated in building and operating 
fast breeder reactors, which is described in greater detail in Chapter III. Likewise, 
operating experience growing out of the closure of the nuclear fuel cycle is an 
integral part of a complete breeder programme. For this aspect, reference is made 
to Chapter VIII. 

II—2. FRANCE 
[11-13 to 11-24] 

II—2.1. NUCLEAR ENERGY DEVELOPMENT 

The energy situation of France is characterized by very limited fossil fuel 
reserves. For this reason, France has enacted an intensive construction programme 
of nuclear power stations. Especially since the first oil crisis in 1973 the French 
energy plan has aimed at a radical reduction of oil consumption, not only to ensure 
future energy supplies but also because of much lower nuclear energy production 
costs in France. 

The French fast neutron reactor programme is part of a more general plan 
for generating electricity by nuclear power. 

In 1973 France supplied only 25% of its energy requirements from its own 
raw materials and hydroelectric power resources. By 1984 this percentage had 
increased to about 40%. This is partly due to an increase in the generation of 
electricity by hydroelectric power, but, above all, to the deployment of French 
nuclear power capacity. Because of the rigorous construction programme of 
Pressurized light Water cooled and light water moderated Reactors (PWRs), this 
capacity had reached about 33 000 MW(e) by the end of 1984. Including the 
last gas-graphite reactors and the first breeders PHENIX and SUPER PHENIX, 
French operational nuclear power will approach 56 000 MW(e) in 1990. That 
same year the total annual electric power consumption is estimated to be abeut 
400 X 109 kW-h. While in 1984 nearly 50% of the whole electric power con-
sumption was from nuclear power, this share is scheduled to reach over 70% 
in 1990. 

However, the accumulated uranium consumption of the French nuclear 
programme (mainly power stations of the PWR type) will reach a value of the 
order of the French national resources at the end of the century. This illustrates 
the importance of the fast neutron power stations. 
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II—2.2. FBR DEVELOPMENT PROGRAMME 

II—2.2.1. General review 

To ensure a sufficient supply of fissile material in the long term, the French 
Commissariat à l'Energie Atomique (CEA) started its fast reactor programme in 
1953 with development work on sodium systems. Its first fast power reactor, 
RAPSODIE, began operation in 1967 at the Centre d'Etudes Nucléaires (CEN) 
de Cadarache. This fuel test facility, orginally rated at 20 MW(th) and soon raised 
to 24 MW(th), operated reliably with MOX fuel and has provided fuel test data 
for the large demonstration reactors. In 1970 a FORTISSIMO core was loaded, 
raising the thermal power level of RAPSODIE to 40 MW(th). In 1982 RAPSODIE 
was shut down after leakage problems had arisen (see subsection III—2.1). 

The breeder power plant PHENIX is a 250 MW(e) prototype plant, located 
at Marcoule on the lower Rhône River. It achieved criticality in August 1973 and 
full power in March 1974. The reactor has operated remarkably well. The initial 
reactor core was half mixed oxide and half U02 , but since 1977 it has been entirely 
mixed oxide (see subsection III—2.2). 

Based on the positive experience of the RAPSODIE and PHENIX programmes, 
construction of the 1200 MW(e) demonstration plant, SUPER PHENIX-1 (SPX-1), 
was started in 1977 at Creys-Malville on the upper Rhône. Criticality is scheduled 
for 1985. This reactor is supported financially by utilities from five countries: 
France (51%), Italy (33%), the Federal Republic of Germany (11%), and Belgium 
and the Netherlands (2.5% each). The lead designer of SUPER PHENIX-1 is the 
French company NOVATOME; the main contractor and architect-engineer of the 
nuclear island is a joint company set up by NOVATOME and NIRA (Italy). The 
plant will be operated by NERSA (EdF, ENEL, RWE) (see subsection III—2.3). 

A decision on the construction of a 1500 MW(e) breeder power station, 
SUPER PHENIX-2 (SPX-2), is expected to be taken after about a year's operating 
experience with SPX-1, i.e. after 1986. 

II-2.2.2. Fast reactor R&D programme and test facilities 

A wealth of experience concerning plant operation, components, protection 
instrumentation, shutdown systems, and core elements has been gained from 
many years of RAPSODIE and PHENIX operation. The fuel is manufactured in 
the plutonium technology plant at Cadarache and post-irradiation examinations 
of test fuel elements and materials are carried out in numerous hot cells. To 
obtain an understanding of the metallurgy in a fast flux environment, laboratory 
investigations are being carried out, especially to study the role of dislocations 
and their evolution under irradiation and the kinetics of the precipitation of 
additional elements in alloys. At Saclay the application of a 1 MeV microscope 
specially provided for these studies has proved to be very helpful. 
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In addition and complementary to reactors such as RAPSODIE and PHENIX, 
the French breeder development programme includes numerous research facilities 
for developing and testing components and for verifying theoretical models of 
thermal hydraulics, failure mechanisms, and safety concepts. 

The major research facilities are the following: 

— The zero power fast reactor MASURCA, which has been in operation since 
1966, serves for measuring nuclear parameters of mixed oxide cores. The 
present French-Italian-DeBeNe programme RACINE centres on the study 
of heterogeneous cores with an emphasis on safety parameters (control rod 
worths and interactions, void coefficients, etc.) and physics measurements 
(breeding ratio, power distribution). 

- The thermal research reactors CABRI and SILOE, each with a sodium loop, 
are used for studying detailed failure mechanisms of fuel rods under transient 
and loss-of-coolant conditions. The projects are carried out in international 
co-operation, especially with the Federal Republic of Germany. Special 
points of interest are the question of pin-to-pin failure propagation, fuel 
movement and its reactivity effect. 

— The ESMERALDA facility at Cadarache allows for a large-scale investigation 
of sodium pool fires. This is important, e.g. for measuring the pressure 
buildup and aerosol behaviour in the event of a major accident. 

- A large new thermal-hydraulics research facility has been commissioned at 
Grenoble. 

— For SPX-1, large sodium rigs, specially built at Cadarache, served for testing 
various components such as: 
— an air lock with rotating machine for charging and discharging fuel 

subassemblies into and from the reactor, 
— a machine for internal transfer of subassemblies in the reactor, 
— a system for fuel handling in the fuel storage vessel outside the reactor, 
— a sodium aerosol separator in the argon system, 
— control rod mechanisms. 

- Primary and secondary sodium pumps for SUPER PHENIX-1 have been 
tested in a water rig of EdF at Gennevilliers, and IHXs in a water rig at 
Cadarache. Seismic and endurance tests on the rotating parts of the primary 
pumps have been carried out in a sodium loop at Brasimone (Italy). 

- Sodium-water reactions, which can occur through steam generator leakages, 
have been studied at Cadarache and Brasimone. 

— Steam generator modules were tested out of pile at a 50 MW facility at 
Renardières under realistic conditions. 
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II-2.2.3. Fuel reprocessing 

The French FBR reprocessing programme can be subdivided into three main 
phases of development: 

— the experimental phase: 
RAPSODIE with the reprocessing facility AT-1 at La Hague, 

— the demonstration phase: 
PHENIX with the reprocessing plant SAP-TOR at Marcoule, 

— the industrial phase: 
SUPER PHENIX and successors with a major future facility. 

The AT-1 facility at La Hague, specially designed to reprocess spent fuel 
from RAPSODIE with a capacity of 1 kg/d, was in operation between 1969 and 
1979. 

The Marcoule pilot plant SAP (Service des Ateliers Pilotes) was built in 1960 
to carry out research on a semi-industrial scale on irradiated fuel reprocessing. 
In 1974 it was supplemented by a mechanical processing unit and a new dissolver 
unit in order to reprocess LMFBR MOX fuel. 

The fast oxide reprocessing facility TOR (Traitement des Oxydes Rapides) 
with an annual capacity of 5 tonnes of heavy metals from spent FBR fuel has been 
implemented at Marcoule. TOR is a result of renovation, modification, and 
enlargement of the preceding pilot plant SAP. 

The TOR project was designed to increase the current capacity to enable 
complete closure of the PHENIX fuel cycle, with excess capacity available to 
reprocess fuels from SUPER PHENIX or other foreign fast reactors; e.g. KNK II 
or SNR 300. 

The TOR facility includes the following: 

(1) A TOR-1 head-end consisting of new alpha-beta-gamma cells in which the 
head operations will be performed. There will be two parallel equipment 
lines: 

— A main line designed to test the process and equipment on which experience 
in active conditions has already been gained on a significant scale and over 
long-term runs. This process line will serve to carry out reprocessing pro-
grammes for RAPSODIE, PHENIX and for other customers, 

— A set of experimental units that can be positioned on a bypass to the main 
process line, to test with real fuels the techniques and equipment intended 
for an industrial plant (mechanical treatments, continuous dissolution, 
clarification, gas treatment, treatment and packaging of solid wastes). 

(2) A unit called TOR-2, associated with finished products, and including in 
particular storage facilities. This unit completes the arrangements begun 
in 1977 for the renovation of the final plutonium purification cycle and the 
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liaison with the Marcoule UP-1 facility for the transfer of plutonium 
solutions. The possibility of adding a denitration unit for R&D purposes is 
under study. 

(3) Changes in the present installations of the pilot plant in the existing cells 
(TOR-3) to insert a new first pulsed-column extraction cycle, a new fission 
product solution concentration, and a new third uranium extraction cycle. 

An industrial fast fuel reprocessing plant is under design for the reprocessing 
of a small series of industrial FBRs, including SUPER PHENIX. The project has 
been drawn up on the basis of a plant featuring a single reprocessing line and 
handling MOX fuels with a plutonium content below 25%, a maximum burnup 
of 120 000 MW • d/t and a cooling time of not less than one year. 

II—2.3. INTERNATIONAL CO-OPERATION 

In 1977 France signed major agreements with the Federal Republic of 
Germany, associated with Belgium and the Netherlands (DeBeNe). Figure II-l 
shows a survey of the various organizational connections between governments, 
vendors, and research centres of France (with Italy) and the Federal Republic of 
Germany (with Belgium and the Netherlands). The know-how on nuclear steam 
supply systems of LMFBRs is being pooled. This pooling includes fuel element 
development and design, but not fabrication know-how of fuel and components 
nor chemical reprocessing methods up to now. The central organization for 
pooling know-how and for marketing commercial breeders in the future is SERENA. 
This was founded in 1978 and is the sole continental west European company 
to issue licences for future breeder plants to France, the Federal Republic of 
Germany, and other countries. 

FIG.II-l. Breeder co-operation in western Europe. 
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The French and Federal German R&D activities are harmonized by a steering 
committee and nine specialized working groups, accompanied by a continuous 
exchange of information and by common actions. 

A western European study group for fast neutron nuclear systems has been 
operational since 31 August 1983. This group, known as ARGO, intends to 
promote the breeder reactor system in order to contribute to the safety of energy 
supplies in Europe. Together with France, which is represented by the CEA and 
NOVATOME, four countries are at present participating in the group: the Federal 
Republic of Germany, Belgium, Italy and the Netherlands. The group is open to 
additional members. 

An intergovernmental memorandum of understanding, bringing the United 
Kingdom into the European fast reactor collaboration, together with France, 
the Federal Republic of Germany, Italy, and Belgium (and, possibly later in the 
year, the Netherlands), was signed in Paris in January 1984. 

In February 1984 EdF and the British national utility CEGB signed an 
agreement in London to work together on fast reactor power stations, with CEGB 
possibly participating in the SUPER PHENIX-2 project. 

Under a memorandum of understanding concluded in London on 2 March 
1984, industrial companies and research organizations of the Federal Republic of 
Germany, the United Kingdom, France, Italy and Belgium are pooling their indivi-
dual activities in the development and construction of fast breeder reactors. 
Participation of partners from the Netherlands is envisaged. A comprehensive 
information exchange is intended to achieve a sequential construction programme 
of demonstration reactors in Europe in order to provide the electricity utilities 
with the necessary confidence to proceed to a full commercial reactor construction 
programme. Each demonstration reactor would draw on the experience gained 
from its predecessor and would lead, through a process of continuous improvement, 
to a commercial model on which national designs could be based. Each reactor 
would in turn provide a focus for the research, development and design activities 
of all participants. 

The overriding objective of collaboration spelled out in the March memorandum 
is the most efficient use of resources, leading to the earlier introduction of economic 
fast reactors. 

The next step in formalizing the collaboration is the negotiation of definitive 
agreements detailing the exchange concerning R&D, design, construction and 
marketing, and commercial use of information. 

In addition to the reactor memorandum of understanding, two other 
memoranda of understanding, setting out the principles underlying co-operation 
in fuel fabrication and fuel reprocessing, were also signed on 2 March 1984 by 
French and British organizations involved with the fuel cycle. Negotiations are 
under way to extend this collaboration on the fuel cycle as soon as possible to 
include the other countries involved in the collaboration on reactors. 
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International co-operation extends also to various other countries. For 
example, the United Kingdom, Japan and the USA participate as junior partners 
in French-Federal German power transient experiments on individual fuel rods 
in the research reactor CABRI at Cadarache. Other research projects are being 
performed under trilateral Federal German-French-American and Federal German-
French-Japanese agreements, respectively. The French CEA is giving aid to India 
for the design and construction of the Fast Breeder Test Reactor (FBTR) at 
Kalpakkam. 

I I -3 . FEDERAL REPUBLIC OF GERMANY/BELGIUM/THE NETHERLANDS 
[11-25 to 11-34] 

II—3.1. NUCLEAR ENERGY DEVELOPMENT 

The energy supply of the Federal Republic of Germany, Belgium, and the 
Netherlands is characterized by a high dependence on imported fuels, especially 
oil, although there are still considerable coal resources in the Federal Republic of 
Germany, and natural gas sources in the Netherlands. The Federal German hard 
coal seams lie very far below the surface and therefore mining is expensive; the 
Dutch natural gas resources will last for only a few more decades. In addition, 
the burning of fossil fuels gives rise to serious environmental problems in densely 
populated Central Europe. 

The nuclear power plant capacity in operation by the end of 1984 was 
16 000 MW(e) in the Federal Republic of Germany, 3500 MW(e) in Belgium and 
500 MW(e) in the Netherlands. By 1990 the nuclear power capacity of all three 
countries is expected to increase to the order of 30 000 MW(e). 

On the other hand, there are but few uranium resources in the DeBeNe 
countries, so that their nuclear power stations depend on imported nuclear fuel 
for the time being. This situation has prompted joint efforts to develop breeder 
reactors. 

II—3.2. FBR DEVELOPMENT PROGRAMME 

II—3.2.1. General review 

The Federal German fast breeder project, which was begun at the Karlsruhe 
Nuclear Research Centre in 1960, has led to construction and operation of the 
KNKII plant and to construction work on the prototype SNR 300 by industries 
in the Federal Republic of Germany, Belgium and the Netherlands. For develop-
ment work beyond this level, planning studies for a larger plant, SNR-2, are being 
conducted which also involve the French pool concept and the experience already 
accumulated with this type of reactor. In addition to Italian utility companies, 



NATIONAL PROGRAMMES 23 

Federal German, Belgian, Dutch and British utility companies participate in 
the French 1200 MW(e) SUPER PHENIX-1 breeder reactor, according to a 
contract signed in 1974 (see subsection II—2.3). 

It is the aim of the Federal German LMFBR programme to have the breeder 
technology commercially available when the market demands it. Commercially 
available means that sufficient experience has been gained in the design, construction 
and operation of demonstration power stations to allow normal market forces to 
determine the onset of purely commercial use of the technology. 

The development programme for LMFBRs is essentially funded and super-
vised by the Federal Ministry for Research and Technology. The SNR 300 
prototype plant is partly (28%) funded by industry. 

The KNKII experimental power station 

The compact sodium cooled nuclear reactor, KNK II, has been in operation 
since 1978. The plant, which is equipped with a fast core surrounded by a thermal 
driver region, is an experimental nuclear power station of 20 MW(e) power operated 
by Kernreaktor-Betriebsgesellschaft (KBG), Karlsruhe. It was built by INTERATOM, 
a subsidiary of the Kraftwerk Union AG (KWU). The Karlsruhe Nuclear Research 
Centre (KfK), which is the owner of the plant, uses the power station primarily 
for various types of experiments, in addition to electricity generation. Most of the 
experiments involve in-pile testing of new fuels and fuel element designs. In addition, 
instrumentation tests and a large variety of engineered operating tests are carried out 
(see subsection III—3.1). 

The Kalkar nuclear power station (SNR 300) 

The SNR 300, a 300 MW(e) nuclear power plant, has been under construction 
at Kalkar on the lower Rhine River as a joint venture by the Federal Republic of 
Germany, Belgium and the Netherlands since 1973. The turnkey contract for 
SNR 300 has been let by the utility Schnell-Brüter-Kernkraftwerksgesellschaft 
(SBK) to the Internationale Natrium-Brutreaktor-Baugesellschaft (INB), a subsidiary 
of INTERATOM, NERATOOM and BELGONUCLEAIRE) (see subsection III—3.2). 
Commissioning is planned for 1987. 

The Kalkar nuclear power station SNR 300 will be licensed under the stringent 
licensing procedures developed for commercial LWRs in the Federal Republic of 
Germany. 

Political inquiries as well as the particularly demanding technical criteria 
in the Federal Republic of Germany, e.g. with respect to external impacts (aircraft 
crash etc.), core disruptive accident (Bethe-Tait complex), and in-service inspections, 
have contributed to delays in the project and a considerable construction cost 
overrun. 
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Preliminary planning studies of SNR-2 

In 1982 the Federal German-French-Italian ESK (Europäische Schnellbrüter-
Kernkraftwerksgesellschaft) electricity utility commissioned Kraftwerk Union 
to draft a preplanning study of a large breeder reactor to operate on the pool 
concept. This study was concluded by INTERATOM in early 1984. Together 
with an earlier study of a plant based on the loop-type concept, it is to constitute 
the basis of a decision between the two concepts to be taken by ESK in 1984. 
Major aspects in this decision are the possibility of the reactor being licensed in 
the Federal Republic of Germany and the magnitude of its construction costs. 

The Federal Ministry of the Interior in mid-1983 invited a 'Discussion Group 
on Fundamental Technical Safety Problems of Large Fast Breeder Reactors'. 
Before the beginning of detailed planning that group will examine important 
safety related problems of the SNR-2, such as the Bethe-Tait accident complex, 
containment problems, steam generator failures, etc. The Federal Ministry of the 
Interior is to issue a catalogue of regulations and recommendations on these 
subjects by late 1984. 

11-3.2.2. Fast reactor R&D programme and test facilities 

Irradiation tests are carried out in KNK II, French and British facilities, 
in the epithermal flux of the Belgian research reactor BR-2 at Mol and the Dutch/ 
EURATOM High Flux Reactor (HFR) at Petten. The studies serve several purposes: 
testing fuel rod behaviour under normal operating power cycles, under transients 
and with coolant blockages; tests of canning and wrapper tube materials and of 
structural materials with respect to embrittlement, etc. 

Test fuel rods for irradiation are manufactured by the industrial companies 
ALKEM and NUKEM at Hanau, and at the Dessel plutonium plant operated by 
SCK/CEN Mol and BELGONUCLEAIRE. Most of the post-irradiation examinations 
are carried out in laboratories and hot cells by KfK Karlsruhe, SCK/CEN, and HFR 
Petten. These examinations also extend to core materials and structural materials 
specimens. 

A considerable number of out-of-pile sodium circuits in DeBeNe serve to 
study sodium effects on wear, creep and fatigue phenomena. Other sodium 
circuits supply data on sodium boiling under blockage conditions, thermal hydraulics 
in non-nominal rod bundle geometries, and devices for the timely detection of 
disturbances. 

Other safety-related facilities that ought to be specially mentioned are: 

- the SUSI facility at Karlsruhe, in which experiments are conducted to 
clarify the boiling behaviour of core melts as a function of pressure, 

- the FAUNA facility, which is used to study thermodynamic and aerosol 
physics impacts of sodium fires, and SNR 300 components under the impact 
of sodium fire aerosols. 
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The main facility for measuring fast core neutronic parameters has been 
SNEAK at Karlsruhe, a zero power reactor which operated from 1966 until 1985. 
It has mainly been used to determine the physics and safety characteristics of 
KNK and SNR 300 cores. A series of experiments served to measure the reactivity 
effects of large breeder cores under severe accident conditions, especially of fuel 
and materials motion, compaction phenomena, etc. 

Several large industrial sodium facilities have been or are being used for the 
development of major sodium components: 

— sodium pumps were tested full-scale in the APB sodium loop facility at 
INTERATOM Bensberg, 

— IHXs and steam generators have been tested full-scale for the SNR 300 in a 
50 MW facility at Hengelo which is now shut down, 

— thermal hydraulics of fast breeder core components have been tested in the 
AKB at Bensberg, 

— reactor handling mechanisms were tested in RSB, Bensberg. 

II—3.2.3. Fuel cycle activities 

Work on fast reactor fuel reprocessing has been carried out at the Karlsruhe 
Nuclear Research Centre since the early 1960s. In the laboratory-scale reprocessing 
facility, MILLI, with a capacity of 1 kg/d, operated since 1971, flowsheet studies 
have been performed with highly irradiated fuel. A conceptual study of a 50 kg/d 
breeder fuel reprocessing plant, called MILLI-II, was performed in 1982. 

In Belgium a research programme on reprocessing of fast breeder reactor 
fuel is under way at the Nuclear Research Centre at Mol. Laboratory research has 
been devoted from 1978 to the dissolution of 0.5 kg/batch of high-burnup fuel 
and off-gas purification. Experimental data were used in the design of a pilot-size 
reprocessing research facility, HERMES (Head-End and Reprocessing facility on 
Mock-up Engineering Scale). 

II—3.3. INTERNATIONAL CO-OPERATION 

Federal German-Belgian-Dutch breeder co-operation started about 1967 at 
the governmental, research, manufacturing and utility levels. The Belgian contri-
bution particularly concerns fuels and materials, whereas the Dutch contribution 
centres around sodium components. Both countries have also had an important 
share in safety and physics studies. The SNR 300 prototype plant is a joint DeBeNe 
venture, and the Federal German-Belgian-Dutch utility SBK has been participating 
in the French SUPER PHENIX-1 project since 1974. 

The breeder co-operation with France also dates back to the 1960s, when, 
in the framework of a EURATOM association, the Federal Republic of Germany 
and France participated in the SEFOR safety experiments in the USA concerning 
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the nuclear Doppler coefficient. Since the commissioning of RAPSODIE/ 
FORTISSIMO and later PHENIX, DeBeNe has had experimental fuel rods and 
materials specimens irradiated in France (and in the DFR, PFR and VEC in the 
United Kingdom). The CABRI, SCARABEE and SILOE 'failed fuel' experiments 
were carried out and evaluated on the basis of agreements concluded in 1973. 

In 1977 several agreements were concluded with France at the level of 
manufacturing industries as well as the research activities on the future marketing 
of a joint commercial breeder reactor. A know-how pool and common actions 
in various research projects have been the result. A Federal German-French 
steering committee with nine special working groups is co-ordinating the R&D 
activities and the extensive information exchange. 

Early in 1984 memoranda of understanding were signed by the governments, 
industrial companies, and research organizations of the Federal Republic of 
Germany, France, the UK, Italy and Belgium in preparation for extended breeder 
co-operation in western Europe (for details, see subsection II—2.3 and Fig.II-1). 

This collaboration aims at a concerted construction programme of fast breeder 
reactors, based on a full exchange of breeder know-how. This will comprise: 
mutual harmonization of R&D projects; and the joint planning, construction and 
introduction of fast breeder plants in to the market. It includes close industrial 
co-operation in the manufacture of components, together with concerted actions 
by the partners vis-à-vis'third parties. In the Federal Republic of Germany the 
partners to this fast breeder collaboration are the Karlsruhe Nuclear Research 
Centre and INTERATOM, a member of the KWU group. 

For many years DeBeNe has been co-operating with the United Kingdom 
Atomic Energy Authority (UKAEA) in a number of specific fields. In the past 
this has included, among others, experiments in DFR, PFR, and the Harwell 
Variable Energy Cyclotron (VEC), experimental studies of structural materials 
for computer code validation, chemical (thermite) tests at Foulness to simulate 
fuel-sodium interaction in a model of the reactor core of the SNR 300, and nuclear 
measurements in zero power assemblies of large breeder cores within the frame-
work of the BIZET programme. 

The DeBeNe group and France have trilateral relations each with the USA 
and Japan, which have resulted in exchanges of know-how in a number of topics 
of breeder research, the implementation of joint projects and the delegation, 
inter alia, of Federal German experts to foreign research teams. This includes the 
development of safety codes for computing severe accidents in collaboration with 
ANL, LANL, and SAI, safety experiments in the reactors ACRR and TREAT 
(CAPT agreement) and in out-of-pile facilities. 

The emphasis of co-operation with Japan is on safety evaluations regarding 
licensing, radiological consequences of postulated accidents (sodium fires, aerosol 
behaviour), seismic problems, the deposition and detection of fission products in 
the primary coolant circuits, steam generator problems, etc. Information on 
operating experience with KNK II, RAPSODIE and JOYO is being exchanged. 
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II—4. INDIA 
[11-35, 11-36] 

II—4.1. NUCLEAR ENERGY DEVELOPMENT 

The most significant conventional energy reserves in India consist of hydro-
electric power and coal, while oil and natural gas have only a limited potential 
compared with demand forecasts anticipated by the turn of the century. Coal 
deposits occur mainly as non-coking coal principally concentrated in the eastern 
part of the country. Hence coal must be transported over long distances to supply 
states in other parts of India. 

Nuclear energy therefore is expected to play a significant role in the energy 
resources of India in the next century. However, India is not endowed with large 
uranium reserves and therefore aims to utilize more abundant thorium reserves, 
which are estimated to be about 350 000 tonnes. This results in a step-wise 
approach to using nuclear energy, consisting of three phases: 

— Use of natural uranium in thermal reactors of the heavy water reactor type 
to produce power and plutonium as the basis of the next phase; 

— Deployment of FBRs to produce power and to increase the inventory of 
fissile material, which then becomes the basis of the third step; 

— Utilization of thorium with the help of fissile material produced in the 
second phase. 

It is in this context that the Department of Atomic Energy in India launched 
an R&D programme in the field of fast breeder reactors in the early 1970s with 
the broad aim of developing within the country the skills and expertise for the 
design, construction and operation of FBRs and associated fuel cycle facilities. 

II—4.2. FBR DEVELOPMENT PROGRAMME 

II—4.2.1. General review 

It was recognized that development of all the breeder technology by a single 
country, independent of other nations, is a very difficult task requiring vast invest-
ments and manpower, and that international co-operation can play a very important 
role in reducing the overall cost and time required to attain the desired objectives. 
Therefore, external assistance was welcomed, but, at the same time, India proceeded 
to develop the technological base from the grass root level. The Reactor Research 
Centre at Kalpakkam near Madras was set up with the following immediate 
objectives: 
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- to build an LMFBR for developing materials and training personnel, 
— to develop sodium technology, fuel and structural materials for future fast 

power reactors, 
- to develop the chemistry required for the fast reactor and its fuel cycle, 
— to study safety related phenomena to get a better understanding of the 

risks involved and establish methods to minimize the environmental impact. 

At present the Kalpakkam Centre is working with a staff of about 400 pro-
fessional scientists and engineers with the necessary support of technical assistants. 
These efforts are supplemented by contributions from the Bhabha Atomic 
Research Centre (e.g. zero energy fast reactor assembly) and other units of the 
Department of Atomic Energy. 

II—4.2.2. Fast reactor R&D programme and test facilities 

A major activity within the Indian FBR programme is the construction of 
the FBTR in collaboration with France. Indian industry is a partner in this project 
in fabricating major nuclear components such as sodium pumps, heat exchangers, 
steam generators, control rod drives, fuel handling machines etc. The FBTR is 
described in more detail in subsection III—4. As the FBTR is nearing completion, 
design studies for a 500 MW(e) prototype FBR have been initiated and are now 
under way. Its operation is envisaged for the late 1990s. The prototype FBR 
is expected to be the 'head of the series' to be built after 2000 for commercial 
deployment. 

The Reactor Engineering Laboratory is mainly working on sodium technology. 
The salient points of this part of the programme are: 

— development of methods for sodium purification, 
— design, construction and operation of a 500 kW sodium loop, 
— various test facilities for, e.g. testing of fuel pins, subassemblies and control 

rod devices in sodium, sodium pump testing in water, etc. 

Metallurgical activities are dealing with the development of FBR mixed 
carbide fuels and structural materials including post-irradiation examination of 
fuel pins and subassemblies. 

Besides the FBTR, the reprocessing programme forms one of the vital aspects 
of R&D at the Kalpakkam Reactor Research Centre. This programme aims to 
develop the technology for reprocessing the fuel and blanket of the FBTR. 
A Reprocessing Development Laboratory is designed to study problems of the 
different steps of reprocessing, including a hot cell complex which allows handling 
fissile material on a several kg/d level. 
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II—5. ITALY 
[11-37 to 11-41] 

II—5.1. NUCLEAR ENERGY DEVELOPMENT 

The Italian situation is characterized by very limited fossil fuel and uranium 
reserves, and by a strong dependence on imported oil. To reduce oil dependence, 
the National Energy Plan (1981) calls for a strong effort in diversification policy, 
natural gas, coal and uranium being the sources to be implemented. However, 
at present only an 850 MW(e) Light Water cooled and light water moderated Reactor 
(LWR) power station is on-line beyond three first generation power stations 
constructed some 20 years ago. Two LWR units (2 X 1000 MW(e)) are now under 
construction, the first of them to be completed in 1987, and six new LWR units 
for a total of a further 6000 MW(e) are foreseen in the near future. 

As from 1986, 400 MW(e) capacity (one-third of the output of SUPER 
PHENIX) will be introduced into the Italian electric power system as a result 
of the joint venture between France, Italy and the Federal Republic of Germany. 

II—5.2. FBR DEVELOPMENT PROGRAMME 

II—5.2.1. General review 

In spite of the relatively slow pace of constructing nuclear power stations, 
Italy is making a great effort to improve research and development as well as 
industrial capability in the nuclear field. 

A major effort has been devoted to the development of FBRs, with the aim, 
in the framework of an enhanced European collaboration, to keep open to the 
country a technological option for the middle-term future. 

Italy started its breeder reactor research activities in the 1960s in connection 
with a EURATOM association. The programme was carried out in two main areas 
of development: fuel elements and sodium technology. 

An experimental reactor, the 123 MW(th) PEC, was designed and proposed 
as a tool to test fuel elements under different conditions up to and beyond the 
design limits. Construction of PEC started in 1973 at Brasimone near Bologna. 
It has suffered various delays, but by now the reactor vessel is completed, and 
most of the other major components are nearing completion. However, plant 
construction costs have increased so much that construction was halted in 
summer 1982. As a result of a governmental inquiry concerning the causes of 
past delays and the future of the Italian breeder reactor programme, PEC is now 
to be completed by 1987 (see subsection III-5.1). 

In December 1973 an agreement was concluded between the French and 
Italian national utilities, EdF and ENEL, and the RWE utility of the Federal 
Republic of Germany. This agreement provided for the joint construction and 
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operation of fast breeder power stations of industrial size. Under the terms of 
this agreement two companies were created, NERSA in France and ESK in the 
Federal Republic of Germany. 

By the end of 1976 NERSA undertook the construction of the Creys-Malville 
nuclear plant SUPER PHENIX. In the framework of the SUPER PHENIX 
construction the engineering company NIRA shares with the French company 
NOVATOME the responsibility for the design and supply of the nuclear steam 
supply system. Many Italian manufacturing companies were commissioned to 
supply major components, such as the safety vessel, part of the main vessel, most 
of the internals, the core diagrid, the core plugs, the intermediate heat exchangers, 
part of the sodium pumps, etc. 

In 1974 an important agreement in the field of research and development 
had been reached between the Italian CNEN (now ENEA) and the French CEA. 
This agreement calls for a common effort in the field of LMFBRs. Italy is working 
to implement the co-operation with France and, more generally, with other 
European partners (for details see subsection II—2.3 and Fig.II-1). 

II-5.2.2. Fast reactor R&D programme and test facilities 

The activities supporting design and construction of PEC and SUPER 
PHENIX-1 and, more generally, the R&D activities have been performed with the 
help of different experimental facilities, either constructed in the framework of 
the national effort or constructed and/or operated under international co-operation: 

- The CPV-1 facility (Brasimone) allows experiments on the rotating part of 
large-size sodium pumps in the presence of sodium under seismic conditions. 

- The ISA-1 plant (Brasimone) is designed to carry out sodium-water reaction. 
An intensive programme has supported the SUPER PHENIX-1 steam 
generator programme. 

- A number of test facilities in Casaccia and Brasimone have been designed 
to investigate prototypes of PEC internals and fuel elements, and to allow 
the test channel and the fuel transfer cell of PEC to be verified out of pile 
in full scale. 

- The TAPIRO reactor (Casaccia) is used for experiments mainly supporting 
shielding design. 

II-5.2.3. Fuel reprocessing 

Original R&D work in the field of reprocessing has been undertaken at 
Casaccia on alternative solvent extraction processes. New types of extractants 
(amides) and co-processing flowsheets with partial U/Pu partition, automatically 
controlled, are in progress. The next campaign on the EUREX reprocessing plant 
with LWR high burnup fuels will be based on a partial demonstration of these 
concepts. 
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A small pilot reprocessing plant, ITREC, has been in operation since 1975. 
It was conceived to demonstrate integrated reprocessing and remote refabrication 
of U/Th fuel from the Elk River Boiling light Water cooled and light water 
moderated Reactor (BWR)in the USA. The U/Th campaigns being completed, 
a feasibility study is being carried out to adapt the ITREC plant to handle some 
PEC assemblies, in order to demonstrate a reprocessing and a coupled co-conversion 
method via a gel-supported precipitation process for fast breeders. 

Within this programme the former remote refabrication cell will be used for 
setting up a sol-gel coprecipitation stage which can be tested first with recovered 
U/Th solutions and subsequently with U/Pu. 

II—6. JAPAN 
[11-42 to 11-50] 

II—6.1. NUCLEAR ENERGY DEVELOPMENT 

For several years Japan has faced a difficult energy situation because of its 
heavy dependence on external energy sources. In the early 1980s nearly 90% 
of the primary energy of Japan depended on foreign energy supply. The only 
significant domestic energy source of Japan is hydroelectric power. Therefore, 
Japan has to make strong efforts to develop new energy sources both in the 
immediate and the long-term future. 

As a means of confronting the oil situation of the 1970s, an overall energy 
policy has been pursued on the basis of the international understanding that 
called for the improvement of the supply-demand structure of energy, which was 
agreed in the Economic Summits and meetings in the International Energy Agency. 
The policy has three basic orientations: securing the stable supply of oil, developing 
and introducing alternative sources of energy, and promoting the conservation 
of energy. 

Particular emphasis is laid on nuclear energy in Japan. Despite some problems 
of siting, public acceptance and delay in the establishment of fuel cycle systems, 
nuclear energy is thought to be a major alternative for oil in Japan because it offers 
a combination of favourable conditions such as relatively easy uranium transpor-
tation and stockpiling, and the enourmously extended lifetime of uranium 
resources with the introduction of breeder reactor technology. 

The nuclear energy used today and in the near future is produced mostly 
by light water reactors. At present 31 commercial nuclear power plants with a 
total capacity of 22 000 MW(e) are in operation, contributing in excess of 20% 
to the nation's electricity production. The nuclear power programme launched 
by the Japanese Government is drawn up to deliver about 30 000 MW(e) in 1990, 
and about 62 000 MW(e) in 2000. This would increase the fraction of nuclear 
energy to electricity generation to 30 and 39%, respectively. 
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Japan's electric utilities have covered their requirements of uranium reserves, 
which is a constraint to the above programme, to around the mid-1990s mainly 
by long-term purchase agreements with foreign suppliers. The requirements after 
that time have not been secured yet. As to reprocessing spent fuels, the utilities 
have contracted with PNC and foreign processors for the LWR spent fuel assemblies 
produced until around 1990. Besides, a reprocessing consortium was set up in 
1980 for the construction of the first Japanese commercial reprocessing plant. 
Under these circumstances, early introduction and operation of the fast breeder 
reactor is clearly needed to secure energy resources and the utilization of nuclear 
energy also in the post-2000 period. 

II—6.2. FBR DEVELOPMENT PROGRAMME 

II—6.2.1. General review 

Work on fast breeder development in Japan started in the early 1960s. 
Sodium technology has been studied since 1957 by Hitachi and the Japan Atomic 
Energy Research Institute (JAERI). A split-type Fast Critical Assembly (FCA) 
was built by JAERI in Tokai-mura in the mid-1960s and came into operation in 
1967. A plutonium laboratory provided with a production line for mixed oxide 
fuel was completed in 1965 at the Atomic Fuel Corporation (AFC). 

However, it was not until 1966 that these single efforts were combined to a 
national FBR development programme. A first report on proposals for FBR 
development was submitted by a group from Tokyo University. This programme 
called for an experimental fast reactor unit and a prototype unit to be built. 

To ensure that the national project will have the co-operation of every 
related sector in Japan, including JAERI, universities, public utilities and industries, 
the Power Reactor and Nuclear Fuel Development Corporation (PNC) was 
established in 1967. This forms a nucleus for carrying out the development of 
FBRs, based on the law specifically drawn up for this purpose. 

One central objective of the FBR programme of Japan in the 1970s was the 
construction of the experimental fast reactor JOYO at the O-Arai Engineering 
Centre which is now being operated at its design power level of 100 MW(th) (see 
subsection III—6.1). 

The next step in the Japanese FBR programme will be the start of construction 
in 1985 of the prototype reactor MONJU with 280 MW(e). It is to be built at the 
Tsuruga Peninsula in Fukui, a place where several LWRs are in operation (see sub-
section III—6.2). Nine Japanese utilities are engaged in preparing the site for 
MONJU via the Japan Atomic Power Company. Four reactor vendors in Japan 
founded the Fast Breeder Engineering Company (FBEC) in 1980, in order to 
co-ordinate the design of MONJU and to develop the necessary technologies for 
its construction. 
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By the time the prototype reactor MONJU has reached criticality in about 
1990, FBR development will enter a transition phase for commercialization, the 
aim of which is to demonstrate and improve the technology for a commercial 
FBR power plant, in order to attain high efficiency and competitiveness. According 
to the new 'Long-term Plan for Research, Development and Utilization of Nuclear 
Energy', in this transition phase the demonstration reactor programme is to be 
pushed forward in order to start construction in the early 1990s taking the 
prototype reactor experience into due consideration. Design studies of a 1000 MW(e) 
demonstration plant are at present being conducted by PNC and utilities. The 
beginning of commercial FBR deployment is expected around 2010. 

II—6.2.2. Fast reactor R&D programme and test facilities 

As of 1984, about 500 to 600 nuclear scientists and engineers are working 
within the FBR R&D programme; most of the work is concentrated at the O-Arai 
Engineering Centre. Although Japan started relatively late with its national fast 
breeder programme, it has built up within 15 years the necessary basic research 
and experimental test facilities: 

— A fast critical assembly is in operation at Tokai-mura for mock-up experiments 
of JOYO and MONJU core configurations covering both uranium and plutonium 
fuels. 

— A plutonium research facility for the development of mixed oxide fuels, 
together with a plutonium fuel fabrication facility for JOYO cores are in 
operation at PNC; a fuel fabrication facility for MONJU cores is under design 
using as much remote handling as possible. 

— An extensive fuels and structural materials development programme is 
under way using as irradiation facilities JOYO and the foreign reactor plants 
EBR-II, FFTF, and PHENIX; post-irradiation test facilities are in operation 
at O-Arai. 

— Several sodium and associated water test loops are in operation for studying 
problems related with sodium as a reactor coolant, such as flow and heat 
transfer, sodium chemistry and purification, and behaviour of radionuclides 
in sodium. 

— Great efforts are spent in Japan on the experimental investigation of earth-
quakes. The results can be used to verify the theoretical setups corresponding 
to seismic conditions of various regions or to improve the information to be 
derived from model experiments, for which a large new facility is available. 

— Several out-of-pile experimental facilities are in operation for studying safety 
related problems such as sodium boiling, fuel failure propagation, molten 
core materials interactions, radiological consequences, and sodium fires. 

— Reactor component R&D includes simulation tests with the reactor vessel 
and the internal structure, the rotating shield, the primary sodium pump, 
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the intermediate heat exchanger, sodium valves, control-rod drive mechanisms, 
refuelling and fuel storage systems, and in-service inspection equipments. 

- A 50 MW(th) steam generator test facility is in operation at O-Arai. 

II—6.2.3. Fuel reprocessing 

In Japan PNC is responsible for FBR fuel reprocessing. The Tokai plant 
for the reprocessing of spent LWR fuel is now in service with a capacity of 210 t/a. 
A commercial (thermal) reprocessing plant with a capacity of 1200 t/a is being 
planned, with operation to start about 1990. 

With respect to the technology of reprocessing fast breeder reactor fuel, 
PNC aims to establish an indigenous technology incorporating the experience of 
operating the Tokai reprocessing plant. It should be carried out with extensive 
co-operation from the universities, JAERI, and industry, while pursuing inter-
national co-operation under the framework of fast breeder agreements. A 
continuous-operation hot laboratory facility for reprocessing 1.2 kg/d of spent 
breeder fuel started up in 1983 in Tokai-mura. A conceptual design has been 
completed for a pilot plant for reprocessing FBR fuel with a capacity of 120 kg/d. 
This is to start operation in the early 1990s. In parallel with the design studies 
of the pilot plant, construction and operation of research facilities are being 
implemented. 

II—6.3. INTERNATIONAL CO-OPERATION 

Japan collaborates widely with other countries in the field of FBR R&D 
work. Joint UK-Japanese critical experiments on LMFBR cores are being carried 
out in ZEBRA within the MOZART programme. A joint PNC-USDOE programme 
for large core critical experiments, JUPITER, is being carried out at the ZPPR 
facility at Argonne, USA. In addition, PNC participates in safety tests in the 
TREAT reactor, and in materials tests in the FFTF. In December 1983 a 
memorandum of understanding was signed with the Electric Power Research 
Institute, USA, for co-operation an conceptual design studies for a large-scale 
prototype breeder. 

The exchange of experience with the Federal Republic of Germany and 
France is covered by a trilateral agreement concluded in June 1978, as an extension 
of an earlier Federal German-Japanese agreement. It covers the R&D exchange 
in some twenty areas of the breeder field. Japanese-Federal German-French 
meetings in 1983 concerned the exchange of experience in operating fast reactors, 
risk analyses, seismic design, safety calculations of core disruptive accidents, 
licensing procedures, fuel element failures, transient and loss-of-flow experiments. 
Future specialists meetings agreed upon will deal with thermal hydraulics, radio-
logical consequences of accidents, sodium boiling, and local fuel element faults. 

Together with the UK and the USA PNC is a junior partner in the Federal 
German-French CABRI Project. 
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II—7. UNION OF SOVIET SOCIALIST REPUBLICS 
[11-51 to 11-58] 

II—7.1. NUCLEAR ENERGY DEVELOPMENT 

The USSR has ample resources of fossil fuels, but most of them are located 
east of the Ural Mountains in the Asiatic part of the country. On the other hand, 
four-fifths of the energy demand lies in the European part. For this reason, the 
shipping of fuel from eastern to western regions constitutes about 40% of the 
total goods carried by the country's railways. 

In recent years the Asiatic part has provided almost all the increase in the 
extraction of fossil fuels. Therefore, if power engineering developments were 
based only on the use of fossil fuel, there would be an increasing disproportion 
in the location of the extraction and use of fuel. There would also be an appreciable 
increase in the costs for transporting fuel resources to the European part of the 
country. This disproportion can be substantially relieved by developments in 
nuclear power. Also, nuclear power enables a reduction in the cost of producing 
electricity in the European part, while relieving railways of much transport and 
improving labour productivity mainly by reducing the number of workers required 
in the extraction industry and in transportation, while also modifying the fuel and 
power balance by reducing the proportion accounted for by oil and gas. 

Nuclear energy generation is based at present mainly on two types of thermal 
reactors: the pressurized water reactor of the Novovoronezh type (WWER) and 
the light water cooled pressure tube reactor with graphite moderator. Some 
46 nuclear power plants with a total capacity of 23 000 MW(e) are in operation 
at present. 

The cost of electricity production by nuclear power plants with WWER 
type reactors is 10—14% less than for fossil fuel plants in the European part of 
the USSR. 

The nuclear power development in the Soviet Union is expected to proceed 
rapidly in the future and its contribution to the electric power supply is expected 
to grow to 20—24% in 1990. In addition to electric power generation, nuclear 
power is expected to contribute significantly to centralized district heating in 
the Soviet Union. At present, about 20% of the fossil fuel requirements are used 
in the Soviet Union for this purpose. To save this fossil fuel a programme to 
construct district heating plants is in progress. Two 500 MW(th) low pressure 
reactors for district heating are being constructed at Voronezh and Gorkij. The 
first co-generation unit with a WWER-1000 type reactor which will produce 
900 MW(e) and supply 900 Gcal/h for district heating, is under construction 
near Odessa. Several similar additional units will be built in the near future. 

More than 15% of fossil fuels are used now in industry including chemical 
industry, metallurgy etc. High Temperature Gas cooled and graphite moderated 
Reactors (HTGRs) which are under development in the Soviet Union are expected 
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to contribute significantly to the production of high temperature heat for process 
heat application. 

The full potential of nuclear power could only be utilized if there is enough 
nuclear fuel for future nuclear power development. That is why, from the very 
beginning of nuclear power development in the Soviet Union, much attention 
was paid and still is being paid to the development of fast breeder reactors, which 
could utilize almost all the natural uranium. 

The timing of the commercial deployment of fast breeder reactors depends 
on many factors. First of all, it depends on available resources of cheap uranium 
and the cost of electricity production from fast reactors in comparison with that 
of electricity produced by thermal reactors. There are, however, other factors 
that should be taken into account. If supply chains related to ore mining and 
processing, transportation, processing of fuel, plant operation, fuel reprocessing, 
etc. are considered, LMFBRs have lower material handling requirements than 
LWRs. The system including FBRs needs less water, land and manpower per kW-h 
installed than a system of LWRs. Resources of available uranium are sometimes 
located in areas without sufficient industrial infrastructure and to extract this 
uranium it is necessary to build roads, towns, industrial plant, etc. 

II—7.2. FBR DEVELOPMENT PROGRAMME 

Work on FBR development started in the early 1950s with the design, 
construction and operation of the experimental facilities BR-1, BR-2, BR 5 (see 
subsection III-7.1 and 7.2). The principal goal at that time was to demonstrate 
a high breeding gain and a short doubling time of the core fissile inventory. 

First plans for industrial power stations resulted in the BN 50 concept 
(200 MW(th) -» 50 MW(e)), followed by BN 250 (1000 MW(th) 250 MW(e)). 
BN 50 has not been realized, and BN 250 was turned into the prototype plant, 
BN 350, a dual purpose plant producing nominally 150 MW(e) of electricity and 
120 000 m3 /d of desalted water (see subsection III-7.4). The performance data 
of BN 350 were the result of the experience gained with BR 5 and are comparatively 
conventional. BN 350 was brought into power operation in 1973. 

The next step towards the development of LMFBRs. with advanced core 
performance characteristics was BOR 60, an experimental test reactor with 
60 MW(th) power output which has been in operation since 1970. With its high 
core parameters (power density, burnup, coolant outlet temperature) the BOR 
reactor performs wide-range testing of various fuel materials and compositions 
for large commercial fast power reactors (see subsection III—7.3). 

The BN 600 reactor is the next stage in the development of large-size and 
economically competitive fast reactor nuclear power plants. BN 600 was com-
missioned in 1980 (see subsection III—7.5). 
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The following facilities are being used in the Institute of Physics and Power 
Engineering to support the breeder reactor programme: 

— thermal-hydraulic and material development facilities and test rigs to investigate 
heat exchange, hydraulics and materials of liquid metal coolants, 

— chemical-technological facilities for alleviating the problems of coolant 
impurity control and purification, 

— critical facilities (BFS-2, KOBRA) to study physics problems of large fast 
reactor cores. 

The USSR intends to reprocess irradiated LMFBR fuel elements in an initial 
phase together with LWR fuel elements. In addition, irradiated high enriched U0 2 

fuel from BOR 60 was reprocessed after cooling periods of three to six months 
in the pilot reprocessing plant FREGAT. The fluoride volatilization process was 
applied in this pilot plant. In the long run, MOX fuel elements with cooling times 
of longer than six months will be reprocessed using the PUREX process. A pilot 
plant was in the planning stage in 1977. Nothing is known about its present 
status. 

Commercial fast reactor development in the USSR will be based on the 
BN 800 and BN 1600 (see subsection III-7.6). The BN 800 standard fast reactor 
with a power output of 800 MW(e) is an improved version of BN 600. 

It is clearly understood that the development of commercial fast breeder 
reactors and the accumulation of sufficient experience of operation will take 
considerable time. During the first stage of fast breeder reactor development, 
prototype fast breeder reactors were constructed to prove liquid metal technology, 
to confirm design characteristics and design solutions. The purpose of the current 
second stage of fast breeder reactor development is the development of commercial 
fast breeder reactors that could compete with other energy sources. 

The operation of the first prototype fast breeder reactors in the Soviet Union 
showed that their economic characteristics are not very different from those of 
thermal reactors. This difference could be decreased by the construction of larger 
reactors and with the serial production of FBRs. To evaluate properly the cost of 
electricity production by FBRs it is necessary to build a series of FBRs together 
with a commercial size reprocessing plant and to gain sufficient operating experience 
of such systems. 

It is expected that such serial reactors will be put into operation in the 
Soviet Union after 1990. Preparation of the various branches of industry for the 
serial introduction of FBRs is considered to be one of the objectives in the near 
future. The construction of the first serial FBR, BN 800, is expected to start 
in 1984. 

The start of operation of a commercial size reprocessing plant will follow 
the completion of the construction of a series of FBRs. Thus, the first serial 
FBRs in the Soviet Union will be put into operation when the external fuel cycle 
is still not closed on a commercial scale. The first serial FBRs will use plutonium 
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from thermal reactors. Because of the availability of plutonium from thermal 
reactors, the requirements for breeding characteristics of the first serial fast reactors 
will not be very high. On the other hand, it is expected that the cost of fuel 
reprocessing and fabrication at the first commercial size reprocessing and 
fabrication plants could be considerable before sufficient experience is accumulated. 

That is why it is considered essential to decrease the fuel flow through external 
fuel cycle facilities in the initial stages of LMFBR deployment. 

To meet different requirements at the beginning of LMFBR deployment and 
at later stages of operation it is expected that different designs of the core will be 
used during the lifetime of the reactors. These core design concepts are currently 
under development in the Soviet Union. 

II—7.3. INTERNATIONAL CO-OPERATION 

In 1980 the member countries of COMECON signed an agreement for 
co-operation in the field of the development of large commercial fast breeder 
reactors. Under this agreement COMECON member countries co-operate in the 
development of various components for fast breeder reactors and their instrumen-
tation, and in investigations in the field of fast reactor physics, thermal hydraulics, 
and fast reactor safety. 

Laboratories and test facilities are being used in different countries such as 
the German Democratic Republic, the Soviet Union, Czechoslovakia and Romania 
to implement this joint programme. Instrumentation and control systems are 
being developed in Hungary, the German Democratic Republic, Poland, the USSR 
and Czechoslovakia. Very important activity is carried out in Czechoslovakia for 
the development of steam generators for LMFBRs. Joint investigations in the 
field of fast reactor physics are oriented towards the achievement of high breeding 
characteristics and the improvement of fast reactor safety. Various core design 
options are being investigated on the basis of joint studies in the field of thermal 
hydraulics and fast reactor physics. 

In addition to the co-operation in the framework of COMECON, the 
USSR exchanges information with other countries on the basis of bilateral agree-
ments. Such exchanges of information are being carried out with France and 
other countries. 

II—8. UNITED KINGDOM 
[11-59 to 11-68] 

II—8.1. NUCLEAR ENERGY DEVELOPMENT 

Nuclear energy generation in the UK is based on power plants of the 
MAGNOX and Advanced Gas cooled Reactor (AGR) type. At present some 
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36 nuclear power plants are in operation with a total capacity of 9000 MW(e). Another 
5500 MW(e) of AGR type nuclear power plants are under construction and will 
be commissioned in the 1980s. 

II—8.2. FBR DEVELOPMENT PROGRAMME 

II—8.2.1. General review 

Fast breeder reactor development in the UK was initiated in the early 1950s. 
After early physics experiments with the plutonium-fuelled zero energy reactor 
ZEPHYR had confirmed the breeding potential of fast neutrons the engineering 
feasibility was demonstrated by the DFR (see subsection III—8.1 ). ZEPHYR was built 
and operated at Harwell between 1954 and 1958. A second zero energy reactor, ZEUS, 
was built at Harwell and put into operation in 1955. ZEUS experiments were 
closely related to the DFR core design, and the 235U enriched fuel of ZEUS was 
subsequently used in DFR. 

Large advances in engineering and technology were made in progressing 
from DFR to the 250 MW(e) PFR, and design, development and operation of 
PFR provided essential data and experience required for commercial reactor 
design (see subsection III—8.2). 

According to a declaration of the British Government early in 1983, 
commercial fast breeder reactors are expected to be required in the UK electrical 
supply system after the turn of the century. Series ordering will be preceded by 
the design, construction and operation of a CDFR, the design of which is to be 
suitable in all basic features for replication in a commercial fast reactor programme. 

The basic design concept of CDFR (1320 MW(e)) has been completed, and 
a decision on building the reactor with the associated fuel plants is expected after 
1986 following a detailed fast reactor inquiry (see subsection III-8.3). 

In parallel with reactor development, the need to develop and demonstrate 
the complete fast reactor fuel cycle has been recognized throughout the UK 
programme, by building fuel reprocessing and refabrication plants at Dounreay 
to serve DFR, and a fuel fabrication plant at Sellafield and modification of the 
DFR reprocessing plant at Dounreay for PFR. 

II—8.2.2. Supporting research and development 

An extensive programme of R&D work has to a large extent been associated 
with the design, construction and operation of the experimental and prototype 
reactors and their associated fuel cycle plants. Numerous supporting test rigs and 
experimental facilities have been required. 

One of the principal features of the programme has been the development 
of fast reactor fuel. This has been the subject of intensive and continuous 
attention throughout the programme, from the metallic fuel used as the driver 
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fuel in DFR to the Pu/U mixed oxide fuels for PFR and CDFR. Tonne quantities 
of mixed oxide fuel have been produced, irradiated and reprocessed. The studies 
have led to a position where a full optimization of the variables can be made for 
an oxide fuel for CDFR. 

The materials development programme aims to provide comprehensive data 
on the effect of a flowing sodium environment on the mechanical properties of 
the principal primary and secondary circuit materials. Test rigs are in operation 
to carry out long-term creep rupture and fatigue measurements in flowing sodium. 

With respect to sodium technology, operation of several test rigs over a long 
period has provided and will provide substantial experience in the handling, 
purification and instrumentation of liquid metal coolants and knowledge of their 
properties relevant to fast reactor operation, such as compatibility with reactor 
materials, thermal performance, flow characteristics and radiation effects. R&D 
work in this area includes corrosion and mass transfer in sodium, activity transfer 
and deposition in sodium, sodium impurity monitoring instrumentation, sodium 
removal and decontamination, sodium-water reactions, and sodium leaks, fires 
and aerosols. 

Engineering component development has been closely related to the design 
of the reactors. Notable examples have been coolant circuit studies using air or 
water as working fluids to simulate the sodium coolant, complemented by tests 
of complete components in a hot sodium environment. Large test facilities are 
under operation for these purposes, e.g. the Sodium Components Test Rig and 
the High Temperature Sodium Loop. 

The safety of fast reactors has been studied in the UK since the fast reactor 
development programme was started about 30 years ago. An important feature 
of fast reactor design is that major faults can only develop by progression through 
a sequence of stages at each of which there is potential for accident termination, 
either by engineered safeguards or by inherent physical characteristics. Special 
attention is necessary to ensure that certain structures can be demonstrated to 
have very high integrity and so reduce to a low level any risks that might arise 
from their postulated failure. 

The UK fast reactor programme incorporates experimental and theoretical 
work relevant to all aspects of fast reactor safety. Progress in R&D work will 
increase understanding of the physical processes that affect progression of faults 
in fuel subassemblies and of faults that could escalate to involve the reactor core 
as a whole and so promote improvement in estimates of the probability of fault 
escalation to accident conditions. 

An important feature of this work is the study, both experimental and 
theoretical, of interactions between molten fuel and coolant. A programme of 
experiments to simulate and provide understanding of potential interactions 
has been in progress for some years. 

A substantial experimental programme is designed to establish the ability 
of the containment buildings and internal structures to absorb energy releases 
by testing calculation codes and by scale model tests. 
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II—8.2.3. Fuel reprocessing 

In the later 1950s a fast reactor reprocessing plant was designed and built 
at Dounreay in order to serve the DFR. Enriched uranium (at 75% 235U) metallic 
core fuel was processed to a high purity uranyl nitrate solution for subsequent 
conversion and new fuel manufacture. 

From 1974 to 1979 the DFR reprocessing plant was modified to reprocess 
irradiated fuel, discharged from the 250 MW(e) PFR, and an additional waste 
management facility for the storage and treatment of Pu-contaminated waste was 
built. 

The PFR fuel reprocessing plant is designed to handle PFR fuel with 7.5% 
burnup and a cooling time of 180 days (and exceptionally down to 120 days). 
The modified plant was brought back into operation in 1979. 

An FBR reprocessing demonstration plant design study was carried out for 
an annual heavy metal throughput of 50 tonnes. This plant throughput would 
be in excess of the CDFR requirements of about 35 tonnes HM at equilibrium. It is 
designed for a maximum burnup of the fuel of 10% and a cooling time of the fuel 
of 180 days. 

II—8.3. INTERNATIONAL CO-OPERATION 

By signing memoranda of understanding for co-operation early in 1984, 
industrial companies and research organizations of the Federal Republic of Germany, 
the United Kingdom, France, Italy and Belgium have decided to pool their individual 
activities in the development and construction of fast breeder reactors. 
A participation of partners from the Netherlands is envisaged (for details, 
see subsection II—2.3). Such a collaboration aims at a concerted construction 
programme of fast breeder reactors, based on a full exchange of breeder know-how. 

The co-operation proceeds on the understanding that a reliable supply of 
electric energy for Europe must, under long-term considerations, be based on the 
use of fast breeders. The agreements will permit a streamlined European strategy 
for the commercial introduction of fast breeders by a concerted construction 
programme of fast reactor plants, which ultimately aims at only one single 
commercial reactor system for breeder power plants in Europe. It is the declared 
intention of all participants to incorporate into the collaboration henceforth also 
the activities pertaining to the nuclear fuel cycle for fast breeder reactors. 

For many years the UKAEA has been co-operating with the DeBeNe group 
in a number of specific fields. In the past this has included experiments in the 
DFR, the PFR and VEC, experimental studies of structural materials for computer 
code validation, chemical (thermite) tests at Foulness to simulate a fuel-sodium 
interaction in a model of the reactor core of the SNR 300, and nuclear measure-
ments in zero power assemblies of large breeder cores within the framework of 
the BIZET programme. 
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The UKAEA is also a partner, together with Japan, in the French-Federal 
German CABRI transient experiments carried out at Cadarache. The CAPT 
agreement signed in 1980 by KfK, CEA and UKAEA covers the exchange of 
results of the CABRI safety experiments for the part of the safety test results in 
the TREAT test reactor accessible to the UKAEA. This part relates to unirradiated 
and PFR-irradiated test rods. 

International collaboration plays a growing part in the UK R&D programme 
and there is an active exchange between the UK and other countries with operating 
fast reactors. For example, US fuel specimens containing transuranium elements 
are irradiated in the PFR with a view to transforming these radioactive nuclides into 
less long-lived (or stable) nuclides. The UKAEA also participates in safety tests 
in the TREAT reactor using pins irradiated in PFR. 

I I -9 . UNITED STATES OF AMERICA 
[11-69 to 11-80] 

II—9.1. NUCLEAR ENERGY DEVELOPMENT 

At present nearly 85 nuclear power plants with a total capacity of 69 000 MW(e) 
are in operation in the USA — almost 100% of them being light water reactors. They 
supply 13.5% of the domestic electrical energy requirements. This share is expected 
to increase to some 20% (approximately 140 GW(e)) in the mid-1990s. Electricity 
accounts for more than 30% of the total primary energy use. Many forecasts 
predict that, by the end of the century, the electricity supplied will account for 
between 40 and 50% of the total energy supply. These figures indicate the 
importance of electricity generation within the total US energy economy. The 
need for breeder development in the USA is linked to ensuring that a long-term 
electricity supply option is available on a prudent time scale. 

Although the USA is rich in uranium reserves (about one-third of the total 
'reasonably assured and estimated additional reserves' of the WOCA1 are located 
within the country), the development of fast breeder reactors was initiated in 
the USA very early. 

II—9.2. FBR DEVELOPMENT PROGRAMME 

The beginning of FBR development and the construction and operation of 
experimental fast reactors of the first generation, such as EBR-I, EBR-II, EFFBR, 
is described in more detail in Chaper I and subsection III—9. Operation of these 
facilities has proved the principle of breeding as well as demonstrating the technical 
feasibility of the LMFBR type. 

1 WOCA = World outside centrally planned economies area. 
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II—9.2.1. General review 

The beginning of the development of second generation FBRs in the USA 
was marked by a series of 1000 MW(e) LMFBR design studies that were elaborated 
by industry together with the USAEC in the 1960s. The 1000 MW(e) design studies 
resulted in a comprehensive national LMFBR programme that has been under way 
since 1966 with the extensive involvement of laboratories, industrial and utility 
organizations. This programme has as its objective the establishment of the breeder 
reactor system on a broad technical and engineering basis with sufficiently 
comprehensive industry involvement. 

Major experimental facilities to be established during the second half of the 
1960s within the LMFBR programme have been the plutonium fast critical 
assembly ZPPR, the SEFOR project (see subsection III—9.6), and the Liquid Metal 
Engineering Center (LMEC) at Santa Susanna, California, now called Energy 
Technology Engineering Center (ETEC). Limitations with the irradiation facility 
EBR-II led to the further step of designing and constructing the Fast Flux Test 
Facility (FFTF) (see subsection III-9.7) for evaluating the performance of reactor 
fuel assemblies and other reactor materials at a combination of conditions corres-
ponding to those in large LMFBRs. FFTF was constructed in the 1970s by 
Westinghouse and has initiated a programme that has gone considerably beyond 
the engineering design of FFTF itself. Thus, FFTF is providing a focus for the 
entire LMFBR programme. 

The next major step in the LMFBR programme was oriented towards the 
initiation of the first breeder demonstration plant, the Clinch River Breeder Reactor 
(CRBR). The CRBR project started in 1972; a short description of the ups and 
downs of this project can be found in subsection III—9.8. In October 1983 the 
US Senate voted against further funding of CRBR. The project is being terminated. 

Following this decision, the role of the US Government in breeder develop-
ment is being restructured to focus on resolving technology issues that are the key 
to improved breeder economics and predictable, safe performance, as well as 
resolving the technological and economic uncertainties which are non-governmental 
prerequisites for demonstrating and deploying the breeder. The restructured 
programme is also to place emphasis on major international collaboration. 

Conceptual studies on large fast breeder plants have been elaborated since 
1975 by various teams of the manufacturing industry in co-operation with 
architect-engineers as well as by the Electric Power Research Institute (EPRI). 
In 1981 EPRI assembled a group that developed a government/industry plan for 
demonstrating breeder reactor technology. This Consolidated Management 
Office plan had the objective to bring the breeder reactor to the stage where 
utilities can purchase commercial plants. In particular, future efforts are to be 
directed towards decreasing the construction costs. The present study phase 
extends from 1982 through 1985. Special LMFBR design studies are under way 
at General Electric, Westinghouse, Atomics International and Stone and Webster. 
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A principal element in implementing the R&D efforts of the US fast breeder 
programme are the National Laboratories: 

— Argonne National Laboratory (ANL) at Argonne, Illinois; 
— Idaho National Engineering Laboratory (INEL); the former National Reactor 

Testing Station (NRTS) at Idaho Falls, Illinois, 
— Hanford Engineering Development Laboratory (HEDL) at Richland, 

Washington, 
— Energy Technology Engineering Center (ETEC) at Santa Susanna, California, 
— Los Alamos National Laboratory (LANL) at Los Alamos, New Mexico, 
— Oak Ridge National Laboratory (ORNL) at Oak Ridge, Tennessee, 
— the Sandia National Laboratory at Albuquerque, New Mexico. 

The above-mentioned reactor plant projects are supported within these 
National Laboratories by basic LMFBR technology efforts, which are most 
conveniently subdivided into safety and physics, engineered systems and components, 
fuels, materials and structures, and reprocessing. 

II—9.2.2. Supporting research and development 

Safety and physics 

The mission of the safety programme has two elements: 

— to provide an adequate data base for assessing the risk to the public, 
— beneficial safety design features of LMFBRs. 

The efforts lie in the areas of prevention of accidents and mitigation of 
accident consequences. 

The physics programme encompasses integral experiments to determine core 
and shield properties and energy-dependent nuclear data measurements, as well as 
the development of advanced computational methods and codes. 

Experimental reactor facilities, such as TREAT, ETR, ACRR, ZPR-6 and 
ZPPR, are used for the physics and safety programme. 

Engineered systems and components 

The engineered systems and components programme provides the technology 
needed to support component design, fabrication and operation, and to verify the 
adequacy of this technology through tests of small models or engineering develop-
ment units. Principal emphasis has been placed on the development of large steam 
generators and pumps. 

Other continuing activities in the area of component technology include the 
development and testing of sodium valves, in-vessel transfer machines, and in-service 
inspection methods. Tests are conducted in the ETEC. 
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Fuels, materials and structures 

Work in this programme involves the development and testing of 

(a) breeder reactor replaceable core components, which includes fuel, blanket, 
and absorber assemblies, 

(b) materials and structures associated with the heat transport system, the reactor 
vessel, and structures internal to the reactor vessel. 

Performance capabilities of various reactor assemblies and their respective 
component materials are evaluated and improved, utilizing tests covering a broad 
range of steady-state and design transient conditions. The fabrication of reactor 
materials and components is also an important development activity in this 
technology category. 

Experimental facilities such as EBR-II, FFTF (see subsection III—9.5 and 9.7), the 
fuels and materials examination facility and other installations at HEDL are used 
for the fuels and materials programme. 

II—9.2.3. Test facilities 

A number of major test facilities are operated in support of the plant project 
and the technology development programmes. 

Argonne National Laboratory (at Idaho Site) 

ZPR-6 and ZPR-9 are two fast Zero Power Reactors to be used for critical 
experiments. 

Idaho National Engineering Laboratory 

ZPPR is a largo Zero Power Plutonium Reactor with a capability for testing 
experimental reactor assemblies up to 4 X 4 X 3 m3 . 

The Engineering Test Reactor (ETR) is a 175 MW(th) test reactor that has 
been in operation since 1957. It has operated with as many as 14 different in-pile 
loops installed and in operation at one time. The main use for ETR until 1973 
was for operation of fuel and materials for light water reactor applications. 
However, now it performs as a key test facility in support of the breeder reactor 
safety programme. In this role, ETR conducts tests contributing significantly 
toward verification of the safety characteristics of reactor fuel and core designs 
for reactors using liquid metal as the primary coolant. The ETR accepts a series 
of tests in large, packaged, sodium in-reactor loops under the Sodium Loop Safety 
Facility (SLSF) programme. 

For the Experimental Breeder Reactor II (EBR-II) and associated Hot Fuel 
Examination Facility see subsection III—9.5. 
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The Transient Reactor Test Facility (TREAT) is an air-cooled, thermal, 
heterogeneous reactor. TREAT currently provides the capability to irradiate 
reactor fuels and structural materials under conditions simulating various types 
of nuclear excursions and transient undercooling situations. It is also available for 
limited neutron radiography. The facility is being upgraded to permit transient 
testing of larger safety experiments in a more prototypic fast reactor environment. 

Hanford Engineering Development Laboratory 

For the FFTF see subsection III—9.7. 
The Fuels and Materials Examination Facility (FMEF) is a large multi-purpose 

facility designed to accommodate the Secure Automated Fabrication (SAF) line 
which will demonstrate an advanced manufacturing technology for plutonium 
oxide breeder reactor fuel pins. This line will be the source of fuel for the FFTF. 
The SAF line will utilize technology that focuses on improved safety features for 
plant operating personnel, the public, and the environment. Equipment and 
process improvements incorporated by the SAF line will yield significant gains 
in nuclear materials safeguards, product quality, productivity, and cost. The SAF 
line provides the key link between development and full-scale demonstration of 
technology that will enable commercialization of LMFBR fuel fabrication on an 
economically competitive basis in the future. Construction of the FMEF will be 
completed in the summer of 1984. 

Besides FMEF, a Fuel Storage Facility (FSF) and a Maintenance and Storage 
Facility (MASF) are located at Hanford to support FFTF operation. 

Energy Technology Engineering Center 

The Sodium Pump Test Facility (SPTF) is a large non-nuclear sodium loop 
for testing sodium pumps, flow meters, and other large heat transport system 
components. It can provide thorough flow mapping of pumps and can impose 
severe thermal transients on test components. The facility has been expanded 
to increase its capacity to 360 000 litres per minute, in preparation for testing 
large sodium pumps and components. 

The Sodium Components Test Installation (SCTI) is a high heat throughput 
sodium-cooled heat exchanger test facility. Previous tests with the 35 MW(th) 
capability included model steam generators and the FFTF dump heat exchanger. 
Expansion from 35 MW(th) to 70 MW(th) capacity was completed in 1980. 
Future plans for this facility include tests of single-wall, helical coil, and double-
wall, straight tube 70 MW steam generators. 

A Small Component Test Loop (SCTL) and other test facilities are in use 
for sodium valve testing, sodium systems instrumentation, thermal transient tests 
and steam generator leak tests. 
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Sandia National Laboratory 

The Annular Core Research Reactor (ACRR) serves for safety experiments 
such as the study of fuel disruption and of vapour pressure buildup under severe 
accident conditions. 

II—9.2.4. Fuel reprocessing 

The concept for a major pilot plant demonstration facility for breeder 
reprocessing, the Hot Experimental Facility (HEF) at ORNL, was evolved by the 
late 1970s. An overall conceptual design was completed in mid-1981. Designed 
to demonstrate engineering prototype systems and equipment, HEF would have 
a capacity for handling spent fuel from about six LMFBR power plants. Although 
primarily oriented toward reprocessing fuel from early breeder reactors, HEF was 
also designed to accommodate LWR spent fuel to provide an adequate fuel load 
for operability and reliability testing during early years when available spent 
breeder fuel is limited. 

II—9.3. INTERNATIONAL CO-OPERATION 

The US efforts for fast breeder R&D were characterized in the 1960s and 
early 1970s by close and comprehensive co-operation with EURATOM, European 
nuclear research centres, and industrial companies in Japan. This international 
co-operation included numerous delegations, information exchanges, and joint 
ventures, e.g. physical experiments at ANL and ORNL, technological work by 
General Electric, and safety experiments at the SEFOR facility. Between 1977 and 
1980 the International Nuclear Fuel Cycle Evaluation (INFCE) study initiated by 
the USA was performed by about 50 nations; it yielded substantial results 
especially with respect to LMFBRs. 

An LMFBR Umbrella Agreement concluded with the Federal Republic of 
Germany in 1976 was joined by France in 1978. The agreement provides for a 
balanced exchange of R&D know-how in the sectors of fuel elements and materials, 
physics, components and safety. In some of these areas such exchange has been 
implemented in the meantime. Special mention should be made of the further 
development of American codes for calculating major hypothetical accidents, 
risk studies, and safety experiments (ACRR, etc.). Some of the experiments 
performed in TREAT are exchanged for CABRI results under the CAPT agreement. 

The USA signed an arrangement with the UKAEA in 1965 for LMFBR 
co-operation and this has been followed by an umbrella agreement in 1976. 
Similarly, the USA and Japan (as represented by PNC) signed an arrangement in 
1969, followed by an LMFBR umbrella agreement in 1976. Co-operation under 
these agreements has been very active. 
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The USA expects to continue collaborating under its existing international 
agreements and, as circumstances warrant, expand co-operation in areas of mutually 
supportive programmes. 

11-10. OTHER FAST BREEDER ACTIVITIES 

II-10.1. SWITZERLAND 

In Switzerland interest for fast reactors dates back to the 1960s when 
industry abandoned earlier plans to develop a heavy water reactor and, instead, 
concentrated on the development and supply of components, both for existing 
light water reactors and future advanced systems. Design studies for fast reactors 
began in 1967 at EIR Wiirenlingen and were soon supplemented by experimental 
programmes in the fields of thermal hydraulics and fuel development. A reactor 
physics programme was carried out at the zero power reactor PROTEUS using 
a rodded mixed oxide test zone. 

More recently, emphasis has shifted from design orientated work to problems 
related to the safety of LMFBRs. Particular topics include molten fuel-coolant 
interaction studies, primary containment loading and response analyses, and 
investigations of natural convection phenomena in sodium-cooled subassemblies. 
The fuel programme continues with the development, fabrication and testing 
of a sphere-pac mixed carbide fuel. A small (0.5 kg/week) production line has 
been commissioned and is used to fabricate about 30 pins for an irradiation 
experiment in the USA. 

Since Switzerland does not have an independent breeder development pro-
gramme, the activities are performed in collaboration with organizations in France, 
the Federal Republic of Germany and Belgium, the UK and the USA. A link has 
also been established with the Commission of the European Communities (CEC). 

II-10.2. COMMISSION OF THE EUROPEAN COMMUNITIES 

Since the early 1960s the CEC has contributed to the development of fast 
reactors in the frame of association contracts which were concluded with the 
Member States performing a fast reactor programme. During this period, which 
lasted up to 1968, the Commission performed also its own research activities in 
its Joint Research Center (JRC), essentially in the field of sodium thermal 
hydraulics and plutonium fuels. 

The European Institute for Transuranium Elements (JRC-Karlsruhe) has 
performed, since 1964, research in the field of fast reactor fuel and actinides. 
The following activities have been undertaken: 
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- plutonium ceramic technology studies and developments to improve the ceramic 
fuel fabrication procedures; study of the chemical interaction between 
mixed oxide fuel and stainless steel; investigation of the mechanisms leading 
to swelling of advanced type fuels under irradiation; model development to 
describe the fuel response to various reactor operation conditions, ranging 
from steady state to mild and severe transients; 

- determination of integral isotope cross-sections and fission yields under 
various irradiation conditions; 

- fundamental studies directed towards a better understanding of thermo-
dynamic phase relationships in ceramic fuel systems and of their mechanical 
properties; investigation of the thermal properties of various types of 
ceramics fuel up to and beyond their melting point; fuel vapour-pressure 
studies covering a temperature range up to 6000 K to assess the consequences 
of a hypothetical core disruptive accident; 

- evaluation of risk associated with the handling of plutonium, e.g. formation 
and dispersion of plutonium-bearing aerosols under normal and off-normal 
laboratory conditions. 

Since 1973 the Joint Research Centre at ISPRA has performed in the frame 
of its Reactor Safety Programme experimental and theoretical work contributing 
to the analysis of abnormal and accident LMFBR conditions: 

- theoretical and experimental work to study single and two-phase phenomena 
in subassemblies to analyse the effects of flow perturbances such as a loss 
of flow or local blockages; boiling tests in a 12 pin bundle to study basic 
boiling phenomena and the effect of grid and wire spacers; 

- research on fuel/coolant interactions with regard to basic phenomena 
influencing interaction and the development of models and codes; 

- experimental and theoretical activities to investigate the reactor structures 
behaviour in the event of a hypothetical core disruptive accident, in particular, 
execution of a series of reduced scale experiments for the validation of 
fluid/structural codes (EURDYN, SEURBNUK) describing the hydrodynamic 
and structural phenomena involved; 

- studies to describe the behaviour of reactor materials under operational 
(crack growth, creep, creep-fatigue) and accident conditions. A large 
dynamic test facility allowing test samples up to 5000 mm2 cross-section 
to be used is in the commissioning phase; 

- development of a European Accident Code (EAC) for severe accident 
analysis. The modular structure of the code allows the insertion of modules 
describing different physical phenomena developed by different research 
centres; 

- research on post-accident heat removal problems in the FARO facility at 
ISPRA in which up to 100 kg of UO2 can be molten, together with in-pile 
experiments with particulate beds simulating possible reactor debris 
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configurations to investigate with real reactor materials the cooling potential 
of debris beds, the attack of structures, plugging and freezing phenomena. 

In 1970 the Council of Ministers set up a Fast Reactor Co-ordinating 
Committee with a mandate to examine possibilities for co-ordination and colla-
boration between the Member States. This Committee created two working 
groups, one in the field of safety, the other on codes and standards. 

The Safety Working Group (SWG) is providing the framework for an efficient 
exchange of information on R&D activities in the Community and for the 
discussion of relevant LMFBR safety topics. These discussions led to the initiation 
of new R&D activities, such as the development of a European accident code. 
Another important task of the SWG is the preparation of the harmonization of 
safety criteria and guidelines for fast reactors. The group has nearly concluded 
a first version of accident oriented criteria and guidelines. 

The Codes and Standards Working Group was set up with the mandate to 
prepare the harmonization of codes and standards applied by the CEC Member 
States to the design, fabrication and control of fast reactors. This task was 
initiated by a comparison of existing codes and standards in order to identify 
convergences and to make recommendations for action aimed at progressive 
elimination of divergences. 
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Chapter III 

LMFBR EXPERIENCE 

III—1. INTRODUCTION 

This chapter describes the experience gained with the design, construction 
and operation of LMFBR power reactors and plants. Power plants are an essential 
part of national programmes, and in this sense, Chapter III should be read in the 
context of Chapter II. The same alphabetical order of countries as that in 
Chapter II has been used here. Within the subsections referring to a particular 
country, individual plant descriptions follow the temporal order of first criticality. 

Table III— 1 summarizes the LMFBR plants described in this chapter and 
gives an impressive view of the amount of experience that has been accumulated 
during the last four decades of FBR development. Table I I I -1 lists 28 reactor 
plants. By the end of 1983 eight had been decommissioned after operation and 
were dismantled or were in the process of being dismantled, ten were in operation, 
five were under construction, and five were in an advanced planning stage. By the 
end of 1983 a total of 170 reactor-years of operating experience has been 
accumulated, including interim shutdown periods in which more experience is 
usually gained than during normal undisturbed reactor operation. 

In the following subsections, the authors have collected and selected important 
and representative information on each LMFBR plant. The same format has been 
used for describing plant key parameters, plant history, the purpose and objective 
of the plant, as well as the major events and results during plant lifetime. Naturally, 
any kind of selection implies incompleteness. For further details, the reader is 
referred to the literature quoted. 
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TABLE III— 1. SUMMARY LIST OF LMFBR POWER REACTORS AND PLANTS 

Country Plant 
name 

Power 
output 
(MW(th)/MW(e)) 

Plant characteristics Status Accumulated Power 
(Dec. 1983) experience production 

(years) (GWh(e)) 

France RAPSODIE 

PHENIX 

SPX-1 

SPX-2 

DeBeNe KNK II 

SNR 300 

SNR-2 

FBTR 

PEC 

India 

Italy 

Japan 

USSR 

JOYO 

MONJU 

BR-2 

BR 5/BR 10 

BOR 60 

BN 350 

24(40)/- MOX fuel, loop-type experimental facility, 15 
fuel/materials irradiation Shut down 

563/ 254 MOX fuel, pool-type power demonstration In 10 
facility (irradiation) operation 

3000/1240 MOX fuel, pool-type commercial Construction — 
demonstration completed 

/1500 MOX fuel, pool-type commercial — 
demonstration Planned 

60/ 21 MOX fuel, loop-type experimental facility, In 6 
fuel/materials irradiation operation 

730/ 327 MOX fuel, loop-type power demonstration Under — 
facility construction 

/1380 MOX fuel, 
commercial demonstration Planned 

42/ 15 Carbide fuel, loop-type experimental facility, Under — 
fuel/materials irradiation construction 

123/ — MOX fuel, loop-type experimental facility, Under — 
fuel-elements testing construction 

100/ — MOX fuel, loop-type experimental facility, In 6 
fuel/materials irradiation operation 

714/ 280 MOX fuel, loop-type power demonstration Under — 
facility construction 

0.1/ - Pu-metal fuel, coolant Hg, 2 
experimental facility Dismantled 

5(10)/ - PuOj/UC/MOX, loop-type experimental In 20 
facility, fuel/materials irradiation operation 

60/ 12 U0 2 /MOX fuel, loop-type experimental In 14 
facility, fuel/materials irradiation operation 

700/ 280 UOj/MOX fuel, loop-type power demonstration In 11 
facility + desalination operation 

12 000 

200 



USSR 
(cont.) 

UK 

USA 

BN 600 1470/ 600 U 0 2 fuel, pool-type near-commercial In 4 10 400 
demonstration operation 

BN 800 2100/ 800 MOX fuel, pool-type commercial - -

demonstration Planned 
DFR 72/ 15 U-metal fuel, loop-type experimental facility, 16 

fuel/materials irradiation Shut down 
PFR 600/ 270 MOX fuel, pool-type power demonstration In 9 

facility (irradiation) operation 
CDFR 3300/1320 MOX fuel, pool-type commercial - -

demonstration Planned 
CLEMENTINE 0/ — Pu-metal fuel, coolant Hg, 4 — 

neutron physics research Dismantled 
EBR-I 1.2/ 0.2 U/Pu-metal fuel, coolant NaK, 12 0 

experimental facility, fuel/materials irradiation Dismantled 
LAMPRE 1/ - Molten Pu fuel, experimental 5 -

facility Dismantled 
EFFBR 200/ 66 U-metal fuel, loop-type 8 32 

power demonstration facility Decommissioned 
EBR-II 62/ 20 U-metal fuel, pool-type experimental facility, In 20 1 500 

fuel/materials irradiation operation 
SEFOR 20/ — MOX fuel, loop-type safety 3 -

test facility Decommissioned 
FFTF 400/ - MOX fuel, loop-type experimental facility, In 3 -

fuel/materials irradiation operation 
CRBR 975/ 380 MOX fuel, loop-type Construction - — 

power demonstration facility stopped 

r £ i) » 
ps 
M 
S m ps NN M 
z o 
W 

t/i 
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m - 2 . F R A N C E 

I I I—2.1. R A P S O D I E 

CHAPTER III 

Name: RAPSODIE 
[III-l to III-5] 

Location: Cadarache, France 

Design/ 
Construction: CEA, GAAA, 

and others 

Owner/ 
Operator: CEA 

Purpose: 
Demonstration of LMFBR operation, fuel 
and materials irradiation test facility 

Power output 

- thermal: 20(24) MW(th) 
FORTISSIMO: 40 MW(th) 

— electrical 0 

Heat transfer system 

Primary: Na loop type (2 loops) 
Secondary: Na 
Tertiary: Air 

Reactor core/blanket 

P u 0 2 / U 0 2 fuel, 
depleted U 0 2 blanket 

Status 

Shut down 

Plant history 

1958-1962 Plant design 

1962 Start of construction 

Jan. 1967 Initial criticality 

Mar. 1967 Start of full power 
operation 

1967-1970 Operation at a 
24 MW(th) power level 

1970 Modification and enlargement 
of the plant 

1971-1978 Operation on a 40 MW(th) 
power level 
(RAPSODIE-FORTISSIMO) 

End of 1978 Small leak in the primary sodium 
system — operation on a reduced 
power level 

Jan. 1982 Small leak in the nitrogen system 

End of 1982 Decision for final shutdown 

May 1983 End-of-life test series 
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The French CEA started planning RAPSODIE (RAPide SODIum) in 1958. 
Start of construction was in 1962 within an association of CEA and EURATOM; 
first criticality was reached in January 1967, and full power operation in March 
1967. The time span to achieve full power with RAPSODIE was comparatively 
short, and was the result of an extensive out-of-plant pretesting policy, a 
physical mock-up in MASURCA, and an engineering mock-up of the complete 
reactor cooling system in an oil-fired 10 MW(th) test circuit. 

RAPSODIE was designed, built and operated to obtain data on the physical 
behaviour of a fast neutron reactor under static and dynamic conditions, to offer 
industrial information of direct use in the design of future LMFBRs, and to supply 
a fast neutron flux for irradiation tests of fuels and materials. 

Mixed oxides were used as reactor fuel. The reactor was of the loop type 
and had two cooling circuits of 12 MW(th) heat removal capacity each. Although 
of modest size, the operating parameters were similar to those used in large 
commercial size reactors. 

III-2.1.1. Operating experience 

From August 1967 until February 1970 RAPSODIE was in normal operation. 
From February 1970 until January 1971, it was modified, resulting in an increase 
in power output from 24 MW(th) to 40 MW(th) (RAPSODIE-FORTISSIMO). 
Another period of reconstruction work was carried out in 1977. 

By the end of 1978 a small primary sodium leak was detected, which 
constrained the operation of the plant to about 22 MW(th). In January 1982, 
another small leak was detected in the nitrogen system. Repairs would have 
been long and costly. Since the reactor had fulfilled its aims, it was decided 
to finally shut down the plant in October 1982. 

During the 15 years of operation more than 30 000 fuel pins of the driver 
core were irradiated, of which about 10 000 reached a burnup beyond 10%; 
300 irradiation experiments and more than 1000 tests have been performed in 
RAPSODIE. The maximum burnup of the test fuel pins was 26.6% or 173.3 dpa 
(displacements per atom) (Fig.III-1). An outstanding feature of RAPSODIE 
operation was that the actual power output substantially exceeded the designed 
level. 

Before decommissioning RAPSODIE, an end-of-life test series was performed 
at the reactor in March/April 1983 which covered three main topics: 

(1) High power fuel performance 

A short-term irradiation programme was carried out with experiments 
concerning SUPER PHENIX geometry, fuel performance and pin behaviour 
under accident conditions. In the experiments the test pins showed perfect 
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FIG.III-1. RAPSODIE fuel pins burnup histogram (Source: CEA). 
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performance for a maximum linear power rating of «1000 W/cm kept constant 
for about 10 minutes. A first evaluation showed a local fuel melt fraction of up 
to 30%. 

(2) Natural circulation experiments 

Startup of natural circulation in primary and secondary circuits from an 
isothermal reactor driven by neutronic power rise up to 750 kW(th) (insufficient 
decay power data available) and kept constant thereafter. 

Following scram at nominal conditions of 22.4 MW(th), the transition to 
natural circulation in the whole installation including air-coolers was analysed 
(simulating total loss of electric power supply). 

(3) Exceptional reactor transients without scram 

These experiments simulated hypothetical accident situations concerning: 

— loss of heat sink without scram, 
— loss of electric power supply without scram with and without backup of 

pumps. 

Certain of these experiments were executed for the first time under opera-
tional reactor conditions. The final reactor transient experiment, a loss-of-flow 
without scram at a nominal power of 22.4 MW(th), was performed at RAPSODIE 
on 15 April 1983. In this test the maximum fissile subchannel temperature rose 
to a maximum value of 800°C, whereas the nuclear power decreased continuously 
without any intervention from the reactor control. 

These experiments, performed in accordance with predictions, demonstrated 
the inherently stable reactor behaviour in severe accident situations, including 
loss-of-flow without scram. 

Evaluation of the results is progressing in order to meet the main objectives 
of this programme, i.e. verification of physical models and validation of codes 
used in fast reactor safety analysis. 
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III—2.2. PHENIX 

Name: PHENIX 

[III-6 to III-12] 
Location: Marcoule near Avignon, France 

Design/ 

Construction: CEA, EdF, GAAA 

Owner/ 
Operator: EdF 

Purpose: 

Operating experience with a complete 

prototype LMFBR power station 

Power outpñt 

- thermal 563 MW(th) 

— electrical gross 254 MW(e) 

net 238 MW(e) 

Heat transfer system 

Primary: Na pool type 
Secondary: Na 
Tertiary: H 2 0 steam 

16.3 MPa ( 163 bar), 512°C 
(turbine inlet) 

Reactor core/blanket 

Mixed oxide fuel/U02 

Status 

In operation 

Plant history 

1968—1973 Construction period 

31 Aug. 1973 First criticality 

14 Jul. 1974 Commercial operation startup 

Oct. 1976 - Jun. 1977 and Shut down for IHX repair 
Aug. 1977 - Nov. 1977 

Mar. 1978 End of all IHX repair 

Apr. — Jun. 1982 Steam generator repair, operation at 2/3 nominal power. 
Dec. 1982, Mar.—Aug. 1983 On the whole, smooth operation, except for the above-

mentioned disturbances 
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III—2.2.1. Design features 

Reactor core 

The reactor block is of an integrated design (pool) except for a few auxiliary 
circuits. The entire primary sodium system, containing 800 tonnes of radioactive 
sodium, is enclosed in the main reactor vessel, which is 11.8 m in diameter 
(Fig.III-2). 

The fissile core, in which most of the reactor power is generated, is surrounded 
by a fertile blanket and neutron shielding to prevent activation of the secondary 
sodium flowing through the intermediate exchangers. 

The fuel is uranium dioxide mixed with plutonium dioxide (U02—Pu02). 
It is contained in 103 assemblies, each containing 217 pins, which in turn consist 
of a stack of sintered oxide pellets, 5.5 mm in diameter, in stainless steel cladding. 
The pins are assembled in clusters in a stainless steel outer shell, which also contains 
the upper and lower fertile blanket pins (depleted uranium oxide) and the upper 
neutron shield. 

The radial blanket is composed of depleted uranium dioxide in the shape of 
pellets measuring 12.15 mm in diameter, in 90 assemblies of 61 pins each. The 
structural components of these assemblies are idential with those of the fissile 
assemblies, with sodium flow through the bottom dipping into the sodium plenum. 

Vessel 

The sodium in the main vessel is separated to form two zones: 

— Hot sodium, at the centre, in a primary tank, from which it flows into the 
intermediate heat exchangers; 

— Cold sodium taken from a peripheral annular space between the primary 
tank and the wall of the main reactor vessel, which contains the three main-
circuit circulating pumps and six heat exchangers, suspended from the upper 
slab. 

A number of other devices enter or are located in the main vessel: the fuel 
transfer arm, the six control rods, neutron flux detectors, thermocouples, failed 
element detection and location devices, the boiling detection system components, 
etc. 

An auxiliary argon circuit covers sodium surfaces with this gas, to prevent 
any contact with air. 

The main vessel is closed at the top by a flat roof with openings for pump 
and exchanger pipes. It is associated with the cylindrical seating of a rotating plug 
in the slab forming the top of the reactor block. 

An outer guard vessel surrounds the main vessel. It has the double function 
of containing any sodium escaping by leakage, and preventing a drop in the sodium 
level of the main vessel that might affect core cooling. 
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CONTROL ROD CELL ROTATING 

SHIELDING CONTAINMENT CHAMBER 

FIG.III-2. PHENIX cut-away view (Source: CEA). 

Finally, an outer containment in which both the above tanks are lodged is 
provided to contain any radioactive products that might escape from the main 
vessel in the event of an accident. This containment also encloses a cooling circuit 
which maintains the concrete of the reactor block at a reasonable temperature, 
and which is capable of acting as a standby cooling circuit during decay heat 
production after shutdown, should all the secondary sodium circuits be out of 
service. 

Heat transfer circuit 

The three primary circuit sodium pumps are variable speed units (150 to 
970 rev/min) delivering about 950 kg/s at 825 rev/min, which is their normal 
service speed. The circulating sodium enters the core at 400°C and moves from 
there, at 560°C, to six intermediate heat exchangers which are associated in pairs 
with three independent secondary circuits. 
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Sodium must be kept very pure to prevent corrosion of the steel piping and 
the plugging of certain circuit components. It is purified (e.g. by cold traps 
operating on the principle of precipitation of any oxide in the sodium) at a 
sufficiently low temperature. 

Secondary sodium, which is not radioactive, is circulated by a mechanical 
pump with a delivery of 700 kg/s. It enters the intermediate heat exchangers at 
350°C and leaves at 550°C. 

Each secondary loop is connected to a steam generator consisting of an 
evaporator, superheater, and reheater, in 12 modules. 

Ill—2.2.2. Operating experience 

By 1 February 1984, the main performance data of PHENIX were as 
follows: 

- Equivalent Full Power Days (EFPD) 2100 
— Gross electrical energy production 12 400 G W h 
— Load factor (since commissioning in July 1974) 58% 
— Number of irradiated subassemblies 550 
- Number of irradiated pins 117 200 
- Burnup (maximal) 100 084 MW • d/t 

Reactor 

During the first two years operation was interrupted only by fuel reloading 
and by minor incidents. The first fuel load consisted of 50% MOX and 50% 
enriched U 0 2 , the reloads were 100% MOX. 

Incidents related to the core: seven fuel pin failures occurred, accompanied 
by emission of delayed neutrons. But they have scarcely influenced the reactor 
operation: less than three days' loss of energy production, if a subassembly with 
pin failure had to be replaced. The pin failures were easy to locate by wet sipping 
at the subassembly outlets. 

Non-nuclear components 

During early operation some minor incidents were due to sodium leakages in the 
secondary circuits and water leaks in the steam generators. Three cracks in a weld 
of a sodium valve caused about 1 litre of sodium to be released, with sodium fires 
resulting in the insulation. The leaks were repaired after emptying the tube system. 

In June and October 1976 secondary sodium leaking from the heads of two 
IHXs caught fire but were extinguished quickly. The damage was due to a design 
error leading to deformations and stresses because of the different heat expansion 
of the external and internal rings at the sodium exit to the secondary system. Both 
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the dismantling and repair of the components went on smoothly, washing and 
decontamination were feasible within a short time, and the radiation exposure 
of personnel was very low. 

In 1981 a primary pump had to be replaced after 65 000 hours' operation, 
a control rod element had to be replaced because measurements had indicated a 
slightly delayed dropping time, and a broken steam valve had to be repaired. 

On 29 April 1982 a reheater leak was detected by the hydrogen detection 
system. Therefore, the secondary sodium side was emptied, as well as the water 
side. The pressure of the nitrogen, which ought to have replaced the water, did 
not reach the required value of 0.7 MPa (7 bar); this allowed large quantities of 
sodium during the refill of the secondary system to penetrate into the water 
system. Finally 6 litres of sodium reached the air and caught fire; this was 
extinguished within 2 minutes. 

PHENIX was then operating on two loops between 24 June and 12 December 
1982, while the leaking modules in the affected steam generator's drier-reheater 
were replaced. 

The second sodium-water reaction happened on 16 December 1982 in a 
module of a steam generator. This time the nitrogen supply worked correctly 
and the leak was rapidly located. After cutting out the defective module, 
reactor operation was continued with 2/3 of nominal power 15 days later. 

The third sodium-water reaction, comparable to the second one, took place 
on 15 February 1983, in a module of another steam generator. After withdrawal 
of this module, the reactor was again on power on 27 February 1983. Another 
minor sodium-water reaction happened on 20 March 1983. 

After replacement of all modules of the reheater in steam generator No.3 
reactor operation could be continued with reduced power. After complete 
repair of all three steam generators the reactor attained its full nominal power 
again on 14 August 1983. 

Ill—2.2.3. Plant incident statistics 

In a first analysis the PHENIX incidents can be assigned to the following 
reasons and components: 

— Reactor, auxiliary circuits, reactor control and instrumentation 27 
— Secondary circuits control command 18 
— Steam generators 21 
— Turbine generator system 28 
— External reasons 12 
— Operational errors 7 

Concerning the outages in the reactor, 11 of them were due to primary pump 
malfunction, 7 were due to fuel pin failures and the remaining 9 were due to 
miscellaneous causes. 
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Fifteen out of 18 shutdowns concerning secondary circuits were caused by 
anomalies in the secondary pumps. For both secondary and primary pumps the 
defects were generally due to the speed regulator system. 

The following remarks can be made on operation: 

— the incidents on the IHXs and the steam generators are responsible for 56% 
of loss of energy production, 

- only 3.3% of loss of energy production is related to core malfunction. 

In spite of these incidents, the operating experience of PHENIX has been 
very successful. So far the plant has produced more than 12 000 GWh. The 
average plant availability has exceeded 63% since the beginning. 

Ill—2.2.4. Radiological safety 

In 1983 the integral radiation exposure of about 290 operation personnel 
amounted to 0.06 man-Sv (6 man-rem), corresponding to 0.2 mSv (20 mrem) 
per man-year on average. The release of radioactive gases was extremely low: 
1.37 X 1010 Bq/d (0.37 Ci/d). Since startup of the reactor the integral dose 
accumulated by PHENIX personnel is about 0.8 man-Sv (80 man-rem). 

The radioactive wastes of PHENIX, as solid, liquid and gaseous wastes, are 
very low: 

Solid wastes originate from the subassembly structure after dismantling. 
Since the beginning of operation, the cumulative waste activity is of the order 
of 45 X 1016 Bq (12 X 106Ci) in a mass of 20 tonnes. 

There are no direct effluents from the plant. Indeed all effluents are treated 
by the COGEMA centre, which is situated nearby. Their cumulative activity is 
about 32 X 1012 Bq (860 Ci) in a volume of 4600 m 3 . This activity arises from 
cleaning subassemblies and IHXs and primary pumps. 

Gaseous wastes are not important. For example, since reactor startup the 
total effluent activity is about 55 X 1012 Bq (1500 Ci) equivalent 135Xe. 
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III—2.3. SUPER PHENIX-1 

Name: SUPER PHENIX-1 (SPX-1) 
[III-ll, 111-13 to III-15] 

Location: Creys-Malville, Dépt. Isère, France 

Design/ 

Construction: NOVATOME, NIRA 

Owner/ 
Operator: NERSA 

Purpose: 

Operating experience with a near-
commercial demonstration LMFBR 
power station 

Power output 

- thermal gross 3000 MW(th) 
- electrical gross 1242 MW(e) 

net 1200 MW(e) 

Heat transfer system 

Sodium cooling 

Primary system pool type, four parallel 
circuit systems 
Steam: 17.7 MPa (177 bar), 487°C 

Reactor core/blanket 

Mixed oxide fuel/U02 

Status 

Construction completed, 

startup in 1985/86 

Plant history 

1971 Design work and definition of 
safety criteria 

1973 An agreement was signed by the 
utilities Electricité de France (EdF), 
Ente Nazionale per l'Energia 
Elettrica (ENEL, Italy), and 
Rheinisch-Westfälisches Elektrizi-
tätswerk (RWE, Germany, Fed. Rep.) 
for a joint venture, Centrale Nucléaire 
Européenne à Neutrons Rapides, 
S.A. (NERSA) to commission and 
operate the plant. 

1974 The RWE share was transferred to 
the Federal German-Belgian-Dutch 
utility Schnellbrüter-Kernkraftwerk 
GmbH (SBK) and the British Central 
Electricity Generating Board (CEGB) 

1975 Preliminary Safety Analysis Report 
submitted 

1976 Site preparation work, and founda-
tions by NOVATOME (France) 
and NIRA (Italy) 

1977 Start of plant construction. It is 
characteristic of the SPX construc-
tion procedure that large components 
such as the reactor vessel were 
assembled in a special large work-
shop building at the site 

1979 Completion of the reactor building 

1980 Installation of the guard vessel and 
the reactor roof 

1981 Beginning of sodium delivery to the 
site; Installation of the rotating plugs 

1982 Delivery of fuel subassemblies to the 
site 

1983 Installation of large components of 
the heat transfer systems 

1984 Completion of the reactor 

1985 Nuclear startup 
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III—2.3.1. Design features 

The SPX-1 plant design is largely based on the PHENIX concept , in particular 

with respect to the core elements and the pool concept of the primary circuit (see 

cover figure). Operating experience with PHENIX since 1973 has furnished 

valuable support for the feasibility and reliability of a larger plant of this type. 

On the o ther hand, the steam generator concept of SPX-1 represents a 

remarkable scale-up and new design: 17 MW modules in PHENIX are to be 

compared with the fou r 750 MW units in SPX-1. A 45 MW steam generator 

pro to type was built in 1973 and has undergone very extensive operating tests 

for several years at the EdF test centre at Les Renardières. For more details 

of the design concept , including figures, see the Appendix to Chapter III. 

Ill—2.3.2. Present s ta tus (1983 /84) 

The reactor building and the four buildings for the steam generators are 

completed. The large opening in the reactor building through which the large 

parts of the reactor block were introduced has been closed. 

The guard vessel, main reactor vessel, the diagrid, rotating plugs, and the 

dome above the reactor roof have been installed. The primary system has been 

mounted and pressure tested. Following p ro to type tests in water, the four 

primary pumps were assembled in the site workshop. 

The four steam generators, the piping of the secondary circuits, the steam 

water piping, and several auxiliary circuits are already installed. Auxiliary tanks 

are now filled with 1500 tonnes of sodium. Turbo-al ternators are being mounted . 

The reactor core has been loaded with steel d u m m y elements for sodium 

tests preceding loading with the real core elements. 

The preliminary safety report for the commissioning phase has been prepared. 

Ill—2.4. SUPER PHEN1X-2 

A decision on the construct ion of SPX-2 is to be taken af ter some experience 

has been gained f rom the operation of SPX-1 which is due to commence in 1985. 

SPX-2 is envisioned to have a plant size comparable to that of SPX-1, but a 

higher nominal power of 1500 MW(e). The detailed design of SPX-2 may possibly 

di f fer from that of SPX-1 in the following respects: 

- homogeneous core very similar to the Creys-Malville core, but with a lower 

breeding gain, 

- internal storage of irradiated fuel which gives economic advantages in fuel 

handling, 

- changed shu tdown intervals for refuelling (annual shutdown) , 

- upper roof slab of the reactor cooled by gas instead of water, 

- use of a reactor vault liner capable of containing sodium in the case of 

leaks of the main vessel and of its safety vessel, 

- no dome above the reactor roof , 

- simpler primary sodium purification unit , 

- simpler location system of failed fuel by sodium sampling, 

- considerable shortening of the secondary circuits which makes for more 

compact buildings, 

- rectangular secondary conta inment instead of a dome-shaped one. 
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n i - 3 . DeBeNe COUNTRIES 

III—3.1. KNKII 

Name: KNK II 
[III-16 to III-20] 

Location: Karlsruhe, Federal Republic 
of Germany 

Design/ 
Construction: INTERATOM 

Owner: KfK 
Operator: KBG 

Purpose: 
Fast irradiation test facility, experience from 
plant operation and experiments 

Power output 

- thermal 60 MW(th) 
— electrical gross 21.4 MW(e) 

net 17.8 MW(e) 

Heat transfer system 

Primary: Na loop type (2 loops) 
Secondary: Na 
Tertiary: H 2 0 steam 

Reactor core/blanket 

Two-zone core: 
inner test zone: P u 0 2 / U 0 2 

outer driver zone: UO2 fuel 

Status 

In operation 

Plant history 

1972-1974 Operation of KNK I 
1975-1977 Reconstruction of KNK I into KNK II 
Oct. 1977 Initial criticality 
1978 Low power tests 
Mar. 1979 Start of fuU power operation with core KNK II / l 
Jun. 1983 Start of operation with core KNK II/2 
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K N K II ( K o m p a k t e Na t r iumgeküh l t e Kernreak to ran lage , c o m p a c t sodium 
cooled nuclear p o w e r p l an t ) was r econs t ruc ted f r o m 1975 to 1977, a f t e r having 
been opera ted wi th a t he rma l reac tor core wi th a Z rH 2 m o d e r a t o r (KNK I) 
be tween 1972 and 1974. First cri t icali ty was reached in O c t o b e r 1977. Full 
power ope ra t ion s tar ted in March 1979. 

The KNK II core is a two-zone core, t he test zone of which is equ ipped 
wi th P u / U mixed oxide fue l su r rounded by a driver zone . K N K II was built and 
has been opera ted to serve as the na t ion ' s first fast flux i r radiat ion facil i ty, to gain 
opera t ing exper ience wi th a liquid meta l cooled fast reac tor sys tem and to conduc t 
an extensive test p r o g r a m m e in a fast reac tor env i ronment (Fig.III-3). 

The core of KNK II serves as a test bed for the fue l e lements of t he SNR 300 . 
Fo r runn ing these e lements wi th equivalent power per unit rod length, the reac tor 
core has been subdivided in to a test zone and a driver zone which d i f f e r greatly 
wi th respect to fue l e lement p o w e r levels. In addi t ion , only t h e fue l e lements in 
the test zone con ta in U-Pu oxide as fuel . 

Ill—3.1.1. Operating experience 

A comprehens ive exper imen ta l p r o g r a m m e has been u n d e r way since 1979 
t o gain exper ience of in-core i n s t rumen ta t i on , for p lan t moni to r ing , reac tor 
chemis t ry , and general p lan t opera t ion . 

FIG.III-3. KNK II general plant view (Source: KfK). 
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The operation of KNK II with the first core had been impaired by the unfore-
seen impact of gas bubbles entrained in the sodium coolant. There were scrams 
via 'negative reactivity high' at about 60% design power in 1978/79. Reactivity 
is one of the three measured parameters whose signals are used in KNK II to detect 
coolant flow disturbances in fuel elements. Additional experiments helped to 
detect a vent line as the main source of gas entering the sodium. Actually this 
line serves to ensure decay heat removal by natural convection in a certain type of 
accident. The amount of gas entrained was a function of the flow and, hence, 
the reactor power. For this reason, throttle valves were installed in the vent line. 
Minor quantities of gas were also introduced into the system via some other routes. 
The gas collected at certain points at the pumps until it was entrained towards the 
reactor core, depending on flow conditions in the pipelines. Measures have been 
taken to deflect the gas bubbles by design modifications at the grid plate inserts of 
the fuel elements so as to make them move towards the reflector elements, which 
they can pass without affecting reactor operation. In this way the gas bubble 
problem has been removed for good. 

During operation two fuel element failures occurred at 17 000 and 
48 000 MW-d/t burnup, respectively. Both defects were indicated very quickly 
by the reactor systems via delayed neutrons and cover gas activity. Whereas the 
first defect fuel element was discharged right away, a test programme was carried 
out with the second failed fuel element at a reduced power level to study the failed 
fuel behaviour under operating conditions. Both failures provided an opportunity 
to test the systems and procedures for the detection and localization of defective 
fuel elements and for reprocessing and refabricating spent breeder fuel on a small 
scale. Post-irradiation examinations have shown that rods adjacent to a defective 
fuel rod were not influenced by the failure. There was no failure propagation. No 
sweep-out of fuel into the coolant was observed. This means that continued opera-
tion of a sodium cooled reactor is possible under limited conditions even with a 
failed fuel element. 

In August 1982 a maximum burnup of 100 000 MW-d/t was reached with 
the first KNK II core. A second core was loaded in April 1983, and has been in 
operation since June 1983. The components of the third core were ordered in 
late 1983; they are to be available two years later. 

The sodium systems of KNK were started up in 1971, i.e. more than 13 years 
ago. Especially the primary system has since been kept continuously filled with 
sodium, even during the KNK I/KNK II conversion period. The sodium pumps 
have been in operation without interruption, accumulating some 90 000 hours of 
operation. In May 1984 a primary pump had to be replaced because of vibrations. 
The systems temperatures and pressures attained their design levels for some 
18 000 hours. No major malfunctions occurred over the entire period. Even a 
leakage in a steam generator caused by a defective weld was controlled safely in 
1972 without any environmental impact. Recent activity measurements of the 
heat transfer system confirmed that sodium cooled reactors produce lower 
personnel doses than do water cooled plants. 
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III—3.2. SNR300 

Name: SNR 300 
[111-21 to 111-26] 

Location: Kalkar, Lower Rhine, 
Federal Republic of Germany 

Design: INB 
Construction: SBK 

Owner/ 
Operator: SBK 

Purpose: 
Operating experience with a prototype-scale 
LMFBR power station under commercial 
licensing condit ions 

Power output 

- thermal gross 770 MW(th) 
- electrical gross 327 MW(e) 

net 295 MW(e) 

Heat transfer system 

Na cooling 
Primary circuit according to the loop concept ; 
three parallel heat transfer systems 
Steam: 16 MPa (160 bar), 495°C 

Reactor core/blanket 

Mixed oxide fuel 
(fissile zones with 25 and 3 5 % P u y U 0 2 

Status 

Construction to be completed by 1985/86. 
All construction permits have been issued 

Plant history 

1966 A first design concept for a Federal 
German pro to type fast breeder 
power station was elaborated at the 
Karlsruhe Nuclear Research Centre 
(KfK) in co-operation with Siemens-
INTERATOM. The Federal 
German Government decided to 
fund breeder design activities of 
Federal German industrial compa-
nies in order to prepare a decision 
on the construction of breeder 
pro to types 

1967 Various R&D problem areas were 
passed to the DeBeNe research 
centres, according to memoranda of 
understanding 

1969 DeBeNe utilities started co-operation 
1972 Co-operation between Federal 

German, Belgian, and Dutch manu-
facturing companies was formalized 
by the foundat ion of Internationale 
Natrium-Brutreaktor Bau GmbH (INB), 
a subsidiary of the companies 
INTERATOM, BELGONUCLEAIRE 
and NERATOOM. Foundat ion of 

the joint Schnellbrüter-
Kernkraftwerksgesellschaft mbH 
(SBK), as owner /operator of the 
SNR 300 plant 

1973 Beginning of SNR 300 construct ion 
1974 Conclusion of first phase of fuel 

element irradiation tests abroad 
1977 Completion of all buildings except 

fo r the containment steel shell, 
cooling tower, and emergency well 

1 9 7 8 - 8 0 Political and licensing problems 
hampering construct ion progress. 
Complet ion of full-scale out-of-pile 
tests of all major components of 
heat transfer system 

1980 Start of major assembly work 
within the buildings 

1982 Last major partial construction 
permit granted by state government 

1984 Fabrication of all core elements 
completed, heat transfer systems 
installed and tested 
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III—3.2.1. Design features 

The reactor core consists of two cylindrical U0 2 /Pu0 2 fuel zones of different 
enrichment, surrounded by a radial and axial blanket of U0 2 with depleted 
uranium. There are three parallel heat transfer systems. The primary systems 
follow the loop concept; each has one sodium pump and three IHXs. Each of the 
three secondary loops has three steam generator systems. For two of the three 
loops a straight-tube steam generator design is envisaged, whereas for the third-
loop a helical-tube design will be used for gaining a wider range of experience. The 
straight-tube design allows for an easier localization of tube leaks, but raises addi-
tional welding problems. Each module is designed for 85 MW. Steam generators 
and IHXs have been tested full scale in a large sodium loop facility at Hengelo 
(Netherlands). The primary and secondary sodium pumps have been tested full 
scale in a facility at Bergisch Gladbach. For more details of the SNR 300 design 
see the Appendix to Chapter III. 

Ill—3.2.2. Present status 

The SNR 300 prototype breeder power plant has been under construction 
at Kalkar on the lower Rhine River since 1973. The personnel on site at Kalkar 
was increased to roughly 3000 persons in 1983 following the solution of political 
and licensing problems from the previous years. 

In December 1982 in a majority decision the Federal German Parliament 
lifted the political reservation against commissioning the Kalkar Nuclear Power 
Station, a reservation that had been in existence since 1978. This removed a major 
obstacle in the way of greater financial participation of the Federal German electri-
city industry in meeting rising project costs. 

In the light of the positive decision of 26 April 1983 by the Federal Govern-
ment to continue the project, the financial contracts were agreed upon among 
the participating utilities, the Federal German Ministry for Research and Techno-
logy, the utility SBK, and the manufacturers. In a discussion between the 
responsible ministers of the Federal Republic of Germany, Belgium and the 
Netherlands in October 1983 foreign participation was finalized. This means that 
financing the total cost distribution has been settled contractually. 

A clear stabilization can be recognized in cost development. This has been 
greatly helped by the technical clarification now achieved in the licensing and 
supervisory procedures and by the general agreements reached with a number 
of subcontractors. 

The progress in the assembly of the primary systems in 1983 has been such 
that the pressure test of the primary system could be advanced from January 1984 
to December 1983. Additional planning modifications allowed the project running 
times to be cut by three months, which means that the completion of plant 
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construction is now scheduled for August 1985, the beginning of fuel loading 
for December 1985, and the delivery of the plant for December 1986. 

The remaining steps in the licensing procedure have been agreed upon with 
the authorities: one permit covering the storage of the fuel elements in the power 
plant is to be granted in 1985 and the actual operating permit in 1986. 

Ill—3.3. SNR-2 
[111-27] 

SNR-2 is the follow-on plant of SNR 300. It is designed for a net power 
output of 1380 MW(e) with a mixed oxide fuelled core and four parallel heat 
transfer systems. A pool, concept has been chosen for the primary system. 

III—3.3.1. Plant history 

In 1973 an agreement was made that SNR-2 is to be operated in a joint 
Federal German-French-Italian effort. For this purpose, the Europäische 
Schnellbrüter-Kernkraftwerksgesellschaft mbH (ESK) was founded in 1974 as a 
joint subsidiary of RWE, EdF, and ENEL. From 1976—1984, Internationale 
Natrium-Brutreaktor Bau GmbH (INB) as the Federal German-Belgian-Dutch 
manufacturing company has been concerned with preplanning studies of a 
1300 MW(e) breeder power plant on behalf of ESK. KfK has dealt with problems 
of reactor physics and mechanical core design and the safety of large breeders. 

Ill—3.3.2. Loop versus pool analysis 

A preplanning study drafted by INB up until 1981 was based on the loop-
type concept of the primary system, making use of the experience accumulated 
in planning, licensing and building the SNR 300. That work was limited to the 
reactor, the vessel and top shield, the primary system, the decay heat removal 
system, handling and containment, including demonstration by calculation. Other 
systems, such as the secondary system, the water-steam circuit supporting facilities, 
buildings etc., were studied only as far as necessary to arrive at a self-contained 
concept technically feasible and capable of being licensed. 

An analysis of the pool-type design carried out by INB jointly with 
NOVATOME in 1978-1981 represented the project definition phase of a 
preplanning study based on the pool concept. The analysis mainly dealt with 
the conditions under which a pool-type facility based on the SUPER PHENIX 
concept would be licensable under Federal German rules and regulations. 

A subsequent SNR-2 pool-type preplanning effort conducted during 
1982-1983 on the basis of the French SUPER PHENIX-1 facility plus the result 
of the loop-type study led to a decision on the SNR-2 pool concept in 1984. 
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This concept will be the basis of the main planning phase and the licensing 
procedure. Work on the pool design analysis has been continued mainly for the 
following major items: pool roof and its cooling, fuel handling, and storage circuit 
analysis, plant protection systems, strength assessment, pool thermal hydraulics, 
decay heat removal by natural circulation, containment, steam generators etc., 
and has been supplemented by design work. The studies are based on the SERENA 
licence and the exchange of information with CEA and NOVATOME. 

III—3.3.3. Nuclear core design 

The boundary conditions for core design have changed drastically since 1976 
with the consequence that the original concept for the (homogeneous) reactor core 
has since been replaced by a new homogeneous core design. While formerly the 
breeding ratio and the doubling time were the most important aspects emphasized, 
it is now cost aspects that have gained more significance. To reduce the costs of 
fuel element fabrication and reprocessing, a further increase in the fuel rod 
diameter and in burnup is being considered. Moreover, the number of absorbers 
and the thickness of the breeding blanket have been reduced, to mention but a 
few items. Cost intensive measures of accident control are to be decreased to the 
necessary level and replaced by inherent safety characteristics, emphasis being put 
on the preventive aspect. 
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III.4. INDIA 

III—4.1. FBTR 

Name: FBTR Location: Kalpakkam, India 

Design/ 

Construction: Department of Energy 

Owner/ 
Operator: Department of Energy 

Purpose: 
Fuel and fuel element test facility, power 
operation experience 

Power output 

- thermal 42 MW(th) 
- e l e c t r i c a l 12 .5 -15 MW(e) 

Heat transfer system 

Primary: Na loop type (2 loops) 
Secondary : Na 
Tertiary: H 2 0 steam 

Reactor core/blanket 

Pu/U carbide fuel 
with nickel reflector followed by 
T h 0 2 blanket 

Status 

Under construction 

Plant history 

Since 1972 Under construction 

The Fast Breeder Test Reactor (FBTR) is an experimental reactor being 
built in Kalpakkam in collaboration with the French CEA. The reactor is similar 
to RAPSODIE-FORTISSIMO as far as the core and the primary circuits are 
concerned, while on the secondary side the plant is provided with steam generators 
and a turbogenerator to produce electricity. FBTR will mainly be used as an 
irradiation facility for testing fuel and fuel elements, and to gain operation 
experience with a liquid metal cooled fast reactor system. In accordance with 
the overall Indian nuclear energy programme, thorium will also be investigated 
as a breeding material. 

The design of the FBTR was initiated in 1969 and construction was launched 
in 1972. Construction is well advanced and initial criticality is expected in 1985. 
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III—5. ITALY 

III—5.1. PEC 

Name: PEC 
[111-28,111-29] 

Location: Brasimone, Bologna, Italy 

Design : ENEA, NIRA 
Construction: NIRA 

Owner/ 
Operator: ENEA 

Purpose: 
Fuel element testing facility 

Power output 

- thermal 123 MW(th) 
— electrical 0 

Heat transfer system 

Primary: Na (2 semi-integrated loops) 
Secondary: Na 
Tertiary: Air 

Reactor core/blanket 

Pu/U oxide fuel 
(30% Pu, U-enrichment 11%) 
Ni reflector 

Status 

Under construction 

Plant history 

1966 ENEA (CNEN) defined conceptual plant design 

1974 Authorization of plant construction 

1976 Beginning of civil engineering 

1981 Completion of most of the experimental loops to test core element models 
and the test channel prototype 

1983 Placement of the grid inside the reactor tank 
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III— 5.1.1. Design features 

The PEC (Prova per Elementi di Combustibili) reactor is of a semi-integrated 
type and is cooled by two sodium primary circuits and two secondary circuits. 
There are two intermediate sodium heat exchangers and six final sodium/air heat 
exchangers, three for each sodium secondary circuit, to evacuate power to the 
external atmosphere. The core is constituted of plutonium and uranium oxide 
surrounded by nickel reflector elements and natural boron carbide shielding 
elements. Fuel elements are placed on the grid to form groups of seven, with the 
six external elements forced against the central one. 

A test channel, hydraulically and thermally insulated from the core, is 
located at the core centre, corresponding to the seven central positions. This 
channel allows experiments on the optimization of fuel element performance 
to be carried out, together with the study of fuel elements under nominal and 
perturbed conditions. The maximum power of the experimental element inside 
the test channel is 3 MW(th). 

III—5.1.2. Present status 

At the end of 1983 the total progress of completion of the plant was 45% 
with design 86% complete, supply 30%, and civil work 61%, whilst assembly had 
just begun. The plant is scheduled to be completed in 1987 and will then be used 
as an irradiation test facility for fuel and fuel element development. 
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III—6. JAPAN 

III—6.1. J O Y O 

CHAPTER III 

Name: JOYO 
[111-30, 111-31] 

Location: O-Arai, Japan 

Design/ 
Construction: PNC together 

with Toshiba, Hitachi, 
Mitsubishi and Fuji 

Owner/ 
Operator: PNC 

Purpose: 
Fuel and fuel element irradiation test 
facility, operational experience 

Power output 

- thermal 100 MW(th) 
- electrical 0 

Heat transfer system 

Primary. Na loop type (2 loops) 
Secondary: Na 
Tertiary: Air 

Reactor core/blanket 

Pu/U oxide fuel, 
depleted U blanket 

Status 

In operation 

Plant history 

1970 Start of construction 

Apr. 1977 Initial criticality 

Apr. — Nov. 1977 Low power physics tests 

Apr. 1978 Start of high power tests with MARK I core 

Jul. 1978 - Feb. 1979 Plant operation on a 50 MW(th) power level 

Jul. 1979 Power increase up to 75 MW(th) 

Dec. 1981 75 MW(th) operation with MARK I core completed 

Since Aug. 1983 Operation with MARK II core on a 100 MW(th) power level 

The basic concep t for J O Y O originated in 1964 and 1965. Cons t ruc t ion 
licence was granted in Feb rua ry 1970 a f t e r safety evaluation by the Japan A tomic 
Energy Commiss ion ; in March PNC entered in to con t rac t s wi th manufac tu r e r s 
and work began on the site of the O-Arai Engineering Centre . 
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FIG.III-4. JOYO overall survey (Source: PNC). 

J O Y O is the first exper imenta l fast power reac tor in Japan and was designed 
and built and has been ope ra t ed to serve as an i rradiat ion test facili ty and to gain 
exper ience wi th the cons t ruc t ion and opera t ion of a sodium cooled fast reac tor 
(Fig.III-4). 

J O Y O is a fast breeder reac tor fuel led with mixed oxide fue l . The reac tor 
is of the loop t y p e and has two cooling circuits of 50 MW(th) heat removal 
capaci ty each. Heat genera ted in the reac tor core is f inally dissipated in the air 
t h r o u g h air-blast heat exchangers . 

Ill—6.1.1. Operating experience 

During opera t ion wi th the M A R K I core m a n y tests and m e a s u r e m e n t s 
( thermal -hydrau l ic tests, physics tests, shielding tests etc .) were c o n d u c t e d to 
clar ify and con f i rm the character is t ics of the J O Y O plant . A series of na tura l 
c irculat ion tests up to a power level of 75 MW(th) has d e m o n s t r a t e d successfully 
the inherent decay heat removal capabi l i ty of the plant . The m a x i m u m b u r n u p 
reached with MARK I core was 40 0 0 0 MW d/ t . 

Since 1983, J O Y O has been opera t ing wi th the MARK II core at a 
100 MW(th) p o w e r level. T h e MARK II core consists of 64 driver fuel sub-
assemblies and 3 i r radiat ion test rigs. The main object ives of the MARK II 
p r o g r a m m e are: the test i r radiat ion of LMFBR fuels and materials deve lopment , 
the acquis i t ion of ope ra t ion and ma in tenance da ta for MONJU, and the develop-
men t of preventive ma in tenance technology using plant anomaly de tec t ion 
techniques . 
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III—6.2. M O N J U 

Name: MONJU 
[111-31, III-32] 

Location: Tsuruga Peninsula, 
Fukui Pref., Japan 

Design/ 

Construction: PNC, FBEC 

Owner/ 
Operator: PNC 

Purpose: 
Operating experience with a complete 
prototype-scale LMFBR power station 

Power output 

— thermal gross 714 MW(th) 
- electrical gross 280 MW(e) 

Heat transfer system 

Na cooling 
Primary system loop type, three parallel 
circuit systems 

Reactor core 

Mixed oxide fuel 

Status 

Design nearly completed; site preparation 
since 1983 

Plant history 

1967 Beginning of an intensive breeder R&D programme and of preliminary design 
in Japan. MONJU will be the first complete Japanese fast reactor power station, 
including steam generators and turbo-alternators 

1977 Operation Of the experimental fast reactor JOYO helped to gather detailed 
experience with fast breeder technology 

1980 The organizational framework for the MONJU project was created through the 
establishment of the 

— Fast Breeder Reactor Engineering Co., Ltd. (FBEC), a joint subsidiary of 
Mitsubishi, Toshiba, Hitachi and Fuji; 

- Japan Atomic Power Company (JAPC). JAPC co-operates closely with the 
PNC and acts on behalf of nine Japanese utilities and the Electric Power 
Development Corp. (EPDC) 

1985 Beginning of MONJU construction 
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III—6.2.1. Design features 

Reactor core 

The core consists of 198 core fuel subassemblies. It is surrounded by axial 
and radial blankets. The radial blanket consists of 172 subassemblies and its 
equivalent thickness is 30.6 cm. 

The upper and lower axial blanket are 30 cm and 35 cm long, respectively. 
The core contains 19 control rod guide tubes through which 13 control and safety 
rods and 6 backup safety rods are inserted for reactor power control and shutdown. 
Control rods are grouped into 3 fine rods and 10 shim and safety rods. Boron 
carbide is used as absorber. 

The core has two radial zones of different plutonium enrichments to flatten 
the power distribution. The number of fuel subassemblies in the inner and the 
outer zone is 108 and 90, respectively. For the equilibrium cycle, plutonium 
enrichments of feed fuel are 16 and 21% Pu-fissile/(Pu + U) for the inner and 
outer zones, respectively. 

Each fuel subassembly has 169 fuel pins with helical wire spacers. The 
region above the upper blanket contains a fission gas plenum and a fuel column 
hold-down device. The whole length of the fuel pin is about 2800 mm and the 
outer diameter and the thickness of the fuel pin cladding are 6.5 and 
0.47 millimetres, respectively. 

Primary coolant circuit 

Primary sodium coolant enters the reactor vessel through three 24 inch 
nozzles located 120° apart in the lower plenum of the reactor vessel, and is 
discharged from the vessel through three 32 inch nozzles which are also located 
120° apart in the upper plenum. The reactor vessel has also an outlet nozzle of 
the overflow system at its upper part. 

The horizontal movement of the reactor vessel in the event of an earthquake 
is prevented by the structure provided on the bottom of the reactor vessel pit 
which works through the guard vessel. 

One main pump, which is of a free surface centrifugal type, is located in the 
cold leg of each primary and intermediate loop, respectively, and a check valve 
is set át the outlet of a primary main pump to minimize reverse flow from the 
operating loops in the evferit of one loop shutdown. 

The relative elevations of reactor core, IHX, air-cooler, and steam generator 
are arranged to ensure natural circulation of sodium in the primary and inter-
mediate loops to remove the decay heat from the reactor immediately after scram 
as a backup method (Fig.III-5). 



FIG.III-5. MONJU main heat transport system features (Source: PNC). 
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Steam generator system 

The steam generator system consists of an evaporator and a superheater 
per loop, all of which have helically coiled heat transfer tubes. 

The tube sheets of water inlet and steam outlet are provided in the cover 
gas region. For sodium level control, the evaporator utilizes an overflow control 
system and the superheater utilizes a gas control system. 

A safety system for sodium-water-reaction is provided for each component 
to release the pressure and products generated during the reaction. This relief 
system is designed on the basis of double-ended fractures of four tubes. A 
rupture disc is installed in the cover gas region of each component and if the 
pressure built up is high enough to cause rupture, the reaction products flow 
through the rupture disc to a reaction product tank. 

This exhaust system is maintained with inert (nitrogen) gas atmosphere and 
is separated from the steam generator system by the rupture disc. Hydrogen in 
sodium is detected by an ion pump current indication device which detects 
hydrogen diffused through a thin nickel membrane quickly to detect a small 
water or steam leakage into sodium. Hydrogen in cover gas is also monitored by 
a diffusion type detector. 

Ill—6.2.2. Safety features 

The plant protection system instrumentation consists of three independent 
instrument channels with sensors and two logic trains to open reactor trip breakers 
automatically. MONJU has two shutdown systems, main and backup; each of 
them has the ability to independently shut down the reactor. 

The reactor power control system uses the reactor outlet temperature as a 
main control signal and neutron flux signal as a supplementary signal. The 
reactor outlet temperature is programmed as a function of power level. Primary 
and secondary sodium flow control systems are of a similar design. The main 
control signal in these systems is sodium flow and the supplementary signal is the 
pump speed. The evaporator outlet steam temperature is controlled by the feed-
water flow which is regulated by the feedwater flow control valve. The feedwater 
control system regulates the feedwater pump speed to keep the differential 
pressure of feedwater control valve at a fixed value. The superheated steam 
pressure will be kept at a constant value by the turbine inlet control valve. 

The reactor containment consists of the primary containment cells and the 
secondary containment to isolate radioactivity released in a hypothetical accident. 
An annular space is formed by providing a cylindrical shell of reinforced concrete 
surrounding the secondary containment. 

The primary containment cells are composed of a combination of reinforced 
concrete and steel lining. The atmosphere of the primary containment cells is 
nitrogen for protection against a sodium fire. 
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The secondary containment is made of steel, 49.5 m in diameter and about 
79.4 m in height. It consists of a vertical cylindrical shell with a hemispherical 
head and an ellipsoidal bottom shell. 

Ill—6.2.3. Present status of licensing 

The application for licensing was filed with the regulatory board in 
December 1980. MONJU was then subjected to safety evaluation by the Science 
and Technology Agency of the Japanese Government until May 1982. 
Permission for construction was issued by the Prime Minister in May 1983 
after the second stage safety evaluation by the Nuclear Safety Commission. 
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III—7. UNION OF SOVIET SOCIALIST REPUBLICS 

III—7.1. BR-2 

Name: BR-2 
[111-33,111-34] 

Location: Obninsk, USSR 

Design/ 
Construction: USSR State Committee 

on the Utilization of 
' Atomic Energy 

Owner/ 
Operator: ' 

Purpose: 
Materials and engineering tests 

Power output 

- thermal 100 kW(th) 
— electrical 0 

Heat transfer system 

Primary: Hg 
Secondary: H 2 0 

Reactor core/blanket 
M 9 Pu fuel (metallic), 
depleted uranium and 
copper reflector 

Status 

Dismantled 

Plant history 

1956 Construction; 1957 Final shutdown and dismantling 
Initial criticality ; 
Full power operation 

BR-2 was built in 1956 as a facility for physics experiments, irradiation of 
materials in fast neutron fluxes, and demonstration of the breeding potential of 
fast reactors. In 1957 operation of BR-2 was terminated and some parts, such 
as the shielding, were used for construction of the BR 5 reactor. 
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III-7.2. BR5/BR 10 

Name: BR 5/BR 10 
[111-33 to 111-36] 

Location: Obninsk, USSR 

Design/ \ 
Construction: USSR State Committee 

on the Utilization 
• of Atomic Energy 

Ownerj 
Operator: 

Purpose: 
Engineering, fuels and materials irradiation 
tests, operating experience 

Power output 

- thermal BR 5: 5 MW(th) (core) 
+0.9 MW(th) (reflector) 

B R I O : 10MW(th) 
- electrical 0 

Heat transfer system 

Primary: Na — 2 loops 
Secondary: NaK—2 loops 
Tertiary: Air/steam 

Reactor core/blanket 

BR 5: 1) Pu0 2 fuel in core, U alloy 
in blanket 

2) U monocarbide fuel 

BR 10: Pu/U mixed oxide fuel 

Status 

In operation 

Plant history 

1956 Plant design 

1957/58 Construction 

Jun. 1958 Initial criticality 

Jul. 1959 Full power of BR 5 

1959-1964 Operation of BR 5 with 
Pu0 2 fuel 

1965-1971 Operation of BR 5 with 
carbide fuel 

1971-1972 Plant modification and 
enlargement (BR 10) 

Mar. 1973 - Operation of BR 10 with 
Sep. 1979 MOX fuel 

1980-1983 Extensive plant reconstruction 

Nov. 1983 Start of operation on an 
8 MW(th) power level 
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BR 5 was the first reactor in the world using sodium as a coolant and 
plutonium oxide as a fuel. The main objective of BR 5 was to gain burnup data 
on fuel elements, to obtain experience with sodium cooling, and to irradiate 
materials (Fig.III-6). 

III—7.2.1. Operating experience 

BR 5 started up at zero power in July 1958. From January 1959 on it 
was operated with Pu02 fuel and sodium coolant and full power was reached 
in July 1959. Five per cent fuel burnup was reached in September 1961. Leaking 
of fission products into sodium showed that some fuel pin claddings had failed. 
The reactor was unloaded, decontaminated, and returned to operation in 
March 1962. 

Operation with failed fuel cladding continued, and during this period special 
emphasis was laid on studying the contamination of the coolant and the cover gas 
by solid and gaseous fission products, and the retention of radioactive constituents. 
By the end of 1964 a maximum burnup of the Pu02 fuel of 6.7% had been reached. 
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From 1965 on BR 5 was operated with a 90% 235U enriched uranium mono-
carbide fuel. In 1967-1969 absorber elements containing boron were also 
irradiated. Operation with monocarbide fuel was terminated in the first half of 
1971, and from 1971 — 1972 the BR 5 plant was modified and enlarged to permit 
a power level of 10 MW(th), and is now called BR 10. 

Operation of BR 10 started in March 1973 with a Pu/U mixed oxide core 
at a power level up to 7.5 MW(th). Until September 1979 a maximum burnup 
of 14.2% was reached. From October 1979 until early 1983 BR 10 was shut down 
for extensive reconstruction of the reactor plant. The reactor was brought up to 
a power of 8 MW(th) in November 1983. 
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III—7.3. BOR 60 

Name: BOR 60 
[IH-37 to 111-40] 

Location: Melekess, USSR 

> 

Design/ 
Construction: 

Owner/ 
Operator: 

USSR State 
Committee on the 
Utilization of Atomic 
Energy 

Purpose: 
Fuels and materials irradiation test 
facility, operating experience 

Power output 

- thermal 60 MW(th) 
- electrical . 12 MW(e) 

Heat transfer system 

Primary: N a - 2 loops 
Secondary: Na 
Tertiary: Air/steam 

Reactor core/blanket 

U and Pu/U mixed 
oxide fuel 

Status 

In operation 

Plant history 

1963-1965 Plant design 

Jul. 1965 Start of construction 

Dec. 1968 First (dry) criticality 

Dec. 1969 Initial wet criticality 

1970 Plant operation with air-coolers 

Since 1971 Power operation with steam generators and turbogenerator 

Design of BOR 60 started in 1963 in order to develop and demonstrate 
advanced FBR technologies (e.g. higher specific core power density, higher coolant 
temperature) (Fig.III-7). 

Ill—7.3.1. Operating experience 

Ascent to power started in late 1969, and until the end of 1970 operation 
with air-coolers was at a power level of 30 MW(th). Then one of the steam genera-
tors was put into operation and the turbogenerator was connected to the power grid. 
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2 3 

FIG.III-7. BOR 60 horizontal cross-section (Source: USSR). 
1,4 - channels for extraction of neutron beams, 2 - shadow shield, 
3 - FeO, 5 - steel shield, 6 - graphite, 7 - concrete shield. 

Power operation has been going on since 1971. The principal goal of BOR 60 
is to perform wide-range testing of fuels and structural materials for high burnups 
and the testing of sodium technology and sodium components, especially steam 
generators. So far, more than 11 000 fuel pins of the core with uranium and U/Pu 
oxide fuel have been irradiated up to a maximum burnup of 10—11%. In addition, 
some 150 test fuel pins have reached up to 10—14% burnup. 

The maximum power reached to date is 49 MW(th). In 1983 the load factor 
was 0.62, mainly because of the experimental work carried out on the reactor. 

By the end of 1983 the operating life of the inverse (sodium in tube) modular 
steam generator had reached 10 800 hours. Operation is continuing with centri-
fugal mechanical pumps in the primary circuit loops and in the first loop of the 
secondary circuit. By the end of 1983 the operating life of the mechanical pumps 
was between 64 000 and 90 000 hours. The second loop of the secondary circuit 
is operated with an electromagnetic pump; its operating life by the end of 1983 
was 39 000 hours. 
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III—7.4. BN 350 

Name: BN 350 
[111-37,111-40 to 111-43] 

Location: Shevchenko, 
Caspian Sea, USSR 

\ 

Design/ 
Construction: USSR State Committee 

on the Utilization of 
Atomic Energy 

Owner/ 
Operator: 

Purpose: 
Operating experience with a complete 
(cogeneration) LMFBR power station on the 
prototype scale 

Power output 

- thermal 700 MW(th) 
- electrical 130MW(e) 

+ 80 000 m 3 /d 
desalinated water 

Heat transfer system 

Primary: Na —6 loops 
Secondary: Na 
Tertiary: H 2 0 steam 
4 MPa (40 bar), 385°C 

Reactor core/blanket 

U 0 2 + experimental 
mixed oxide fuel elements 

Status 

In operation 

Plant history 

1965—71 Construction period 
1972 First criticality of the reactor 
1973 Power startup of the reactor 
End of 1973 Two major steam generator defects (leakages at bottom end of evaporator 

tubes and subsequent sodium/water reaction) 
Feb.1975 Another steam generator leakage; sodiúm/water reaction (800 kg) and 

sodium fire for 2 h, no explosion effects. Cause of leakage: cracks on tube 
surfaces had not been detected during inspection 

1973-1975 Operation at power levels up to 300 MW(th), study of physical and thermal 
characteristics, inspection and overhaul of 5 (out of 6) steam generators 

1975 Increase from 37 to 50% nominal power 
from Mar. Operation at 650—700 MW(th) power level for electrical power generation 
1976 to and sea water desalination 
present time 
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III—7.4.1. Design features 

The nuclear power plant supplies steam to three turbogenerators and to a 
desalination plant (80 000 tonnes of desalinated water per day). 

To transfer the heat from the reactor to the intermediate heat exchangers 
six primary parallel sodium loops and six independent secondary sodium loops 
are provided. 

The turbine exhaust steam under the pressure of 0.6 MPa (6 bar) is supplied 
to the desalination plant and the condensate produced with the temperature of 
about 100°C flows to a heater and a de-aerator and is pumped by feedwater pumps 
to the natural circulation steam generators. 

The design concept of the BN 350 reactor plant (Figure III-8) provides for a 
separate arrangement of the equipment. The sodium is circulated in the primary 
and secondary circuits by cradle-mounted centrifugal pumps. The argon pressure 
in gas cavities of the reactor and the primary pumps is 0.19 MPa (1.9 bar). Each 
primary loop is provided with two valves at the pressure and suction lines. The 
sodium temperatures at the reactor inlet/outlet are rather low: 283/425°C, 
respectively. 

The fuel subassemblies of the core and of the blanket are placed in the 
discharge header mounted on the pressure chamber of the reactor vessel. The 
core loading of 200 subassemblies contains fuel elements with U0 2 fuel and a 
blanket material. More recently some MOX fuel elements were also loaded into 
the core. 

There are 12 positions in the core for the rods of the control and safety 
system. Of the 12 control rods, 2 are automatic control rods, 6 are reactivity 
compensators, 3 are scram rods and 1 is a temperature effect compensator. The 
core is surrounded by the blanket, containing depleted uranium dioxide. The 
axial blanket is mounted in the subassemblies of the core and the radial blanket 
is formed by fuel subassemblies containing blanket material. 

The reactor has a vessel of variable diameter (the maximum diameter is 
6000 mm) made of austenitic stainless steel. The lower part of the vessel forms 
a pressure chamber for sodium which flows into the chamber through the piping 
from the pumps (Fig.III-8). 

The sodium is heated while passing in the upward direction through the 
core, the blanket and the storage and flows through the upper mixing chamber 
of the vessel and the piping to the heat exchangers. To eliminate sodium leaks 
when the main vessel is unsealed it is equipped with an additional containment. 
The inner surface of the vessel and the outlet nozzles are provided with screens 
reducing temperature stresses arising due to fast changes of the coolant tempera-
ture. The vessel is cooled by cold sodium flowing from the pressure chamber in 
the space between vessel walls and a thermal shield. The biological shielding 
outside the reactor is made of an iron ore concentrate, graphite, steel and concrete. 
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1 Primary piping (cold leg) 
2 Reactor vessel 
3 Primary piping (hot leg) 
4 Control rods column 
5 Rotating plugs 
6 Upper shielding 
7 Guard 
8 Fuel transfer mechanism 
9 Fuel transfer cell 

10 Fuel elevator 
11 Refuelling mechanism 
12 Reactor core 
13 Core inlet plenum 
14 Radial shielding 

FIG.III-8. BN 350 (Source: Ref.[III-42]). 
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Two rotating plugs are mounted on the head of the vessel providing for 
positioning of the fuelling device above the given subassembly in the core or in 
the blanket. The rotating plugs also serve as an upper biological shielding. 
Hydraulic seals with a eutectic alloy are used to provide an airtight fit to the 
rotating plugs. 

The charging and discharging of fuel subassemblies is performed by the follow-
ing mechanisms: 

— a refuelling machine mounted on the small rotating plug which reshuffles 
the fuel subassemblies inside the reactor; 

— charging-discharging elevators transferring the fuel subassemblies from the 
reactor to the transfer box and back; 

— a transfer mechanism for fuel subassemblies mounted in an airtight' box 
transferring the spent fuel subassemblies from the reactor to an outside 
storage and fresh fuel subassemblies to the reactor. 

Special safety features of BN 350 are: 

— no personnel air lock for access to the reactor hall, 
— no external containment, 
— steel enclosure around the rotating shield plug and the fuel transfer 

equipment, 
— negative sodium void coefficient. 

Ill—7.4.2. Operating experience 

Core and sodium circuits 

All in all, there has been smooth and continuous operation of the plant since 
early 1976, with an electric power output up to 130 MW(e). In addition, 
80 000 tonnes of desalinated water per day are produced for the city of Shevchenko. 
The plant availability in 1980—1983 was about 88%, and standard fuel burnup of 
about 5.8% was achieved by 1981. 

There has been no loss of leak tightness between the circuits nor any leakages 
of sodium from the primary circuit. No tube bundles in the heat exchangers have 
been replaced since 1976. 

Ten years' operating experience has confirmed the high level of the operating 
characteristics of the main sodium pumps. There has not been any pump break-
down. In order to forecast the further operation of the primary and secondary 
circuit pumps, a scheduled inspection of the removable parts was made after 
20 000 hours, 35 000 hours and 50 000 hours. The impellers and bearings were 
in good condition, so that it was possible to increase the period between main-
tenance operations from 20 000 to 50 000 hours for the primary circuit pumps 
and to 75 000 hours for the secondary circuit pumps. 
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Based on a cycle of experimental work to determine accurately the breeding 
(conversion) parameters, an experimental breeding ratio value of 1.05 ± 0.05 has 
been established, which agrees with the predicted calculated value of 1.03. 

BN 350 has been loaded with 10 mixed oxide fuel subassemblies, in addition 
to the U0 2 standard subassemblies. 

The basic activity of the primary circuit coolant in the operating reactor is 
determined on the basis of 24Na and is 3.54 X 1011 Bq (9.6 Ci) per kilogram sodium. 
After shutdown the residual activity of the coolant with gas leaks in the fuel 
elements is determined on the basis of 22Na, 137Cs and 134Cs. 

After the sodium had been drained from the pipework the activity of deposits 
on the inside surfaces of the pipework was determined by corrosion products 
(55Mn, 60Co, 65Zn, etc.) and by fission products (137Cs, 134Cs, 140Ba, 144Ce, 9 sNb, 
etc.). The main contribution is from isotopes of caesium. Measurements showed 
the activity of 137Cs to be 3 - 6 Bq/kg (0.8-1.6 X 10"10 Ci/kg). 

The maximum activity of the gaseous fission products at the end of the 
period between two refuellings did not exceed 3.6 X 10s Bq/m3 (1 X 10"5 Ci/m3). 

When the reactor is operated at power levels the radiation in the serviced areas 
is considerably lower than the permitted values, approaching the natural back-
ground value of 0.027 Bq-kg"1 -s"1 (0.72 X 10~12 Ci-kg"1 -s"1 ), while the radiation 
level in areas of severe conditions is less than 8500 Bq-kg"1 -s"1 

(0.23 X 10"6 Ci-kg"1 • s"1); the radiation level inside the protective cells reaches 
a level of 1.9 X 107 Bq-kg"1-s"1 (5.16 X 10"4 Ci-kg"1-s"1) on the pipework surface 
when the reactors is operating at power, and about 1900 Bq-kg"1 -s"1 

(5.16 X 10"8 Ci-kg"1 -s"1) after shutdown of the reactor and decay of the 24Na. 
There is virtually no activation of the secondary circuit sodium. 
The discharges of radioactive substances to the stack are determined on the 

basis of 41 Ar and do not exceed 7.4 X 1011 Bq/d (20 Ci/d), and the activity of 
aerosols discharged to the waste extraction system has an 41Ar activity approximately 
106 times less. 

Irradiation of staff mainly results from plant preventive maintenance on the 
reactor, with a total dose received by staff during such work not exceeding 0.02 Sv 
(2 rem) per maintenance operation. 

Ill—7.4.3. Steam generators 

Ever since 1976 the BN 350 steam generators have operated in a stable manner 
without any failures. By 1984 the steam generators had operated for the following 
period (hours) : 

SG-l SG-2 SG-3 SG-4 Nadyozh- Nadyozh- SG-6 
(up to nost'-2* nost '-l 
removal) 

70 000 60 000 63 000 56 000 12 200 30 000 66 000 

* Name given to the Czech steam generator. 
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On 30 June 1982 in place of steam generator SG-4, which had not suffered a 
single leak during its operation, the Czech-produced steam generator Nadyozhnost-2 
was connected to the reactor. On examination the surface of the tubes of SG-4 
was found to be in a completely satisfactory condition. 

Particular experience concerning the steam generator accidents of 1973-75 
is as follows: The BN 350 steam generator protection system has satisfactorily 
fulfilled its objective to protect the sodium secondary system from severe damage 
following a large leakage. However, the system could not prevent small steam 
generator leakages from growing to large ones. This experience led to a modular 
design (sectional steam generators) of the type now being applied in the BN 600. 

In this way damage cannot affect the whole steam generator, but only one 
section, which can be plugged while the other sections are kept in operation. 
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III—7.5. BN 600 

Name: BN 600 
[111-40,111-44 to 111-47] 

Location: Beloyarsk, USSR 

Designj 
Construction: USSR State Committee on 

the Utilization of Atomic 
Energy, Ministry of 
Energetics and Power 
Stations 

Ownerj 
Operator: Ministry of Energetics and 

Power Stations 

Purpose: 
Operating experience with a large LMFBR 
power station, as a basis for near-
commercial plants 

Power output 

- thermal 1470 MW(th) 
- electrical 600 MW(e) 

Heat transfer system 

Na-cooling 
Primary system pool type, 
3 parallel circuits 
Steam: 14 MPa (140 bar), 505°C 

Reactor core/blanket 

U 0 2 (21% and 33% enriched) 
for the future: M 0 X / U 0 2 

Status 

In operation 

Plant history 

1971-1979 
26 Feb. 1980 
5 Apr. 1980 

8 Apr. - 13 May 1980 
J un.—Aug. 1980 

Construction period 
First criticality 
Power startup of 
the reactor 
500 MW(th) 
600 MW(th) 

Until Oct. 1981 480 MW(e) 
2 Oct. - 540 MW(e) 
18 Dec. 1981 

18-22 Dec. 1981 600 MW(e) 
Since the 
beginning of 
1982 5 7 0 - 6 0 0 MW(e) 
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III-7.5.1. Commissioning 

Between December 1979 and February 1980 the internal breeder blanket 
fuel subassemblies were charged together with the emergency safety rods, 
the automatic control rods and the central compensating bundles. First criticality 
was reached with 215 low enrichment zone subassemblies and 36 high enrichment 
zone subassemblies at a sodium temperature of 245°C, with all control rods in 
their upper positions. 

The reactor starter charge consisted of 213 low enrichment zone sub-
assemblies, 143 high enrichment zone subassemblies and 13 permanent reactivity 
compensators (Fig.III-9). 

The basic result of the physical startup of BN 600 in March 1980 showed: 

— the measured physical characteristics of the reactor corresponded with the 
design values, 

— any differences in the individual physical characteristics compared with the 
design values did not require any changes in the design of the reactor or in 
its operating conditions. 

Measurement of sodium flow through the fuel subassemblies was carried 
out in two stages, before and after the power startup of the reactor. 

The primary circuit hydraulics were investigated, at zero reactor power, 
both under steady-state conditions and simulated emergency conditions. 

Investigations were carried out with simulation of the following emergency 
conditions: 

— disconnection of one loop out of three operating loops. The most 
characteristic parameter in this experiment, the time for change of direction 
of coolant flow through the disconnected loop, was 3.6 seconds. The rate 
of change of flow through the reactor was determined at the same time, 

— fast emergency shutdown conditions, 
— disconnection of one electrical feed pump without the reserve being 

connected. 

Loss of external grid power was also investigated with the pumps being 
switched over to diesel generator power. At the same time the reliability of the 
reactor emergency shutdown cooling was demonstrated. 

All loops of the secondary circuit were filled with sodium in February 1980 
after which the hydraulics of the secondary circuit loops were investigated. The 
investigations showed that the hydraulic resistance of the loops was considerably 
below the design values. 
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FIG.III-9. BN 600 (Source: Ref.[lII-30]j. 
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III—7.5.2. Operating experience 

Power startup began on 5 April 1980, and during the period 8 April to 
13 May 1980 the reactor operated continuously (except for brief changes of 
operating conditions for research purposes) at a power level of approximately 
500 MW(th). 

This period consisted of complex testing of all basic and auxiliary systems. 
The reactor was shut down on schedule on 13 May 1980 in order to correct 
defects that had appeared and to carry out a number of investigations and 
checks. These investigations included: 

— gamma-scanning of the fuel subassemblies in order to determine accurately 
the distribution of power density in the core, 

— measurement of flow through core fuel subassemblies and the blanket zone. 

The BN 600 was brought up to a power level of approximately 40% nominal 
in mid-June 1980 and operated at this level until mid-August. From mid-August 
the reactor was gradually brought up to the higher power level of 80%, the 
increase in power being in steps of 10% nominal, with each step being maintained 
for not less than three days in order to check the operation of the equipment and 
to determine the thermal balances in the circuits after stabilization of the para-
meters. The maximum power level selected for the tests was 80% nominal since 
this is the limiting level for the production of the mean steady state of the core, 
which would be achieved after three refuelling operations. 

In two cases the indication systems detected leaks in individual steam 
generator modules. Since there is currently an excess of heat transfer surface 
in the steam generators, the appropriate sections were disconnected and the steam 
generators as a whole continued to operate. 

The reactor was shut down on 25 September 1980 after a group of investi-
gations at different power levels in order to correct faults that had occurred in 
bringing the reactor up to power and for planned maintenance of the basic 
equipment. The reactor was brought up to a power of approximately 60% 
nominal at the beginning of November 1980, and the reactor operated on that 
level until the end of 1980. The reactor power was increased to 75% at the 
beginning of January 1981. The reactor was shut down in February 1981 for 
the first refuelling. 

The BN 600 was operated steadily at 480 MW(e) power till October 1981. 
It was easily controlled in all regimes. The sodium outlet temperatures changing 
at a rate of 30°C/h demonstrated high plant mobility. 

In 1981 there were four planned refuellings: in February, May, August 
and November. The fuel peak burnup was 7% heavy atoms. 

On 2 October 1981 after a scheduled reloading the reactor power was 
raised to 90% designed power and on 18 December 1981 the reactor power was 
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increased to the nominal power level - 1470 MW(th), 600 MW(e), to test the 
equipment. The direct-steam temperature to the turbines was 500°C. The 
reactor worked at this power level for 100 hours and then the reactor power was 
decreased to 95% nominal power. Since the beginning of 1982 the reactor plant 
has been operating at 95—100% power. 

In 1983 the reactor was shut down three times for scheduled refuelling 
and planned preventive maintenance. A reduction in power at the end of 
May 1983 resulted from a shutdown of two (out of three) turbogenerators 
due to failure of their gas seals. 

The basic equipment of the reactor is operating reliably. By 1 April 1984 
the steam generators and turbogenerators had operated for around 23 000 hours 
and the primary and secondary circuit sodium pumps for around 30 000 hours. 

The reactor availability factor was 77.6% and the load factor was 71.8% 
in 1983. In 1983 3.77 X 109 kW • h of electrical energy were produced by the 
BN 600 plant and on 1 January 1984 the total generated output was 
10.43 X 109 kW h. 
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III—7.6. BN 800/BN 1600 

Future fast reactor development in the USSR is based on two reactors, 
BN 800 and BN 1600. The BN 800 standard fast reactor with a power of 
800 MW(e) is an improved version of BN 600. In developing BN 800 it is 
therefore intended to borrow most of the technical decisions from the design 
work for BN 600. BN 800 will have four secondary loops versus BN 600's 
three, but will probably use the same vertical once-through steam generator 
design. 

In selecting equipment for BN 800 decisive importance is attached to 
reliability and the degree of development of one or another piece of equipment. 
Taking this into account, it is intended in the BN 800 project to use modular 
steam generators which can be modified to BN 600 steam generator operating 
experience. 

It was decided to keep the sodium circuit and steam power cycle para-
meters at the same level as those of BN 600. The fuel element design is basically 
taken from the BN 600 design, except that the core height is increased to 1 m. 
The fuel elements are designed for a burnup of 10% of the heavy atoms. 

The BN 800 design was completed at the end of 1983. The first BN 800 
will probably be built at Beloyarsk, which is also the site of BN 600 and might 
become a breeder development centre with associated fuel cycle facilities. The 
BN 800 fast reactor is to be produced in series. Once some twenty of these reactors 
have been produced, construction of the BN 1600 will probably begin [111-88], 

The basic design parameters of BN 1600 are as follows: 
Thermal power of reactor 4200 MW(th) 

Sodium flow in primary circuit 6000 t/h 

Primary circuit sodium temperature: 

- At core inlet 350°C 
- At core outlet 550°C 

Secondary circuit sodium temperature: 

- At heat exchanger inlet 
— At heat exchanger outlet 

310°C 
505°C 

Core parameters 

- Effective diameter 
- Height 

3350 mm 
1000 mm 

Maximum neutron flux 

Maximum burnup 

Maximum power density 

1 X 1 0 " n e m o s'1 

10% heavy atoms 

710 kW/L core 

Breeding ratio (equilibrium 
composition of Pu) 1.4 

Refuelling interval 4 - 6 months 

Steam parameters 

- Pressure 
— Temperature 

14 MPa ( 140 bar) 
490—500°C 

Number of intermediate 
heat exchangers 8 
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III—8. UNITED KINGDOM 

III—8.1. DFR 

Name: DFR 
tlII-48 to 111-52] 

Location: Dounreay, Scotland, UK 

Design: UKAEA 
Construction: J. Thompson 

Owner/ 
Operator: UKAEA 

Purpose: 
Demonstration of LMFBR operation fuel 
and materials irradiation test facility 

Power output 

- thermal 60 MW(th) (core) 
+ 12 MW(th) (blanket) 

- electrical 15 MW(e) 

Heat transfer system 

Primary. NaK loop type (24 loops) 
Secondary: NaK 
Tertiary: H 2 0 steam 

Reactor core/blanket 

U alloy fuel (45% enriched) 
natural U blanket 

Status 

Shut down 

Plant history 

1955 Start of construction 

Nov. 1959 Initial criticality 

1960 -1961 Zero and low-power experiments up to 11 MW(th) 

Jul. 1962 Insertion of MARK-III core 

Aug. 1962 30 MW(th) power reached 

Jul. 1963 Design power reached 

Mar. 1977 Final shutdown 
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FIG.III-10. DFR plant elevation (Source: Ref.[III-48]). 
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The Dounreay Fast Reactor (DFR) and its associated fuel plants were planned 
in the early 1950s as a large-scale experiment to study the operating and safety 
characteristics of LMFBRs. DFR used metallic enriched uranium fuel elements 
in the form of hollow cylinders and NaK as a primary and secondary coolant. 

The philosophy of DFR at that time was to have the experimental part of 
the system only inside the reactor vessel, and in the outside zone every effort 
was to be made to minimize the risk of breakdown of the cooling system. This 
explains the unusual feature of 24 coolant loops, which results in a size of pumps 
and heat exchangers where experience had been accumulated in previous experi-
mental work (Fig.III-10). 

Ill—8.1.1. Operating experience 

After several years of successful operation, DFR was shut down in 1967/68 
for one year to locate and repair a small leak in one of the sodium coolant outlet 
pipes inside the reactor vessel. Perniciously, the leak disappeared every time the 
reactor was shut down, making it very difficult to locate and assess. 

As time went on, DFR's role became increasingly that of an irradiation 
facility. It continued to operate until March 1977, when it was finally shut down, 
because it had fulfilled its designated purpose and the PFR had started operating. 
At its closure, mixed oxide fuel experiments had reached a peak burnup of over 
20%. Fuel pins with leaking cladding were irradiated following failure to a 
further 3% burnup with little deterioration. 

During the final runs of DFR safety-related experiments were performed 
in which the coolant flow was reduced in fuel pin bundles during controlled tests 
to produce over-temperatures until coolant boiling was reached. All in all, 
600 pin-hours of detectable boiling were accumulated in the experiments. No 
failures occurred in the pins with 3% burnup, seven failures arose amongst the 
seventeen pins with greater than 6% burnup. There was no observable fuel loss. 

The DFR results suggest that LMFBR fuel bundles can tolerate gross localized 
faults for significant periods of time, and that any incident arising from fuel failure 
will develop slowly, thereby allowing plenty of time for detection. 
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III—8.2. PFR 

Name: PFR 
[111-53 to 111-56] 

Location: Dounreay, Scotland, UK 

Designj 

Construction: UKAEA 

Owner/ Operator: North of Scotland 
Hydroelectric Board 

Purpose: 
Operating experience with a complete 
prototype LMFBR power station 

Power output 

- thermal 600 MW(th) 
- electrical gross 270 MW(e) 

net 254 MW(e) 

Heat transfer system 

Primary : Na — pool type 
Secondary: Na 
Tertiary: H 2 0 steam 
16.2 MPa (162 bar), 516°C 

Reactor core/blanket 

Mixed oxide fue l /U0 2 

Status 

In operation 

Plant history 

1966 through 1973 

Mar. 1974 

Feb. 1975 

Jul. 1976 

Feb. 1977 

Construction period 

First criticality 

Turbogenerator on load 

Electrical output 100 MW 

Full power achieved 

Frequent interruptions due to steam generator problems until 1984; reactor operation itself 
excellent (Fig.III-11 ). Full power since late 1984. 



LMFBR EXPERIENCE 1 0 9 

III—8.2.1. Design features 

The standard Prototype Fast Reactor (PFR) fuel pin (2.25 m long, 5.84 mm 
outside diameter) contains mixed oxide fuel as a column of pellets, with axial 
breeder sections of uranium oxide pellets above and below the fuel section and a 
lower plenum for the accommodation of gaseous fission products, the whole being 
clad in stainless steel. The subassemblies are 3.81 m long and of hexagonal cross-
section, 142 mm across flats. The standard fuel subassembly contains 325 fuel 
pins, enclosed in a stainless steel or Nimonic PE16 wrapper and supported at 
intervals by grids, with a separate cluster of 19 mixer-breeder pins above the 
fuel pins to provide additional breeding and to serve as a mixing device for coolant; 
this ensures that representative samples are obtained at the top of the subassembly 
for temperature measurements and the detection of failed cladding. An inner 
fissile core zone containing about 23% plutonium and an outer, containing about 
30%, is surrounded by radial blanket subassemblies of depleted uranium oxide 
and this in turn by a steel reflector. 

The entire primary circuit is contained in a cylindrical vessel, 12 m diameter 
and 15 m deep (pool concept). This tank, its leak jacket and all its components 
are suspended in a concrete vault from a roof structure, through which pass all 
connections to other parts of the circuit so eliminating any penetrations of the 
main tank. The hexagonal core, breeder and reflector assemblies are located in 
a honeycomb pattern on the diagrid, which is suspended from the roof. Around 
the breeder and reflector is a neutron shield composed of rods of steel and graphite, 
mounted on the diagrid support, to reduce the radiation to the rest of the tank. 
Outside the shield and extending to the top of the tank is the reactor jacket, which 
has in its upper part six 'pods' containing the intermediate heat exchangers in three 
pairs. The purpose of the reactor jacket, an insulated vessel, is to direct the coolant 
flow and to separate the hot sodium emerging from the core from the cooler 
sodium in the outer part of the tank. Between the pairs of heat exchangers, but 
outside the jacket, are the three primary sodium centrifugal pumps, which have 
outlet pipes leading to the underside of the diagrid. The sodium coolant flows 
upwards through the core and breeder and over the inner lips of the pods into 
the intermediate heat exchangers, where it gives up the heat gained in the core 
to the secondary sodium circuit. From these heat exchangers it flows over the 
outer lips of the pods and into the pump intakes (Fig.III-11). 

The central part of the roof contains a rotating shield, which carries the 
refuelling machine and its operating console. The replacement of fuel takes place 
entirely below the surface of the coolant, with the reactor shut down, and consists 
of transfer movements between the core and the fuel storage rotor. After a 
suitable cooling period in the rotor the irradiated assemblies can be removed 
into a flask for transfer to the adjacent inspection caves while the reactor is on 
power. 

The rotating shield also carries the control and shut-off rods. 
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III-8.2.2. Operating experience 

Reactor 

The standard fuel pins have been shown to be extremely reliable. About 
40 000 pins have been irradiated, the standard driver fuel to a peak burnup (at 
the core centre plane) exceeding 9%, and none have failed (except for two experi-
mental pins). Experimental fuel reached a peak burnup of 10.9%. Some of the 
fuel is operating on its second cycle, having been reprocessed at Dounreay after 
its first cycle. 

The behaviour of the reactor is very stable and predictable. It has a strong 
negative power coefficient of reactivity which means that reactor operation is 
very stable if the control rods are driven to keep the sodium temperature and 
the core outlet constant. 

The rate of change of reactivity with burnup has remained constant at 
0.0132 cents per MW-d since startup. This shows that there is no gross move-
ment of the fuel within the fuel pins. 

Radiological safety 

The roof of the reactor vessel has several penetrations (for primary sodium 
pump shafts etc.) and a single rotating shield. The shield has a mercury seal which 
has operated without difficulty, and there is less than 1 ppm of sodium in the 
mercury. The shield has been moved over 4000 times without incident. Leakage 
of cover gas through the other penetrations has been controlled without difficulty 
so that the level of radioactive contamination in the reactor building is very low. 
The levels of 137Cs, 60Co and 54Mn are all of the order of 3.7 X 10"4 Bq (10"14Ci) 
per m3 or less. 1311 has not been detected. After reactor trips the concentration 
o f 8 8 R b rises to a few per cent of the derived working level typically for a few 
hours. 

There are about 360 people working on PFR. The total dose received in 1981 
for example, was 0.59 Sv (59 rem), an average of 1.6 mSv (0.16 rem) per person, which 
can largely be associated with a small number of specific tasks. Repair of one of 
the viewing windows in the irradiated fuel cave, for example, caused a total dose of 
about 0.006 man-Sv (0.6 man rem), decontamination and routine maintenance 
of the fuel charge machine a further 0.005 man-Sv (0.5 man-rem). 

Despite increased active handling work, the exposure of staff to radiation in 
all areas remains low. The average dose per person in 1982 was 2 mSv (0.2 rem). 
The total actual recorded dose above film threshold was 0.17 man-Sv (17 man-rem). 
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Natural circulation experiments 

Experiments have been carried out on the PFR to establish the level of decay 
heat that could be removed from the core under steady natural circulation condi-
tions. These experiments used neutron power rather than decay heat (and were 
therefore easier to control and monitor) and were carried out by setting an appro-
priate power level and tripping the coolant pump with the auxiliary motors 
isolated. The results show that, at the power levels of interest when the pumps 
stop (29 MW), the transition from pumped flow to steady natural convection 
occurs smoothly and rapidly and that, once established, natural convection can 
remove the core decay heat without the subassembly outlet temperatures exceeding 
normal operating levels. 

The reactor conditions used for these experiments differ from those expected 
following a simultaneous power and flow trip; of particular importance is the 
temperature distribution in the primary circuit during the early stages of the 
transient which in the experiments was more favourable to natural circulation than 
is to be expected in practice. The final stage in demonstrating the effectiveness 
of natural circulation has therefore been to carry out 'loss of electrics' transients 
on PFR simulating a genuine event, albeit from relatively low power conditions. 
Two tests from an initial power of 50 MW, decaying to approximately 1 MW after 
100 seconds, have been performed and the results, for the time to initiate natural 
circulation and for the magnitude of the maximum coolant temperature difference 
through the core, are entirely consistent with those from the earlier tests. 

Thus from the overall experimental programme it can be concluded that 
natural circulation can be established quickly and smoothly and that, once estab-
lished, it can remove core decay heat powers comparable to those expected after 
a full power trip, such that, in the unlikely event of a simultaneous failure of all 
three auxiliary motors following a loss of primary pumping power, core tempera-
tures will be limited to levels comparable to their normal operating values. 

Steam generators and other non-nuclear components 

Problems in commissioning were almost entirely due to steam generator 
leaks and to problems with the conventional steam plant. The primary and 
secondary sodium circuits performed very well. The primary circuit sodium 
pumps accumulated a total running time of «100 000 hours. 

In order to prevent evaporator leaks, a 'shot-peening' technique for treatment 
of tube-to-tube plate welds in the evaporators was developed. It has been effective 
insofar as it helped to prevent stress-corrosion cracking from the water side of 
the welds. 

British industry has developed a new design of steam generators aimed at 
improving the performance of PFR. The principal design changes incorporated 
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are the elimination of tube welds in contact with sodium and the use of ferritic 
steel in place of stainless steel. The new unit has two miles of tubing. 

Contracts for three replacement superheaters and three reheater bundles 
were placed with Nuclear Engineering Int. Ltd (NEI) and Babcock Power Ltd 
by the UKAEA. The contractors perfected the manufacturing techniques of 
brazed joints to seal the steam tubes as they pass through thermal sleeves, low 
friction features in the tube supports and explosive welding on one superheater 
to replace the fusion welds between the thermal sleeves and seal plates. 

Ill—8.3. CDFR 

In September 1981, a very compact design of a Commercial Demonstration 
Fast Reactor (CDFR) was presented by the UKAEA's reactor development group 
and the National Nuclear Corp. (NNC). It adheres to the pool concept of the 
PFR. Important parameters and design features of the plant: 

Power output : 

— Thermal gross 

— Electrical gross 

Hot-pool temperature 

Cold-pool temperature 

No. of primary pumps 

No. of IHXs 

No. of (once-through) 
steam generators 

No. of turbo-alternators 

3300 MW(th) 
1318 MW(e) 

538°C 

367°C 

4 

8 

8 in a single steam generator 
building with 4 cells 

2 

The whole of the primary circuit is contained within a primary vessel of 
19.2 m diameter by 19.7 m deep fabricated from 25 mm steel plate. The vessel 
is suspended from the reactor roof, but unlike PFR the vessel has the strongback 
built into its side and therefore carries the additional weight of the core and its 
ancillary equipment. 

A separate leak jacket surrounds the primary vessel and prevents any exces-
sive fall in the liquid metal level should the primary vessel fracture. The leak 
jacket is contained within a reinforced concrete vault situated below ground level. 

The reactor roof and the leak jacket are the boundaries of the primary 
containment enclosure, and the major part of it is below ground level. 
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III—9. UNITED STATES OF AMERICA 

III—9.1. CLEMENTINE 

Name: CLEMENTINE 
[111-57,111-58] 

Location: Los Alamos, New Mexico, USA 

Design/ 
Construction: LASL 

Owner/ USAEC/ 
Operator: LASL 

Purpose: 
Neutron physics research 

Power Output 

- thermal 25 kW(th) 
- electrical 0 

Heat transfer system 

Primary: Hg 
Secondary: H 2 0 

Reactor core/blanket 

Pure Pu core (metallic), 
natural uranium reflector 

Status 

Dismantled 

Plant history 

1945 Start of plant design 

Sep. 1946 Start of construction 

Nov. 1946 Initial criticality (at an incomplete stage of construction) 

1947-1948 Use of the plant as a critical assembly (1 W power output) 

Mar. 1949 Full power operation 

Dec. 1952 Final shutdown 
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CLEMENTINE was the world's first liquid metal cooled and Pu-fuelled fast 
reactor. It was designed, built and operated at Los Alamos to serve as a critical 
facility for investigating the effects of fuel configuration on criticality, to provide 
a copious source of unmoderated neutrons for physics studies, to study and 
evaluate the feasibility of controlling fast neutron systems, and to provide infor-
mation relevant to the use of plutonium as a fuel for fast breeder reactors. 

The core of CLEMENTINE consisted of 35 Pu fuel rods in steel cladding 
surrounded by 20 reflector rods containing natural uranium. Mercury served as 
a coolant and was pumped by means of an electromagnetic pump upwards through 
the core. 

After successful operation of the plant, CLEMENTINE was finally shut down 
in December 1952, as it became evident that a plutonium rod had ruptured, thereby 
releasing plutonium into the mercury coolant. Dismantling of the reactor was 
completed by June 1953. 
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III—9.2. EBR-I 

Name: EBR-I 
[111-58,111-59] 

Location: NRTS, Idaho Falls, USA 

Design: ANL 
Construction: Bechtel Corp. 

Owner: USAEC 
Operator: ANL 

Purpose: 
Engineering, physics and safety studies of 
LMFBRs, demonstration of breeding 

Power output 

- t h e r m a l 1.2 MW(th) 
- electrical 0.2 MW(e) 

Heat transfer system 

Primary: NaK 
Secondary: NaK 
Tertiary: H 2 0 steam 

Reactor core/blanket 

Core 1 —3 : highly enriched 
U alloy fuel, 
natural U blanket 

Core 4: Pu alloy fuel, 
depleted U blanket 

Status 

Dismantled 

Plant history 

Nov. 1945 

1946-1951 
Aug. 1951 

19 Dec. 1951 

Approval for construction 
by the US Manhattan 
Engineering District 
Plant construction 
Initial criticality with 
MARK-I core 
Full power operation 

20 Dec. 1951 First electricity generation 
Mar. 1954 Installation of MARK-II core 

Nov. 1955 Partial meltdown incident 
1957 Insertion of MARK-III core 
Nov. 1962 Insertion of MARK-IV core 
Dec. 1963 Final shutdown 
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FIG.III-12. First electricity generation from nuclear energy with EBR-I (Source: USAEC). 

The Experimental Breeder Reactor-I (EBR-I) is based on concepts originating 
from E. Fermi and H.W. Zinn in 1944/45. It was built and operated at the National 
Reactor Testing Station to prove the validity of the breeding principle, to evaluate 
the feasibility of using liquid metal coolants, to provide measurable quantities of 
high-purity 239Pu, to demonstrate the control characteristics of a fast-neutron 
system, and to accumulate operating experience with the components of the 
cooling system. Design and construction occupied the years from 1946 to 1951. 
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EBR-I reached first criticality in August 1951, and on 20 December 1951 it was 
the first nuclear reactor to transform nuclear heat into electrical energy (Fig.III-12). 
It should be borne in mind that the design effort of EBR-I was pioneering in nature 
at that time; much of the present nuclear reactor technology had not yet been 
developed. 

Ill—9.2.1. Operating experience 

In the course of its life EBR-I operated with four different fuel loadings. The 
first core, MARK-I, was fuelled with cylindrical slugs of fully enriched uranium 
metal contained in SS tubes. Valuable information was derived from the operation 
of the MARK-I core. Measurements of the breeding ratio demonstrated conclusively 
the feasibility of breeding. Also the theoretical prediction was confirmed that 
the neutronic behaviour of both fast and thermal systems below prompt critical 
should be identical. 

During operation of the first core experiments showed U-Zr alloy fuel to be 
more resistant to irradiation induced swelling. Accordingly, in March 1954, a 
MARK-II core with U-2%Zr was installed. In November 1955 the MARK-II 
core partially melted during the last of a series of kinetics experiments designed 
to study the reactor behaviour when put on positive reactor periods with reduced 
or zero coolant flow. The accident occurred under extremely abnormal operating 
conditions purposely imposed on the reactor for the experiment and recognized 
as involving a risk of fuel melting. 

As a result of the accident, melting occurred in 40 to 50% of the core. No 
explosive force developed. None of the remainder of the reactor, including the 
inner blanket and the reactor vessel, was damaged. None of the operating 
personnel was injured in any way; the amount of radioactivity released to the 
environment was negligible. The core assembly was removed from the reactor 
and shipped to ANL for disassembly and examination. 

In 1957 a new MARK-III core was inserted in EBR-I consisting of 7 sub-
assemblies with 37 fuel rods each, whereas the MARKT/II core had some 
220 single fuel rods. Tests showed the MARK-III core to be much more stable 
than the MARK-II core. 

In November 1962 a Pu-fuelled MARK-IV core was installed to demonstrate 
the full potential of breeding in a fast neutron spectrum. The experiments showed 
that the breeding ratio of a plutonium-fuelled system can significantly exceed that 
of a 235U system. In a series of intensive foil-activation experiments a value of 
BR = 1.27 ± 0.08 was measured. 

On 30 December 1963, EBR-I was finally shut down and decommissioned. 
In 1966 EBR-I was declared a national historic landmark under the stewardship 
of the US Department of the Interior. 
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III—9.3. LAMPRE 

Name: LAMPRE 
[111-58,111-60,111-61] 

Location: Los Alamos, New Mexico, USA 

Design/ 
Construction: LASL 

Owner: USAEC 
Operator: LASL 

Purpose: 
Investigation of the use of mol ten Pu alloy 
as a reactor fuel 

Power output 

- the rmal 1 MW(th) 
- electrical 0 

Heat transfer system 

Primary: Na 
Secondary: Air 

Reactor core/blanket 

Molten Pu-Fe alloy 
fuel in capsules, 
SS ref lector 

Status 

Dismantled 

Plant h is tory 

1957 Start of R&D activities 

1959 Plant installation 

Mar. 1961 Initial criticality 

Jul. 1961 Full power opera t ion 

Apr. 1962 Installation of a second core loading 

1965 Decommissioning of the plant 

Interest in the development of Pu fuels for FBR application continued at 
Los Alamos after the dismantlement of CLEMENTINE. Parallel to this effort 
a homogeneous reactor concept was developed, where the fissile material was 
dissolved in an aqueous system. This then led to the concept of using Pu in the 
molten state as fuel for an FBR which was realized in the Los Alamos Molten 
Plutonium Reactor Experiment (LAMPRE), where the fuel was contained in 
cylindrical capsules with sodium coolant flowing outside. 

LAMPRE was built and operated to demonstrate the feasibility of using 
molten Pu alloys as a reactor fuel, and to investigate the compatibility of molten 
Pu alloys with various containment materials. 

A second phase of more advanced experiments was planned with LAMPRE-2 
but not realized, because the liquid Pu fuel programme was cancelled by the 
USAEC in 1965 in view of the foreseeable breakthrough of mixed oxide fast 
reactor fuel. 
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III—9.4. EFFBR 

CHAPTER III 

Name: EFFBR 
[111-58,111-62 to 111-69] 

Location: Lagoona Beach, Michigan, USA 

Design: APDA 
Construction: United Engineers and 

Constructors 

Owner: PRDC 
Operator: Detroit Edison Co. 

Purpose: 
Demonstration of large-scale 
LMFBR operation, electricity generation 

Power output 

- thermal 200 MW(th) 
- electrical gross 66 MW(e) 

net 60 MW(e) 

Heat transfer system 

Primary: Na loop type (3 loops) 
Secondary: Na 
Tertiary: H 2 0 steam 

Reactor core/blanket 

U alloy fuel (25% enriched) 
depleted U blanket 

Status 

Decommissioned 

Plant history 

1955-1956 

Aug. 1956 

Aug. 1963 

1963-1965 

1966 

Conceptual plant design and 
organizational structure 

Start of construction 

Initial criticality 

Low power nuclear test 
programme (< 1 MW(th)) 

High power test programme 
(up to 100 MW(th)) 

Aug. 1966 First electricity generation 

5 Oct. 1966 Partial fuel meltdown incident 

1967—1970 Plant repair and improvement 

Jul. 1970 Re-operation of the plant 

Oct. 1970 Designed power output reached 

Nov. 1972 Decision for decommissioning 
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The Enrico Fermi Fast Breeder Reactor (EFFBR) dates back to the early 
1950s when the Detroit Edison Co. showed interest in participating in the USAEC's 
civilian reactor programme with a fast breeder reactor. In 1955 Atomic Power 
Development Associates (APDA) decided to build EFFBR within the USAEC 
Power Reactor Demonstration Program. The Power Reactor Development Corpora-
tion (PRDC) acted as the prime construction contractor for the project, whereas 
APDA carried out the design and development work. 

EFFBR represents the first attempt in the USA to commercialize the LMFBR 
system. EFFBR was designed, built and operated to evaluate the economics of 
operating a commercial size (at that time) fast breeder reactor for electricity 
generation. 

EFFBR was fuelled with an enriched uranium metallic alloy (U-10% Mo) 
with 25% 235U enrichment. Zirconium was used as cladding material. 140 fuel 
pins were clustered on a square lattice and encased in SS wrapper tubes, thus 
forming a fuel subassembly. Each subassembly had an upper and lower axial 
blanket of depleted uranium alloy. Surrounding the core region were lattice 
positions normally filled with radial blanket subassemblies. Shutdown and 
control functions were based on the use of 10 B4C poison-type rods (Fig.Ill-13). 

Sodium was used as the primary coolant flowing upward through the core 
and radial blankets into a common plenum and from there to three IHXs. The 
pumps in the primary as well as in the secondary circuit were of the single-stage 
centrifugal mechanical type. The steam generators were vertical shell, once-
through units having water and steam flow within the shell side and sodium on 
the outside. The steam produced had 400°C and 4.2 MPa (42 bar). 

Ill—9.4.1. Operating experience 

As cited above, EFFBR had undergone an extensive low power and high 
power test programme up to 100 MW(th) from 1963 until 1966. On 
5 October 1966, during startup operation of the EFFBR plant, fuel melting 
occurred in two core subassemblies at a power level of 34 MW(th). The reactor 
was scrammed after the radioactivity level of the argon cover gas had been observed 
to rise substantially owing to the presence of gaseous fission products. In 
September 1967 a foreign body was found in the core inlet plenum which had 
blocked the coolant flow in several fuel channels and thus caused the damage. 
In March 1968 just before its removal after sixteen months of investigation and 
modification, the foreign piece could be identified. It was not, as had previously 
been assumed, a piece of construction debris left in the reactor, but one of six 
pieces of zirconium sheet used to clad a conical flow divider in the lower vessel. 

All together, approximately two years were needed to define the details of 
the blockage, assess the damage and remove the dislodged zirconium piece. A 
third year was devoted to relicensing negotiations with the USAEC and to pre-
paring the plant for restart. Several improvements were made at that time — 
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FIG.III-13. Perspective view of EFFBR (Source: Ref. \III-62\). 
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installation of flow guards to prevent coolant blockage, improved control devices, 
a new fuel transport facility, modification of the steam generator, etc. 

After reloading with fresh fuel, EFFBR was again brought to criticality in 
July 1970, and reached designed power of 200 MW(th) with three-loop operation 
for the first time in October 1970. The subsequent test programme verified the 
stability and performance of a large LMFBR with metallic fuel. 

At that time the fuel supply was limited. Fuel discharged as the result of 
the 1966 flow blockage was awaiting requalification. 

By the end of 1972 it was decided to decommission the EFFBR plant 
because of lack of funding for a six-year programme for operation with advanced 
MOX fuel and for use of the plant as an irradiation test facility rather than for 
power production. 
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III—9.5. EBR-II 

Name: EBR-II 
[111-58, 111-70 to 111-76] 

Location: NRTS, Idaho Falls, USA 

Design/ 
Construction: ANL 

and others 

Owner: USAEC 
Operator: ANL 

Purpose: 
Demonstration of a closed FBR fuel cycle, 
fuel and materials irradiation test facility 

Power output 

- thermal 62.5 MW(th) 

- electrical gross 20.0 MW(e) 
net 16.5 MW(e) 

Heat transfer system 

Primary: Na pool type 
(1 circuit) 

Secondary. Na 
Tertiary: H 2 0 steam 

Reactor core/blanket 

U alloy fuel 
MARK-I: 50% 235 U 
MARK-II: 67% 235 U, 
depleted U blanket 

Status 

In operation 

Plant history 

Jul. 1955 

Dec. 1957 

Sep. 1961 

Nov. 1963 

Jul. 1964 -
Mar. 1965 

Original authorization to 
design EBR-II 

Start of construction 

Initial (dry) criticality 

First (wet) criticality 

Stepwise approach to power 
of 45 MW(th) 

May 1965 Start of operation as a steady-
state irradiation facility 

Sep. 1970 Stepwise power increase to 
62.5 MW(th) 

Jun. 1977 Initiation of the 'run-beyond-
cladding-breach' programme 

Dec. 1980 Designated as a cogeneration 
facility 
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The Experimental Breeder Reactor II (EBR-II) uses the pool-type concept, 
i.e. the reactor, major primary system components and much of the fuel-handling 
equipment are submerged in a large, double-walled tank. 

Encouraged by the experience with EBR-I, the USAEC decided to construct 
an advanced version, EBR-II. It was desigiied as a power plant for electricity 
generation and to include an integrated fuel reprocessing and refabrication facility 
in order to demons+rate the complete closed fuel cycle of LMFBRs (Fig.Ill-14). 
Construction of the reactor began in 1957/58, and dry criticality was achieved in 
late 1961. Difficulties with the rotating plug seals and with the sodium pump 
delayed wet criticality until November 1963. The ascent to power began in 
July 1964, and from March 1965 EBR-II was operated at a power level of 
45 MW(th), which was limited by the secondary (electro-magnetic) sodium 
pump. 

The driver fuel consists of uranium alloy, about 4 mm in diameter, with 
95% uranium metal enriched to 50% (MARK-I) and 67% (MARK-II) 235 U, 
respectively. Reactivity is controlled by eight fuelled control rods with boron-
loaded followers and two fuelled safety rods. Sodium passes the heat from the 
core through a secondary circuit to a conventional steam plant that operates at 
440°C and 9 MPa (90 bar). 

Ill—9.5.1. Operating experience 

The prime purpose of EBR-II was changed in the mid-1960s from demonstrat-
ing an integrated reactor fuel recycle system to the principal fast flux irradiation 
facility. An extensive irradiation test programme for fuels and structural 
materials was started in 1965 in order to obtain statistically valid data on LMFBR 
oxide fuels and structural materials. This has involved a gradual modification and 
enlargement of the reactor core, extensive changes in reactor operating conditions, 
as well as modification of the fuel cycle facility (see below). Several new facilities 
have been added to the reactor plant, such as an instrumented subassembly facility, 
a radioactive sodium chemistry loop, an in-core instrument test facility and 
facilities for handling failed fuel. 

Since that time, more than 10 000 individual experiments have been or are 
in the process of being irradiated. The experiments consisted of various fuel types 
(oxides, carbides, nitrides and metal), cladding and structural materials and reactor 
control materials. Peak burnups of 19 at.% for MOX fuel and 18.5 at.% for metal 
fuels, and peak fluences of 1.7 X 1023 n/cm2 for structural materials have been 
reached. In 1975 EBR-II was upgraded in order to permit operation over the 
extended periods with failed (breached) fuel. This 'run-beyond-cladding-breach' 
programme started in June 1977 and continued until 1982. 

Within the last few years the EBR-II experimental programme has made a 
transition to a programme of operational reliability testing. This will be continued 
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FIG.III-14. EBR-II reactor plant and fuel cycle facility (Source: Ref. [111-70]). 

as the FFTF is utilized now in the USA for steady-state testing of full-size 
components. 

The reactor has recently completed qualification to perform a series of 
safety tests, started in 1983 and extending at least through 1986. These tests 
relate to off-normal conditions, such as mild-overpower transients, duty-cycle 
transients, and loss-of-forced cooling (shutdown heat removal by natural convection 
of reactor coolant). 

Operating experience of EBR-II over a period of almost 20 years has shown 
excellent results. The average annual capacity factor since 1976 has been about 
72%, which is an excellent record for a research reactor. 

Ill—9.5.2. EBR-II fuel cycle facility 

The primary objective of EBR-II was the demonstration of an integrated 
fuel cycle of LMFBRs. The fuel cycle of EBR-II utilized a pyrometallurgical 
reprocessing which required a relatively short cooling time and thus a small out-
of-reactor inventory. Incomplete decontamination, however, associated with the 
process necessitated the use of remote-control procedures for the fabrication of 
new fuel elements. 
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The fuel cycle facility was completed in 1963, and the first reprocessed fuel 
was recycled into the reactor in May 1965. Altogether, more than 35 000 fuel 
rods have been reprocessed from EBR-II. Experience has shown that a fuel 
subassembly could be removed from the reactor, dismantled, reprocessed, refabri-
cated, and returned to the reactor within a total time of about 30 days including 
10-14 days cooling period. 

In the late 1960s, the fuel cycle facility was converted into a hot fuel exa-
mination facility and the remote technology has been adapted to support the 
EBR-II irradiation programme. 
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III—9.6. S E F O R 

Name: SEFOR 
[111-58,111-77 to 111-80] 

Location: Fayetteville, 
Arkansas, USA 

Design/ 
Construction: GE 

Owner: USAEC, SAEA, GE, KfK 
Operator: SAEA 

Purpose: 
Demonstration of inherent FBR 
safety characteristics 

Power output 

- thermal 20 MW(th) 
— electrical 0 

Heat transfer system 

Primary: Na 1 loop 
Secondary: Na 
Tertiary: Air 

Reactor core/blanket 

U/Pu mixed oxide fuel (20% Pu) 
Ni reflector 

Status 

Decommissioned 

Plant history 

1964-1965 Conceptual design studies 

Jan. 1965 Start of site preparation 

Sep. 1965 Preliminary construction 
permit and start of 
construction 

Oct. 1968 Plant officially transferred 
to SAEA 

Early 1969 Pre-operational testing 

May 1969 Initial criticality 

1969—1971 Experimental programme with 
core-I and core-II 

Jan. 1972 Final shutdown and subsequent 
decommissioning 
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The concept of SEFOR (Southwest Experimental Fast Oxide Reactor) was 
developed by General Electric Co. (GE) in a contract with the USAEC in the early 
1960s. It was supported by SAEA (Southwest Atomic Energy Associates) and 
aroused the special interest of the Karlsruhe Nuclear Research Centre (KfK). 
Negotiations led to an outstanding series of contracts and agreements between 
USAEC, GE, SAEA, KfK and EURATOM. 

The aim of the SEFOR project was to demonstrate the existence and to 
measure the value of the prompt Doppler temperature-feedback coefficient, and 
to demonstrate the overall stability of fast mixed oxide fuelled reactor systems 
under steady-state and transient conditions (see subsection IV—2.3.8). 

The SEFOR reactor was designed to provide neutron spectra and fuel 
temperature distributions representative of an operating LMFBR while requiring 
only a moderate heat removal capability. The plant was designed for 20 MW(th) 
steady-state operation, whereas, in superprompt-critical transients, peak powers 
up to 10 000 MW were obtained. 

Fuel for SEFOR was mixed oxide (20% Pu0 2 ) contained in 25 mm diameter 
fuel rods. Of vital importance to the experimental programme was the need to 
eliminate or at least to minimize fuel expansion reactivity effects. This was achieved 
by the use of dished fuel pellets and of fuel rod and subassembly tighteners to 
prevent radial expansion effects. 

The fuel rods were loaded into 108 hexagonal channels, six rods to a channel, 
with a central tightener assembly containing a BeO rod in core-I, which was later 
replaced by SS to harden the neutron spectrum. 

Control of the reactor was provided by ten movable nickel reflector slabs 
located radially outside the reactor vessel. Each core also contained a small number 
of uniformly distributed B4C rods replacing fuel rods. The reactivity required to 
drive the reactor superprompt-critical was provided by rapid ejection of a B4C rod 
from the centre channel of the core. 

One of the more significant concepts new to fast reactor design incorporated 
into SEFOR was the method for refuelling. The open-pool refuelling method 
which had been utilized successfully on the light water reactors was modified to 
accommodate the requirements with a liquid-metal coolant. The concept provided 
special advantages in fuel handling, fuel inspection, and equipment inspection and 
maintenance. 

III—9.6.1. Operating experience 

The initial loading of core-I fuel began in April 1969. Four weeks later 
initial criticality was achieved. 

A series of tests including radiation surveys, temperature, pressure and flow 
coefficients, and oscillator measurements was then made at power levels ranging 
from 0 to 1 MW(th). Of particular importance was a natural convection test 
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FIG.III-15. SEFOR core-I superprompt power transient (Source: Ref. [111-80]). 
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conducted with the reactor operating at 1 MW(th) and all pumps and blowers 
shut off to simulate a complete loss of plant power. 

During the ascent to power extensive steady-state and oscillator measure-
ments were performed. The design power level of 20 MW(th) was reached in 
January 1971. The plant was shut down, the fast reactivity excursion device 
was installed, and the system was prepared for the fast transient portion of the 
experimental programme. Subprompt-critical transients using slug worths of 
80 to 94 cents1 were conducted with initial power levels ranging from 1 to 
10 MW(th). 

The first superprompt-critical transient was performed in August 1971, 
using a slug worth of $1.15 at an initial power level of 2 MW(th). Seven 
additional transients were then conducted with a maximum slug worth of 
$1.28. No evidence of fuel damage was noted (Fig.III-15). Similar tests 
were conducted with core-II. The final test consisted of a 90 MW-d fuel 
irradiation. 

The most important tests conducted in SEFOR were measurements of 
the Doppler temperature coefficient. A value determined from the core-II 
transient amounted to a T dk/dT of -0 .0060 ± 0.008, approximately the same 
as the calculated value of —0.0063. The corresponding value for core-I tests was 
approximately 20% higher. The results clearly demonstrated the inherent capa-
bility of the prompt negative Doppler effect to limit the energy release during 
rapid transients in sodium-cooled ceramic-fuelled fast reactors. 

Unit of reactivity based on the prompt-critical condition of the reactor. Reactivity in 
dollars ($) is equal to the reactivity divided by the delayed neutron fraction, pIß (see Chapter IV). 
When prompt critical, a reactor has a reactivity of exactly 1 $. A cent represents 1/100 part of a 
dollar (1 4 = 0.01 $). 
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III-9.7. FFTF 

Name: FFTF 
[111-81 to 111-84] 

Location: Richland, Washington, USA 

Design/ 
Construction: Westinghouse 

Hanford Co. 

Owner: USAEC 
Operator: Batelle Pacific 

Northwest Lab. 

Purpose: 
Fuels and materials irradiation test facility 

Power output 

- thermal 400 MW(th) 
— electrical 0 

Heat transfer system 

Primary: Na loop type (3 loops) 
Secondary: Na 
Tertiary : Air 

Reactor core/blanket 

Pu/U mixed oxide fuel, 
SS reflector 

Status 

In operation 

Plant history 

1965—1970 Conceptual design studies 

1970 Start of construction 

Jun. 1978 Sodium filling 

Feb. 1980 Initial criticality 

Dec. 1980 Initial power demonstration 

1981 Plant systems test operation 

Apr. 1982 Start of cycle-one operation 

Jan. 1983 Start of cycle-two operation 
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FIG.III-16. Instrument tree and core of FFTF (Source: USDOE). 

The concept of a Fast Flux Test Facility (FFTF) dates back to the late 
1950s. In April 1965, the USAEC authorized Battelle Pacific Northwest Labora-
tories to perform a conceptual design and cost study of FFTF. The objective 
was to establish a unique and flexible reactor plant capable of intense fast flux 
irradiation of fuels and structural materials in view of the US 1000 MW(e) LMFBR 
power plant development programme. The components, fuels, materials, and 
core environment of FFTF were to be as similar as practicable to those required 
for larger power stations. 

The FFTF is a 400 MW(th) sodium-cooled fast reactor specifically designed 
for development and testing of fast breeder reactor fuels, materials, and compo-
nents. The reactor is a loop-type plant, with three parallel heat transport system 
loops. The plant has neither steam generators nor blanket assemblies for fissile 
breeding, consistent with its role as a test reactor. The outer three rows of core 
assemblies are stainless steel radial reflector assemblies which serve to enhance the 
neutron flux in the core interior. 
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FFTF is equipped with a great deal of instrumentation (Fig.III-16). Each 
core assembly is provided with instruments for measurement of sodium flow rates 
and outlet sodium temperature. Three instrument trees, one servicing each of the 
three core sectors, provide outlet instrumentation for all fuel assemblies, control 
and safety assemblies, and for selected reflector assemblies. In addition, 8 of 
the 73 core positions are equipped for full in-core instrumentation. Two of these 
eight positions are available for closed-loop facilities. 

In these closed test-loops components inserted in the reactor core, the 
coolant, instrumentation, and heat transfer systems aré completely separated from 
the main FFTF core, permitting the testing of fuels and materials over a wide range 
of temperatures in a controlled environment independent of the main reactor 
coolant system. The open-loop test positions and integral components of the 
reactor core are cooled by the reactor primary coolant system; they are for 
testing large quantities of candidate fuel pins and assemblies. 

Ill—9.7.1. Operating experience 

The FFTF ascent to power began in November 1980, and, in December 1980 
full power of 400 MW(th) was reached. Plant systems tests were continued in 
1981. A series of natural circulation tests proved that the FFTF loop-type system 
can be operated safely under conditions of long-term decay heat removal by 
natural convection without any sodium pumps working. 

Operation of the first cycle commenced in spring 1982 and terminated in 
November 1982. By that time 59 experiments had been performed. Second cycle 
operation began in January 1983 and was completed in November 1983. A target 
burnup of 80 000 MW-d/t for a number of fuel elements of the first core fuel was 
achieved. 

The FFTF completed three full cycles of operation in late 1983 and in 
April 1984 Cycle 4 was completed (100.9 continuous days at full power) with 
a 99.5% capacity factor and a 100% availability factor. Maximum fuel burnup 
was 105 000 MW-d/t and the following pin burnup is current through Cycle 4: 

— 31 888 fuel pins irradiated in FFTF, 
— 28 861 reference pins irradiated, 
— 3 689 fuel pins have burnup 80 000 MW • d/t, 

868 fuel pins have burnup 100 000 MW-d/t. 



LMFBR EXPERIENCE 135 

IH-9.8. CRBR 

Name: Clinch River Breeder 
Reactor (CRBR) 
[111-85 to 111-87] 

Location: Clinch River, Tennessee, USA 

Design/ 
Construction: Project Management 

Corp. 

Owner/ 
Operator: Breeder Reactor Corp. 

Purpose: 
Operating experience with a prototype-
scale LMFBR power station 

Power output 

- thermal gross 975 MW(th) 
- electrical gross 380 MW(e) 

Heat transfer system 

Na-cooling 
Primary system loop type, three parallel 
circuit systems 

Reactor core 

Mixed oxide fuel 

Status 

Design nearly finished, most of the 
components fabricated, site preparation 
work started September 1982. Project was 
stopped by the US Congress in October 1983. 

Plant history 

1969/70 The US Congress authorized the USAEC to define technical and economic 
characteristics of the plant and to undertake plant design 

1972 Definitive arrangements were made to combine resources of the USAEC and 
some 750 private, public, co-operative, municipal electric utility systems 
throughout the country 

1975 Completion of the design concept including a first version of an environmental 
impact statement. Many of the procurements were placed 

1977 Decision by the Carter Administration on an indefinite postponement of CRBR 
construction and of nuclear fuel reprocessing in the USA. Subsequently, non-
proliferation issues were studied by the International Nuclear Fuel Cycle 
Evaluation (INFCE) 

1981 Endorsement of the CRBR project by the Reagan Administration 

1982 The Nuclear Regulatory Commission permitted site preparation work to begin. In 
March 1983, a Limited Work Authorization was issued 

1983 After extended debates on the funding of high additional costs, the US Congress 
refused to make any further appropriations for the project in the fiscal year 1984 
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III—9.8.1. Design features 

The fuel element concept was based on the sample irradiation experience 
gathered from experiments in the fast test reactors EBR-II and, more recently, 
FFTF. 

The CRBR was to operate with a heterogeneous core configuration made 
up of a single fuel enrichment zone interspersed with inner blanket assemblies. 
This fuel and blanket array was to be surrounded peripherally by radial blanket 
assemblies. An equilibrium-cycle breeding ratio in the range 1.22— 1.29 was 
expected with the heterogeneous core configuration. 

The reactor vessel closure head forms a cover for the reactor vessel. It is 
unique in its use of three eccentric, independently rotating plugs that allow 
straight access to all the removable core components. Because-of this feature, 
the reactor can be refuelled without removing the reactor head. 

The CRBR was to be a three-loop plant operating at a vessel outlet sodium 
temperature of 535°C. The plant incorporates a 'hockey stick' steam generator 
design, with identical evaporator and superheater modules. Each loop includes 
two evaporators and one superheater. The steam generator module is a 757-tube 
counterflow heat exchanger with a dry weight of about 106 tonnes. 

Appendix 

DESIGN DESCRIPTION OF SNR 300 AND SUPER PHENIX-1 

This Appendix gives a description of two LMFBR power plants in a more 
comprehensive way in order to provide a full picture. SNR 300 has been selected 
as a loop-type demonstration plant, and SUPER PHENIX as a pool-type 
commercial size power plant. Further technical details on the engineering and 
safety design of these two plants can be found in Chapters VI and VII. 

A—III—1. DESIGN DESCRIPTION OF SNR 300 

The SNR 300 nuclear power plant is being built at Kalkar on the lower 
Rhine River as a joint DeBeNe project. 

A—III—1.1. REACTOR CORE AND BLANKETS 

The reactor core consists of cylindrical fuel zones (U0 2 /Pu0 2 ) surrounded by 
a radial and axial blanket (U02 with depleted U). The fresh core contains 1.3 tonnes 
of plutonium. The plutonium enrichment is about 25 and 35% in the inner and 
outer fuel zone, respectively. Accordingly, the mean power density of nearly 
300 kW/L in the SNR 300 core is much higher than in an LWR. The core diameter 
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of the SNR 300 is 2.13 m, its height 1.75 m. The fast neutron flux (>0.1 MeV) 
is up to 4 X 1015 n*cm - 2 ,s - 1 , the fast neutron fluence up to 1.4 X 1023 n/cm2. 
During operation of the reactor, part of the uranium in the fuel zones and in the 
blanket will be transformed into plutonium. 

The core configuration of the SNR 300 is made up of hexagonal subassemblies: 
205 fuel and 96 blanket elements, 9 absorber elements for the control and first 
shutdown system, and 3 absorber elements for an independent second shutdown 
system. Each of the elements has a width of 110 mm. 

Each fuel element of the first core MARK-Ia contains 169 rods of 6 mm 
outer diameter, spaced by grids. Each fuel rod consists of a thin-walled (0.38 mm) 
stainless steel canning tube containing fuel pellets and U0 2 pellets (making up the 
fuel zone and the upper and lower axial blanket). In addition, there is a fission 
gas plenum at the lower end of each rod. The mean and the maximum design 
fuel burnup are 57 000 and 87 000 MW-d/t, respectively. 

Each radial blanket element contains 61 rods of 11.7 mm diameter. For 
economic reasons the total thickness of the radial blanket has been chosen to 
correspond only to two rows of elements. The resulting breeding ratio is only 
around 1.0. By a different core configuration, a breeding ratio of about 1.2 could 
be achieved. 

The second core of SNR 300 will consist of MARK-II fuel elements made up 
of rods of 7.6 mm outer diameter and very dense fuel. 

Fuel reloading will take place once a year. For this purpose the reactor has 
to be shut down. By means of a lifting device on the innermost of the triple 
rotating shield plugs, fuel elements may be transferred to a storage position outside 
the core. From there they are extracted within a sodium filled can and transported 
to a sodium cooled storage tank situated within the reactor building; another gas 
cooled storage tank serves to store fuel and blanket elements after a cooling-down 
period. Both tanks combined may store about 1 j cores, including blanket elements. 

During refuelling the control rod drives have to be disconnected from the 
inserted absorbers. 

The absorber material of the control and shutdown systems is B4C. The first 
shutdown system operates with absorber rods actuated by de-energizing the 
control rod scram magnets and rapid insertion of the rods by gravity. The second 
shutdown system makes use of articulated absorber modules forming flexible 
chains below the core region. They are to be pulled upwards in an emergency. 
This makes for redundancy and diversity of the shutdown alternative. The mechani-
cal structure of the core provides for a restrained core. 

A-I I I -1 .2 . REACTOR VESSEL AND PRIMARY COOLANT CIRCUITS 

The reactor core is enclosed by a double-wall vessel of 6.7 m diameter and 
14.8 m height, protected by a thermal shield from heat and radiation of the core. 
The vessel and its shield plug are suspended from the upper part of the concrete 
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1 REACTOR 
2 EMERGENCY COOLING SYSTEM 
3 PRIMARY SODIUM RUMP 
4 INTERMEDIATE HEAT EXCHANGER 
6 SECONDARY SODIUM PUMP 
5 EVAPORATOR 
7 SUPERHEATER 
8 CAVITIES 
9 CORE RETENTION SYSTEM 

10 REVENTING GAP 
11 T H E R M A L CAPACITY CELL 

FIG.A-III-1. SNR 300 containment system (Source: INTERATOM). 

structure of the reactor cell via bolts and a steel support girder (see Fig. VI-25 in 
Chapter VI), The concrete and steel structure are designed to withstand the 
dynamic loads up to 12 000 tonnes which may result in the unlikely event of a 
core disruptive accident. 

Under normal operating conditions, the reactor vessel has to withstand only 
a low pressure. The sodium is made to flow in an upwards direction through the 
core at a velocity of about 7 m/s. The total coolant flow is 3.5 t/s. 

The arrangement of the primary heat transfer system is shown in Fig.A-III-1. 
The sodium outlet and inlet openings of the vessel are located high enough 

to keep the reactor core immersed in sodium even in the event of a rupture in the pipes 
of the primary system. These pipes have a diameter of about 0.60 m. They are 
imbedded in steel cavities shaped in such a way as to keep the quantity of sodium 
leaking to a minimum. 

A primary sodium pump is positioned in the hot leg of each of the three 
primary loops. Each primary pump is designed for a capacity of 5000 m3/h. 

After leaving one of the three primary pumps, the hot sodium is passed on 
to an intermediate heat exchanger (see Fig.A-III-1). This is of modular design, 
each loop containing three heat exchanger modules with floating lower head. The 
primary sodium passes through the module in a downwards direction, heating up 
the secondary sodium flowing in counterflow through a straight tube bundle. 
Special precautions are taken to protect the IHXs and other sodium'components 
from thermal shock effects due to sudden temperature changes of the sodium. 

Within the components of the primary system, free sodium surfaces are 
protected from chemical reactions by means of argon as a cover gas. This argon 
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serves at the same time to buffer the vessel head and pump seals from sodium 
precipitation. A gas bubble separator prevents gas bubbles from being carried 
into the core by the re-entering sodium coolant. The whole primary cell is kept 
inert by nitrogen gas. All of the primary heat transfer system is encased by the 
inner containment shielding, which protects the service floor and other accessible 
parts of the reactor building from the radioactivity of the primary system. 

A—III—1.3. SECONDARY COOLANT CIRCUITS AND STEAM GENERATION 

Steam is generated by the secondary sodium in two steps. In the evaporators 
the feedwater, after preheating up to 252°C, is evaporated. In a second step, the 
saturated steam is superheated to about 500°C (see Fig. A-III-1). The evaporators 
have the same basic design (once-through evaporator) as the superheaters. For two 
of the three loops, a straight-tube design is envisaged, whereas for the third loop, 
a helical-tube design will be used to provide a wider range of experience (see 
Fig. VI-33 in Chapter VI). The straight-tube design allows for an easier localization 
of tube leaks, but raises additional welding problems. Each module is designed 
for 85 MW. Steam generators and IHXs have been tested full-scale in a large sodium 
loop facility at Hengelo (Netherlands). 

A—III—1.4. SAFETY FEATURES 

SNR 300 has two independent and diverse shutdown systems (see Fig. VII-9 in 
Chapter VII). Their actuation is designed to effect de-energization of the coolant pump 
main drives, free coastdown and startup of pony motors with 5% of nominal speed. 
In this way strong thermal shocks should be avoided. 

The reactor power control programme is based on load following while the 
coolant flow control programme is based on constant T (constant outlet tempera-
ture of the coolant). The electric supply for the pumps is additionally ensured by 
a diesel-powered emergency supply system. 

The decay heat of the fuel after shutdown is removed through the three main 
coolant loops. A separate emergency cooling system serves as a backup. It is based 
on 6 immersed coolers in the reactor vessel, in connection with natural convection 
of the sodium in the vessel. Special design features (elevated piping guard vessel 
concept to limit effects of pipe rupture) ensure that a minimum sodium level is 
maintained in the vessel in all cases. 

A system of in-core instrumentation including automatic signal evaluation 
is designed for early detection of disturbances such as coolant blockages. Each 
fuel subassembly will be provided with several thermocouples to measure the 
sodium outlet temperature at that particular element in order to facilitate localiza-
tion of damage. Integral detection instruments include delayed neutron monitors 
in the primary sodium and fission product detection in the cover gas. 
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Another surveillance system serves for leak detection along the primary and 
intermediate coolant circuits. Sections of these loops can be shut off by valves. 
Individual tubes of the steam generators can also be blocked in the event of a tube 
leakage, so that the plant does not have to be completely shut down because of 
a single leak. 

For severe accidents the barrier concept is of particular importance. A release 
of radioactivity is prevented by a series of containments. Under normal operating 
conditions, containment functions are fulfilled by the fuel retaining a large part of 
the fission products, by the canning, the reactor vessel, the primary coolant circuit 
piping and components, and the primary sodium itself. Additional safety is pro-
vided by the inner and outer containment of the reactor building (see Fig. A-III-1). 

The inner containment encasing the primary cells is filled with nitrogen, its 
walls are completely clad with steel, and it withstands a differential pressure of 
30 kPa (0.3 bar) at a leakage rate of about 4 vol.%/d. In a pump failure accident, 
heat will be transported by natural convection out of the reactor and primary 
cells to a pressure relief room in which concrete blocks serve as a heat sink. 

The outer containment is filled with air (the service floor being accessible 
during operation), and it is designed to withstand 25 kPa (0.25 bar) differential 
pressure. It is completely surrounded by a steel liner. The gap between the 
concrete walls and the liner can be revented into the containment for some days 
after an accident. 

The reactor building is rectangular, of 98 m length, 58 m width, 57 m height. 
It is designed to withstand external hazards such as aircraft crashes (a Phantom 
fighter plane), earthquakes, and explosions of gas clouds (after a boat collision 
on the Rhine River). Therefore, the heavily armed outer walls have a thickness 
of up to 1.2 m. In a similar way, the emergency power supply building is 
protected against external events. 

The SNR 300 will also be equipped with an external core-catcher to control 
the consequences of a serious meltdown accident (see Fig. VII-26 in Chapter VII). 
This core-catcher is to collect and cool the fuel debris that might penetrate the 
reactor vessel after melting in a whole core accident after a failure of all internal 
coolant systems. Essentially the core-catcher consists of a steel cavity of almost 
12 m diameter to collect the sodium contained in the vessel, a layer of uranium 
oxide or thorium oxide bricks to catch the debris, and underneath this layer a NaK 
cooling system to thermally insulate the concrete of the foundation plate. 

A—III—2. DESIGN DESCRIPTION OF SUPER PHENIX-1 

The SPX-1 plant design is largely based on the PHENIX concept, in particular 
with respect to the core elements and the primary circuit. The operating 
experience with PHENIX since 1973 has furnished valuable support for the 
feasibility and reliability of a larger plant of this type. 
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A—III—2.1. REACTOR CORE AND BLANKETS 

SUPER PHENIX has a two-zone core, the inner radial core zone contains 
196 hexagonal fuel elements with 14% plutonium enrichment, and the outer 
radial core zone comprises 171 hexagonal fuel elements with 18% plutonium 
enrichment. The core is surrounded by 233 hexagonal blanket elements. It also 
incorporates 24 positions for hexagonal absorber elements containing boron 
carbide (B4C) as an absorber. Insertion or withdrawal of these absorber elements 
regulates the criticality and power of the reactor and guarantees safe control 
and shutdown conditions. The core has a diameter of 3.66 m, a height of 1 m 
and a volume of 10.8 m3. This corresponds to an average power per unit volume 
of the core of 280 kW(th)/L and a maximum power per unit volume of 
435 kW(th)/L. The radial blanket has a thickness of 50 cm, the axial blanket 
a height of 30 cm. The fuel assembly is made up of 271 fuel rods held in position 
by spacers. The fuel rods have outside diameters of 8.5 mm and are filled in the 
core region with cylindrical pellets made of Pu0 2 /U0 2 mixed oxide. The fuel 
rod cladding is made of Ti-stabilized austenitic steel with a wall thickness of 
approximately 0.7 mm. After fuel rod fabrication, the rods are filled with helium 
and welded tight at the ends. The fissile zone of a fuel rod is 1 m long. Below 
the lower axial blanket there is a gas plenum 850 mm long, in which gaseous fission 
products accumulate. Sodium flows through the fuel elements at a rate of 
approximately 3—6 m/s. On its way through the fuel elements it is heated from 
395 to 545°C. The fuel elements are surrounded by a hexagonal can made of 
austenitic or ferritic steel with a wall thickness of 4.6 mm. The complete fuel 
element has a length of 5.4 m and is 16.6 cm across the hexagonal flats. The 
blanket rods have diameters of 16.3 mm, which are larger than the diameters of 
the fuel rods; the blanket elements accordingly only contain 91 rods. The 
maximum fuel rod power in the core is roughly 450 W/cm of fuel rod length. The 
core contains some 4.6 tonnes of 239Pu and 241 Pu. This corresponds to 3.7 tonnes 
of (239Pu and 241Pu)/GW(e). The total core fuel amounts to 37 tonnes of Pu0 2 /U0 2 , 
the axial breeding blanket to 22 tonnes of U0 2 , and the radial blanket to 52 tonnes 
of U02 . Each absorber element consists of 18 absorber rods with an outside 
diameter of 18.8 mm, filled with B4C pellets. The B4C is enriched to about 93% 
in its 10B isotope. 

The fuel elements are to remain in the core for approximately 2.2 years, 
attaining a maximum burnup of 70 000-100 000 MW-d/t. Half the fuel elements 
are to be unloaded annually at this maximum burnup after having reached their 
equilibrium cycles. The blanket elements have a longer residence time, the inner 
rows of elements being unloaded earlier and more frequently than the outer ones. 
By the time they reach their maximum burnups, the fuel elements will have been 
exposed to severe materials stresses and radiation. Fuel rod claddings attain 
maximum temperatures at their inner surfaces of 650°C and, towards the end of 
their burnup periods in the core, must sustain internal pressures of about 
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5 MPa (50 bar). This internal pressure results from the gaseous fission products 
building up in the fuel rod. At high burnup and high specific power, the Pu0 2 /U0 2 

mixed oxide fuel considerably changes its physico-mechanical and chemical 
behaviour. According to the irradiation experience in PHENIX, the fuel rod 
cladding can be expected to withstand these loads and considerable thermal 
stresses and still maintain its good mechanical properties. The maximum neutron 
fluence reaches approximately 2 X 1023 n/cm2. As a consequence, volume swelling, 
creep effects and high temperature embrittlement occur in the steel of the fuel 
rod claddings and the fuel element cans. Because of these effects, suitable proven 
steels, such as Ti-stabilized alloys, are used under these severe conditions. 

The fuel handling equipment is designed for a maximum residual thermal power 
of about 30 kW per subassembly. The length of a refuelling outage (three weeks) allows 
sufficient reduction of the residual power of the most active assemblies which 
are then unloaded at the end of the campaign. New assemblies are unpacked, 
inspected and stored in air-filled storage pits before their transfer to a sodium-filled 
storage drum. Seven rings of storage positions mounted on a carousel have been 
provided at Creys-Malville. By rotating simultaneously the carousel and a rotating 
plug on the roof, assemblies can be shuffled within the drum and transferred to 
and from the loading/unloading station. 

To facilitate handling of the fuel between the storage positions and to reach 
the required storage capacity of 400 fuel assemblies (corresponding to the whole 
core), a two-level storage is provided; the maximum residual power from fuel 
assemblies stored is 3 MW, which is removed through two redundant sodium 
cooling loops. 

Assemblies are transferred between the storage drum and the reactor through 
a rotating transfer lock installed on the roof slab. The assemblies are placed in 
containers mounted on conveyors, which move up and down two sloping ramps 
leading, from the transfer lock, to the reactor on one side and to the storage drum 
on the other. 

With this transfer lock, designed to rotate on a vertical axis, loading/unloading 
operations are considerably accelerated since a new assembly can be loaded and an 
irradiated assembly removed simultaneously. 

Assemblies are moved between the reactor loading/unloading station and the 
core lattice by means of two transfer machines mounted on the small rotating plug. 
Positioning over a given core lattice opening is achieved by simultaneous rotation 
of the large and small rotating plugs. The transfer machines operate on a 'straight 
down' principle, thereby differing from PHENIX, where a rotating plug and an 
internal transfer arm are provided. 

A—III—2.2. REACTOR VESSEL AND PRIMARY COOLANT CIRCUITS 

The core and the radial blanket are supported by a core diagrid plate resting 
in a support structure in the pool vessel. Sodium enters this double bottom core 
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support plate at a temperature of 395°C from the primary sodium pumps and flows 
into the fuel elements through openings in the fuel element feet. It flows through 
the core and radial blanket from bottom to top and is heated to a temperature of 
545° C. The core and the radial blanket are surrounded by a radial steel reflector 
and the neutron shield. The hot sodium now flows upwards within the inner 
vessel structure into the large sodium pool. It moves on into the inlet openings of 
eight IHXs arranged radially around the core inside the pool vessel. Sodium passes 
through these IHXs from top to bottom and is cooled to 392°C by secondary 
sodium moving in a countercurrent flow. The cooled sodium is then taken in by 
four primary sodium pumps and forced back into the core diagrid plate. The four 
primary sodium pumps are also installed radially, each between two IHXs in the 
pool vessel (see Fig. A-III-2). 

The internal vessel structure serves to separate the hot sodium leaving the 
core at 545°C from the sodium cooled to 392°C. For this purpose, it contains 
the openings for the eight IHXs and the four primary sodium pumps. The sodium 
chamber, which is at a temperature of 545°C, contains approximately 2100 m3 

of sodium, while the chamber holding the sodium cooled to 392°C contains a 
volume of roughly 1900 m3 of sodium. Each of the four primary sodium pumps 
moves 4.1 t/s, which means that the sodium flow through the core and the radial 
blanket is roughly 16.5 t/s. 

The sodium contained in the pool vessel is kept at atmospheric pressure. The 
primary pumps only generate a fairly low pressure, which is mainly necessary to 
overcome the drag forces in the core and in the IHXs. The large mass of sodium 
in the pool vessel ensures that the whole primary cooling system will react only 
very slowly to increases in power or in the outlet temperature of the core. The 
radial neutron shield around the core prevents activation of the secondary sodium 
in the eight IHXs. The radioactivity of the primary sodium is approximately 
6.7 X 108 Bq/cm3 (18 mCi/cm3). 

The pool has an inner diameter of 21 m and a height of 19.5 m. It is of a 
double-walled structure, the space between the primary main vessel and the 
secondary safety vessel being filled with nitrogen. The wall thickness of the double-
walled pool vessel is 25—60 mm. The pool vessel is made of austenitic steel welded 
on site. It is closed at the top by a roof slab up to 3 m thick, which also carries 
the two rotating plugs with the fuel element transfer and loading machine and the 
core cover plug with the control and shutdown systems and the instrumentation. 
On its outer circumference, the roof slab also supports the eight IHXs and the four 
primary sodium pumps. The space between the open primary sodium level in the 
pool vessel and the roof slab is filled with argon as a cover gas. The roof is cooled 
by water; gas cooling is considered as an alternative for the roof of subsequent 
SUPER PHENIX plants (see cover figure). 

The whole pool vessel is contained in a cavity of reinforced concrete lined 
with a leaktight steel liner and, on the inner surface, equipped with a cooling 
system for emergency cooling conditions. The upper roof slab also contains an 
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FIG.A-III-2. SUPER PHENIX core and primary cooling system (Source: NOVATOME). 

integrated sodium purification system controlling all impurities in the primary 
sodium (e.g. oxygen and carbon contents). It is fitted with pipe connections for 
the cover gas feed (argon) and its purification. The roof slab with all penetrations, 
pump motors, IHXs, absorber rod drive systems and fuel element transfer machine 
is enclosed in a dome made of steel (see Fig. A-III-2). 

A—III—2.3. SECONDARY COOLANT CIRCUITS AND STEAM GENERATION 

SPX-1 has four independent heat transfer systems. Each of them consists of 
the primary system described above, with a primary pump and two IHXs, the 
secondary sodium system, and the tertiary water-steam system. The secondary 
sodium leaves the two IHXs at a temperature of 525°C. It penetrates the steel 
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FIG.A-III-3. SUPER PHENIX secondary sodium circuits and steam generators 
(Source: NOVATOME). 

dome through two pipes with flexible joints and flows to a very large helical tube 
steam generator, where it delivers its heat of 750 MW(th) to the water-steam system. 
From the steam generator, the secondary sodium with its temperature reduced 
to 345°C, flows back to a large spherical expansion tank. The secondary sodium 
pump is immersed in this expansion tank. It forces the secondary sodium back 
into the two IHXs through two separate pipes. The inlet temperature into the 
IHX of the secondary sodium is 345°C. In the steam generators, steam of 21.8 MPa 
(218 bar) and 487°C is produced. The steam is fed to the turbogenerator system, 
which consists of two groups each generating 620 MW electric power (Fig. A-III-3). 

The SPX-1 steam generators are of a new design (see Fig. VI-34 in Chapter VI). 
Whereas the PHENIX steam generator comprises a number of small units connected 
in parallel (modular solution), and divided into three sections - evaporator, super-
heater and reheater — this solution has not been adopted for the Creys-Malville plant. 
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Here, for further simplification, the evaporator and superheater are combined in 
a single unit. There is no sodium reheat. 

Each 750 MW steam generator is a once-through unit comprising a vertical 
tube bundle, whose tubes are wound helically around a cylindrical support, and 
an outer cylindrical shell, penetrated by inlet and outlet thermal sleeves for each 
tube. This system avoids thick tubular plates (and associated problems) and resists 
the thermal shocks during sodium transients. 

A 45 MW steam generator prototype was built in 1973 and has undergone 
very extensive operating tests for several years at the EdF test centre at 
Les Renardières. 

A—III—2.4. SAFETY FEATURES 

The reactor block is enclosed by a primary containment system composed 
of a guard vessel surrounding the main vessel and a dome covering the reactor 
roof and all components and piping mounted on the roof. The reactor building, 
therefore, acts as a secondary containment. It is equipped with a ventilation 
system designed to maintain a slight negative pressure with respect to the outside 
atmosphere. The dome-shaped outer reactor building has a height of 80 m, an 
inner diameter of 64 m and is made of reinforced concrete with a wall thickness 
of about 1 m. It also contains the auxiliary argon systems and storage tanks and 
rooms for handling and cleaning irradiated fuel elements (see Fig. VII-28 in 
Chapter VII). 

The reactor, steam generator, diesel generator, and essential cooling water 
buildings contain all systems necessary for safe reactor shutdown in the event 
of any postulated abnormal or accident conditions. Separate primary and 
secondary shutdown systems are provided; each controls a separate set of control 
rods. Either of these systems can bring the reactor to cold shutdown. 

A computer system, consisting of two separate and independent computers, 
monitors the outlet temperatures of the fuel subassemblies and automatically 
scrams the reactor when the core differential temperature exceeds preset limits. 
Each computer monitors all of the core outlet temperatures (two-out-of-three 
logic), and the reactor is scrammed only when both computers show out-of-limit 
indications for the same temperature measurements. 

The decay heat of the reactor following shutdown is removed by the four 
systems. After shutdown, the pumps are kept running at a few per cent of their 
full speed by small pony motors. These pony motors are driven by auxiliary diesel 
engines. The decay heat of the reactor core can also be removed by natural con-
vection. In the case of non-availability of the decay heat removal system through the 
steam generators the decay heat can be removed by hot sodium extracted from 
the expansion tank and transport of the heat to sodium-air heat exchangers. The 
sodium is cooled there and passed back to the return pipes of the IHX. In the 
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sodium-air heat exchangers, the heat can be removed either through forced 
convection by means of air or by natural convection through an exhaust air stack. 

The large sodium mass, inherent in pool-type LMFBRs, is arranged to 
provide circulation by convection and attenuates the thermal transients associated 
with normal and emergency shutdowns. 

Because all of the primary sodium is contained in the main vessel at all times, 
there is no danger of radioactive sodium leaking or reactor vessel siphoning because 
of line breaks. 

An internal core catcher having the capability to handle a one-third core melt 
is included below the diagrid in the main vessel. 
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Chapter IV 

REACTOR PHYSICS AND CORE DESIGN 

IV-1. INTRODUCTION 

The basic facts of fast reactor physics are closely related to those of neutron 
physics in the energy range below about 10 MeV. Although in the latter field 
fundamental research activities are still continuing, the scientific basis for the 
former is quite well established. The reason for this somewhat surprising situation 
is that not all details of nuclear processes need really be known precisely in order 
to be able to design a reactor — as was successfully demonstrated long ago when 
the first reactor was assembled under the direction of Enrico Fermi. 

For instance, the exact sequence of events occurring when a neutron hits a 
fissionable nucleus and possibly causes its fission need not be known, provided 
that the final average quantities, such as for example the number of resulting prompt 
and delayed neutrons together with their respective energy distributions, can be 
specified with sufficient accuracy. Similarly, the over one hundred individual 
fission product isotopes are usually less important for the purposes of reactor 
physics because their behaviour can be characterized reasonably well in a global 
way by the properties of representative components, e.g. typical values of the 
decay time for 'precursor' groups. As another example, the time-dependent 
intensity of ß- or 7-ráys emitted after short- or long-term irradiation in a reactor 
can be approximated in a parametrized form with acceptable reliability by some 
simple analytic functions. For rough guesses even information given in a tabular 
form will be enough. 

With respect to the core design of LMFBRs some aspects are similar to those 
of LWRs but for others one has to take into consideration the essential differences 
concerning performance criteria and salient design features between both types 
of reactors (see Tables IV—1 and IV—2 adopted from Ref. [IV-1 ]). Especially 
the rather high power density and the tight packing of fuel pins (length 3 - 5 m, 
diameter 6 - 8 mm) arranged in a triangular lattice (with a pitch-to-diameter ratio 
of about 1.1) within hexagonal, honeycomb-shaped subassemblies require special 
attention to ensure adequate heat removal. Therefore, several measures are taken to 
eliminate the occurrence of serious distortions that would have an adverse influence 
upon the operation and safety of the reactor during its envisaged 30 years' lifetime. 
These include the determination of the power and temperature distribution and the 
changes in the metallurgical properties of all material constituents and the 
resulting mechanical response of the core structure in the neutron and temperature 
field by reliable, relatively sophisticated methods to keep the uncertainties of 
the predictions small enough. This poses a severe challenge to data and methods 
applied in reactor physics and core design as well as to those used in thermal 
hydraulics and core mechanics. 

1 5 3 
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TABLE IV-1. RELATIVE PERFORMANCE CRITERIA FOR LMFBR FUELS 
AND THERMAL REACTOR FUELS [IV-1 ] 

Performance criterion 
Ratio of requirements for 
fast and thermal reactors 

Burnup3 5 to 10 

Fuel power density (MW/t) 3 

Core power density (MW/L) 10 

Total neutron flux (n-cm"2-s"1) 30 

Neutron exposure or fluence (n/cm2) 50 

Thermal shock (°C/s) 5 to 10 

a For LMFBRs optimized for minimum doubling time, the average burnup in these reactors 
may not be as different from thermal reactors as shown. 

TABLE IV—2. COMPARISON OF LWR AND LMFBR FEATURES [IV-1 ] 

Features LWR LMFBR 

Coolant 

Fuel cladding 

Fissile enrichment 

Fuel element lattice 

Coolant channel 

Average specific power, 
kW(th)/kg actinides 

Water 

Zircaloy 

3% 2 3 5U 

Less compact 
(square pitch) 

Closed or open 
channel (with or 
without fuel 
assembly duct) 

20 to 40 

Sodium 

Stainless steel 

10 to 35% mixed plutonium, 
uranium oxides 

Compact (triangular pitch) 

Closed channel (with fuel 
assembly duct) 

100 to 250 
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IV—2. NEUTRONICS 

As can be imagined, the classification of reactors into three categories is 
somewhat arbitrary: if most fissions are induced by slow neutrons (with energies 
below a certain cut-off energy Et around 0.5 to 1 eV and with an average energy 
of about 0.025 eV resulting from the fact that the neutron energy distribution 
in such a reactor is approximately in thermal equilibrium with the distribution 
of the energies of thermal motions of the reactor materials) the reactor is called 
a thermal reactor; if most fissions occur in the range of high neutron energies, 
i.e. for E > Ep, with Ep chosen at about 50 or 100 keV, where the neutron velocity 
is fast compared with that of thermal neutrons, the reactor is called fast; in inter-
mediate reactors the majority of fissions is caused in the 'resonance' range between 
Et and Ep. In such reactors the neutrons generated with a most probable energy 
of roughly 1 MeV by fission processes are slowed down considerably, but intention-
ally, the amount of this degeneration of the neutron energy, called moderation, is 
not too pronounced because it is deliberately kept reasonably small, i.e. somewhere 
between that of fast and thermal reactors. Therefore, the neutrons will be absorbed 
in the resonance energy range so that they are prevented from reaching the thermal 
energy range. 

Figure IV-1 indicates the energy distribution of the neutron flux 0(E) for 
examples of these types of reactors. 

NEUTRON FLUX 0 IE) (PER UNIT ENERGY) 

ENER6Y (eV) 

FIG.IV-1. Neutron flux, <¡>(E), as a function of neutron energy for an LWR core, an LMFBR 

core and an intermediate spectrum reactor core (Source: Ref. [IV-]4]). 
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The fundamental problem of nuclear reactor physics is the determination 
of the space-velocity distribution of neutrons. In many cases it is sufficient to 
derive the steady-state solution, but for special purposes time-dependent solutions 
are also necessary, e.g. to determine the variation of the reactor power and corre-
lated quantities due to slow power transients during startup and shutdown phases 
of normal reactor operation (see subsection IV-2.3.8) or due to faster power 
transients which may occur under accident conditions (see Chapter VII). 
Another type of time-dependent problem results from the long-term changes in 
the number densities of materials loaded into or produced within the reactor. 

Very often the angular dependence of the neutron distribution is not very 
pronounced in the interesting regions of the reactor so that it is sufficient to 
determine the space-energy distribution of neutrons using the well-known diffusion 
approximation, discussed in subsection IV—2.3.3. 

IV-2.1. BASIC FACTS AND DEFINITIONS 

The basic facts about the fundamental aspects of neutron physics of fast 
breeder reactors are probably well known and may be found in several textbooks 
[IV-2 to IV-4]. Therefore, they will not be repeated here in detail. It is assumed 
that most readers are familiar with the principles of neutron interactions with 
matter, i.e. elastic and inelastic scattering, (n,2n) and (n,3n) reactions, capture 
and fission processes. The existence of fission thresholds for certain uranium, 
plutonium and transplutonium isotopes is assumed to be known, as well as the 
general role of prompt and delayed fission, neutrons produced when a heavy nucleus 
undergoes fission. Those readers less familiar with the subject can find relevant 
information in the numerous standard publications on reactor physics, reactor 
theory, reactor analysis and the associated calculational, computational and 
engineering aspects [IV-5 to IV-21 ]. (See also Refs [IV-102, IV-105, IV-137] 
and the conference proceedings cited in Refs [IV-24 to IV-34].) 

Similarly, it also seems sufficient to mention only briefly in the corresponding 
subsections some most important facts and aspects concerning the energy distri-
bution of prompt and delayed neutrons; the energy released per fission process and 
its partition into various contributions (e.g. kinetic energy, ß- and 7-radiation, 
neutrinos); and the fission product yield of different isotopes which depends on 
the energy of the neutron inducing the fission process. A collection of recent data 
is given in Ref. [IV-14, Section 2.1]. In subsection IV—2.1.5 below a few comments 
are devoted to the radioactive decay of the fission products which is responsible for 
the 'afterheat' (produced in a reactor after it has been shut down). Another item 
is sketched in subsection IV-2.1.4, namely the radioactive decay of those special 
fission fragments, called precursors, that are in a highly excited state immediately 
after having been generated by the fission process and that disintegrate subsequently 
by emitting the 'delayed' neutrons. 
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NEUTRON YIELD 

ENERGY M l 

FIG.IV-2. Neutron yield as a function of neutron energy for various fissile fuel isotopes 
(Source: Ref. [IV-14]). 

It is supposed that the reader is familiar with the arguments that breeding 
in a fast reactor favours the utilization of 239Pu and in a thermal reactor of 233U 
as main fissile isotope. As an illustration, the neutron yield for important fissile 
isotopes is shown in Fig. IV-2 as a function of the neutron energy. 

IV—2.1.1. Characterization of important quantities 

Neutrons interact with nuclei in a number of different ways. It is convenient 
to describe each type of interaction (e.g. elastic and inelastic scattering, radiative 
capture or fission processes) in terms of an associated characteristic cross-section, 
which measures the probability that a certain reaction will occur when neutrons 
strike a target. 

Let n(r, v, i l ) be the number of neutrons at point ? with speed v, and the 
direction of flight fi. Within a given volume element, dV, they can react with 
NM(r)-dV atomic nuclei, NM(?) being the number of nuclei of a certain material 
(element or isotope) M per cubic centimetre of reactor volume at point rt Assuming 
that all quantities are time-independent, the number of reactions per cubic centi-
metre and unit time is proportional to NM(r) -dV and v-n(r, v, Û). The propor-
tionality factor a¡^(v), which is a measure of the probability of a specific nuclear 
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reaction, x (e.g. capture or fission), is called the microscopic cross-section of the 
material M for the reaction process considered and is usually given in units of 
barns (1 barn = 1CT24 cm2). In most measurements and evaluations the variable v 
is replaced by E, the kinetic energy of the neutron. 

The angle-integrated reaction rate density R^(i^v), i.e. the number of nuclear 
reactions of type x of material M with neutrons of speed v per cubic centimetre 
of reactor volume at point rand per second, is given by: 

RmCÍv ) = o£(v) Nm(?) V n(?,v) = 2^(?,v) 0(?,v) (IV-1) 

where 

S m ^ ^ N M G ^ M M (IV"la> 

specifies the macroscopic cross-section and 

0(r,v) = v n(r,v) (IV-lb) 

is usually called the neutron flux or, sometimes, more appropriately labelled the 
neutron flux density. 

In most cases CT^(E) is a fairly complicated function of energy E with a general 
tendency to decrease with increasing energy. The well-known exceptions to this 
tendency are due to resonance and threshold reactions. (For more detailed dis-
cussions the reader interested in the theoretical background is referred to textbooks 
and reviews, e.g. on nuclear physics and cross-section evaluations, see Refs [IV-2 
to IV-4] and [IV-22, IV-23], In addition, the proceedings of the conferences cited 
in Refs [IV-24 to IV-34] contain copious information on these subjects. The 
underlying nuclear models, the frequently necessary approximations, and the 
resulting formulae and relations are explained in these publications.) 

For elastic scattering and other nuclear reactions (inelastic, (n,2n), (n,3n)) 
with neutrons in the entrance and exit channels1 the microscopic cross-section a 
depends or may at least depend on E, E ' , £2, and Í2', the energies and directions 
of flight of the incident and the outgoing neutrons, respectively. The corresponding 
scattering laws are described in many publications (see Refs [IV-24 to IV-34]) and 
will not be discussed here. It should only be mentioned that the effects due to 
thermal motion of the target nucleus, chemical binding of the nucleus within a 
molecule (e.g. H20), or orientation of crystalline materials along preferential 

1 In the nomenclature of neutron physics the entrance channels specify the original 
particles or nuclei (or equivalently the radiation, e.g. 7-rays) entering a certain nuclear reaction, 
whereas the exit channels represent those particles and/or radiation that are emitted after such 
a nuclear reaction has occurred. 
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directions, which are sometimes relevant for thermal neutrons and thermal reactors, 
are in most cases unimportant or can be neglected for LMFBR applications. The 
only exception is the Doppler effect, discussed in subsection IV—2.3.8. Readers 
interested in low-energy neutron scattering are referred to the corresponding 
remarks in Ref. [IV-15] or to the comprehensive works [IV-35 to IV-37], 

IV-2.1.2. Breeding gain, doubling time 

The simplest definition of Conversion Ratio (CR), Breeding Ratio (BR) and 
Breeding Gain (BG) is based on counting the production and destruction of fissile 
isotopes within a certain time in a reactor or in some region of it (e.g. core or 
blankets). The basic quantity of interest is defined as the number of fissile atoms 
produced per fissile atom consumed in the reactor either by fission or capture. 
If this quantity remains below 1.0, it is labelled as the conversion ratio; if it 
exceeds 1.0, it is referred to as the breeding ratio because more fissile material is 
produced than consumed (see also subsection IV—4.5 for a comparison of calcu-
lations with experimental results). The reason for the name breeding gain is 
evident from the definition BG = BR - 1. 

As an additional measure of the breeding potential of a certain reactor the 
Doubling Time (DT) is often used. Its simplest definition (see e.g. Refs [IV-38, 
IV-39]) is given by the time required by a reactor to produce a surplus of 
fissile material (usually of the same kind), which is equivalent to the amount of 
fissile material originally loaded in the reactor. The explicit equations are slightly 
different according to the considerations on which the derivation is based 
(e.g. idealized models or realistic reactor operation and fuel cycle schemes). For 
the present discussion it might be sufficient to consider the following equation: 

DT = C/(BG b K ( 1 +ä)) (IV-2) 

where C 0,95 is the energy equivalent in MW-d produced by fissioning 1 gram 
of fissile material, b is the specific power or fissile rating (i.e. the average thermal 
power produced per gram of fissile material), K is the plant load factor and a is 
the ratio of the average capture rate to the average fission rate in the fissile material. 
If the out-of-reactor, or 'ex-core time' (see subsection VIII-2.3), is taken into 
account too, C has to be replaced by C(1 + BR t e x / tR) , where te x is the ex-core 
or waiting time of fissile material (for reprocessing, etc.), and tR is the residence 
time of the core fuel elements in the reactor. If, instead of a single reactor, one 
considers a whole generation of many identical reactors, a more appropriate 
definition is given by the systems doubling time, which is roughly equal to (In 2) DT. 

More refined definitions of the breeding ratio and the related fuel doubling 
time, which take into account factors such as the decay of 2 4 1 Pu and the out-of-
reactor time of fissile material or which distinguish between transitory and 
asymptotic growth rate, may be found in the literature (see e.g. Ref. [IV-39] and 



1 6 0 CHAPTER IV 

references given there). These include the application of critical mass-worth 
weighting factors and isotopic breeding-worth weighting factors which take into 
account the fact that the replacement of one fissile atom by another of a different 
kind (e.g. 239Pu by 241 Pu) leads to (usually small) changes of the critical mass of 
the reactor and its breeding capability. Although they are useful for long-term 
strategic considerations, as a possible uniform basis for comparison of different 
reactor designs, or for intercomparison of results of benchmark calculations for 
a specified design, more approximate, simpler definitions are usually sufficient 
for most practical applications. 

The relation between CR or BR and the neutron balance in a reactor based 
on the following averaged quantities (averaging means integration over the whole 
reactor using the appropriate space-energy distribution of neutrons) is well known 
and can be written as 

CR 
BR = rj + f - l - a - 8 (IV-3) 

where rj is the neutron yield, i.e. the total number of fission neutrons produced 
in fissile material per neutron absorbed, f (fast fission effect) is the fractional 
contribution of fission neutrons from fertile isotopes (i.e. 238U and 240Pu in an 
LMFBR), a is the 'parasitic absorption', describing the fractional neutron losses 
in materials spoiling the breeding process because they act as neutron poisons 
(included in a are absorptions in coolant, structural and control material, and in 
the fission products), £ is the fractional neutron loss rate due to leakage from the 
reactor core (or from the blanket for those reactors, such as for example LMFBRs, 
where the core is surrounded by blankets containing fertile material). 

IV—2.1.3. Plutonium vector, buildup of higher actinides and fission products 

The amount of plutonium and its isotopic composition does not remain constant 
during irradiation and burnup, since the production and destruction rates are not 
equal. Actually, as a function of time (measured in full power days) one obtains 
a saw-tooth curve for the isotopic concentrations, where the steps correspond to 
reloading operations (see Fig.IV-3, taken from Ott and Borg [IV-39]). 

In a fast reactor one has to take into account the fact that fairly clean 
plutonium (i.e. consisting mainly of 239Pu with small fractions of higher plutonium 
isotopes) is produced in the blanket regions and this gets mixed during reprocessing 
and refabrication with the relatively dirty plutonium (with larger fractions of 240Pu, 
241 Pu, 242Pu) unloaded from the core region. In some transition periods, where 
fast reactors initially use plutonium that has been produced in thermal reactors, 
the change in the plutonium isotopic composition will be even more pronounced 
than in the asymptotic period where fast reactors use plutonium recovered from 
fuel that has already been irradiated in a fast reactor environment. Obviously these 
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FIG.IV-3. Long-term time-dependence of the number of core 239Pu, 240Pu, 2MPu and W2Pu 
atoms normalized to the value of the equilibrium cycle. Initial fuel is once-through L WR 
discharged Pu. Saw-toothed behaviour is from the 2DB depletion. Continuous curves are 
evaluated from the Continuous Integrated Fuel-Cycle Model (Source: Ref. [IV-39]). 



ri 
FIG.IV-4. Schematic graph of important reactions and processes for the buildup of actinides (several a-decays were omitted for the sake of clearness) 
(Source: KfK). 
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compositional changes are governed by the reaction rates for the production and 
losses of individual fuel isotopes (see Ref. [IV-39]). 

For some cases, e.g. for calculating asymptotic breeding ratios or asymp-
totic growth rates, one is not interested in the saw-tooth-like detailed time-
dependence but wants to use appropriate averages for the plutonium isotopic 
compositions. They can be obtained, for instance, by using average production 
and destruction rates integrated over an equilibrium cycle (i.e. between two time 
steps that agree with respect to the irradiation state of corresponding individual 
fuel elements). Asymptotically, after a sufficiently long time period, these averages 
of the plutonium isotopic compositions are approaching constant values. The 
corresponding percentage values (normalized to unity) of 239Pu: 240Pu:241Pu:242Pu 
are abbreviated as Pu vectors. Typical plutonium vectors for fuel irradiated to the 
usual burnup in thermal reactors are [IV-40]: 

Reactor type Example 2 3 8 p u 23 ,Pu 
Pu isotopes (wt%) 

240Pu 241 p u 2 4 2 p u 

DîO-cooled MZFR 0 95 5 0 0 

HjO-cooled BIBLIS 1.5 55 25 13.5 5 

COî-cooled MAGNOX 0 76 20 3.5 0.5 

LMFBR SNR 300 0 73 23 3 1 

As can be seen, typical approximate values for the plutonium vector of fast 
reactors are: 73:23:3:1. But, of course, these numbers depend on the specific 
reactor design considered and also on the neutron cross-sections that are used for 
the design and burnup calculations. More information on this topic may, for 
example, by found in Refs [IV-38, IV-39] and the references mentioned there. 

For the illustration of burnup effects and nuclear waste inventories it may 
be sufficient to indicate the buildup of the transactinide isotopes (see Fig.IV-4). 
Additional aspects are discussed in subsection IV-2.3.6. A recent review of the 
status of fission product data is given in Ref. [IV-41 ]. 

IV—2.1.4. Delayed neutrons 

Most of the neutrons (more than 99%) generated in fission processes are 
emitted within an extremely short time period (about ICI"14 s) after the fission 
occurs. They are called prompt neutrons. A rather small amount, which depends 
on the energy of the fission-inducing neutron and on the isotope that has under-
gone fission, appears during a certain delay time of the order of a few tens of 
seconds or less. These 'delayed' neutrons stem from unstable fission fragments, 
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usually called precursors, which during their radioactive decay process form 
nuclides that have a surplus of neutrons and, therefore, decay by neutron emission. 
In spite of their small amount, they are extremely important for reactor control. 
In the case of an intended or undesired change of the multiplication constant of 
a reactor, they are able to influence significantly the rate of change of the power 
production (at least if the reactivity — which corresponds to the amount by which 
the multiplication constant exceeds unity — remains below the total effective 
fraction of delayed neutrons, usually abbreviated as ße{{). Reactivities are generally 
measured relative to |3eff, which is arbitrarily normalized to equal 1 $. Smaller 
portions are given in cents or in pcm (French: pour cent mille) where 
1 pcm =1 X 10"s Ak/k, k being the effective multiplication constant. 

Usually, the delayed neutrons are divided into six groups according to the 
disintegration characteristics of their parent nuclei (precursors of delayed neutrons). 
The half-lives of the corresponding precursors range from about 0.2 seconds to 
roughly 1 minute. Some uncértainty still exists concerning the appropriate data 
for the individual fractions of these six groups of delayed neutrons resulting from 
fission of various isotopes in a typical LMFBR neutron spectrum. This does not 
affect in any way the important role of delayed neutrons in reactor kinetics. The 
existence of delayed neutrons permits the control of even a fast reactor fairly easily 
with relatively little movement of absorber rods. In the early research period of 
reactor physics Keepin [IV-42] contributed significantly to the acquisition of 
delayed neutron data. Such compilations have been revised and updated from time 
to time. More recent evaluations have been published, for example, by Evans, 
Thorpe and Krick [IV-43], Tomlinson [IV-44], Tuttle [IV-45], and Benedetti et al. 
[IV-46]. The deviations observed between up-to-date evaluations and the remaining 
discrepancies concerning the total yields of delayed neutrons as well as their 
partition into the six groups (see Ref. [IV-47]) and the energy distributions 
attributed to the neutrons of each group (see Refs [IV-48, IV-49]) (their average 
kinetic energies are roughly about 500 keV, which is well below the average kinetic 
energy of the prompt fission neutrons) are almost negligible for practical problems. 
The corresponding remaining uncertainties may, however, have some impact on the 
'central worth' discrepancy discussed in subsection IV—2.3.8. 

IV—2.1.5. Decay heat 

Just as unstable fission fragments decay to more stable isotopes by emitting 
delayed neutrons, fission products may also decay by emitting ß- or 7-radiation. 
As is well known, most of the energy released in nuclear fission appears as kinetic 
energy, Ef, of the fission fragments. An appreciable amount, about 10%, comes 
from ß- or 7-radiation. If the chain reaction is deliberately stopped, e.g. by 
insertion of absorber material into the reactor core, the contribution of Ef to the 
total power decreases as the neutron population dies away. In an analogous way, 
the energy contribution of the prompt 7-radiation, which is emitted immediately 
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after the fission process, will go down. But the power fractions, Eß and E^, of 
the ß- and 7-radiation components which are due to the radioactive decay of 
unstable fission fragments, will not decrease in proportion to the neutron density 
or the neutronically induced power fraction. Their time behaviour is governed 
by the decay constants and the time-dependent concentrations of the corre-
sponding fission products. 

As is apparent from the preceding discussion, the amount of heat released 
by the delayed emission of ß- and 7-radiation depends on the power history, 
i.e. whether the fuel was irradiated for a long time or stayed only for a short time 
in a reactor or a similar neutron field. For a crude estimate of the time-dependence 
of the decay heat the following values may be sufficient, bearing in mind that 
almost immediately after shutdown the decay heat, which is sometimes also called 

FIG. I V-5. Effect of using theoretical values of Ey on the calculated results of 235 £/ gamma 
decay power. The solid curve with @ corresponds to calculation after the replacement of 
experimental Eß and Ey values for 87 nuclides with theoretically estimated ones. The solid 
curve with @ corresponds to calculation before the replacement (Source: Ref. [IV-53]). 
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FIG.IV-6. Effect of using theoretical values of Eß on the calculated results of235U beta 
decay power. See the caption of Fig. IV-5 for further details (Source: Ref. [IV-53\j. 

afterheat, drops to slightly below 10% of the nominal power produced during 
steady-state operation. 

Time after 
shutdown 10s 1 min 1 h 1 d 1 month 1 a 

Percentage of 
nominal power (%) 7 5 1.5 0.7 0.15 0.03 

The experimental determination of the time-dependent fractions of delayed 
ß- and 7-radiation has to be done very carefully in order to keep the corrections 
small and to avoid unknown systematic uncertainties in the measured data (see 
e.g. Ref. [IV-50]). Currently, the remaining deviations and uncertainties are 
acceptably small and only apparent for fairly short cooling times, as can be seen 
from Ref. [IV-51 ]. The work of Yoshida and Nakasima [IV-5 2] which was taken 
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into account for the recent Japanese evaluation [IV-53], demonstrates that the 
application of fairly complicated nuclear theories helps to improve the accuracy 
of data for Eß and E^, especially for short-lived nuclides. Figures IV-5 and IV-6 
taken from Ref. [IV-53] clearly show the success that can be attributed to the 
improved theoretical treatment. Recent data for the fission product energy 
release during the time period from 2 to 14000 seconds following thermal neutron 
fission of various isotopes have been published by Dickens and co-workers [IV-54, 
IV-55]. Apart from their significance for reactor operation and afterheat removal, 
the decay heat data are also important for the appropriate handling of irradiated 
fuel assemblies (see Ref. [IV-56]). 

IV—2.1.6. Displacement cross-sections 

Mechanical properties of reactor materials are affected by irradiation. This 
applies, for instance, to the creep and swelling behaviour of structural materials 
(see subsection V-3) . A neutron entering a solid displaces atoms from their 
normal lattice positions and these in turn can produce further displacements, 
called Frenkel-pairs, leading to lattice vacancies and interstitial positions. 

It has been shown that the macroscopic change of mechanical properties 
of the solid can be related to the number of atomic displacements per atom (dpa) 
experienced. This number will be calculated as follows: 

T °° 
r r 

N(dpa) = J 1 J ad(E)0(E,t)dEdt 

0 0 

where N = number of displacements per atom 
°d = displacement cross-section 
0(E,t) = neutron flux 
t = time variable 
T = irradiation time 
E = neutron energy. 

(IV-4) 

The problem that then results is to calculate the displacement cross-section, 
a quantity that cannot be measured. 

The collision rate of a neutron with a lattice atom is calculated using the 
cross-sections for elastic and inelastic scattering, the energy transferred being 
given by the scattering law. It can be shown that in reactors charged-particle 
reactions such as (n,p), (n,a) and (n,7) recoils lead to a negligible contribution 
only. In each collision, a 'primary knock-on' occurs which in turn will displace 
further láttice atoms before coming to rest. The number of displacements finally 
produced by a primary knock-on depends almost linearly on its energy that is 
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FIG.IV-7. Plot of damage energy E and number of Frenkel pairs N¿ produced by a primary 
knock-on atom of given energy, calculated for iron fSource: Ref. [IV-57]). 

available for further displacements (see Fig.IV-7). To give an example, a primary 
knock-on with an energy of 100 keV can generate about 600 displacements. 
Only part of the 100 keV is available for further displacements (60 keV), the rest 
will be dissipated by electron excitation. 

To calculate the number Nd of secondary displacements per primary 
knock-on, the NRT model, i.e. a model proposed by Norgett et al. [IV-57] has 
been generally adopted. This results in the simple formula 

Nd = 10Ed (I V-5) 

where Ed is the energy (measured in keV) that is available to generate displace-
ments. To arrive at this relation, one assumes a displacement threshold of 40 eV. 
This means that one assumes that an atom receiving less than 40 eV will either 
stay at or return to its former lattice position. 

The dpa unit is mainly used to apply the experience obtained in one reactor 
to another, for instance from a test reactor to a power reactor. In so doing, 
differences in neutron spectra, neutron fluxes and irradiation time are properly 



REACTOR PHYSICS AND CORE 1 6 9 

taken into consideration. It is sufficient to use the same relation between Nd and 
Ed in both cases, while the actual value of the factor does not matter. Before 
comparing dpa values of different origin, however, one should check which relation 
between Nj and Ed has been used, and make any necessary corrections. 

Typically, structural materials in fast power reactors are currently exposed 
to about 90 dpa, while a value of about 180 dpa is desirable as a future goal. 

IV—2.2. NUCLEAR DATA 

The collection, selection and evaluation of nuclear data and the processing 
to a complete cross-section library (examples may be found in subsection IV—2.2.2) 
form the starting point for almost all practical reactor calculations. 

There are many textbooks on measurements of cross-sections and related 
nuclear parameters and on basic nuclear physics (see Refs [IV-2 to IV-4] which 
describe in detail the experimental techniques and the theoretical methods required 
for that purpose. For the present report it may, therefore, be sufficient to 
mention only some important aspects of this subject. A recent compilation of 
recommended thermal cross-sections, resonance properties, and resonance para-
meters may be found in Ref. [IV-22]. 

IV—2.2.1. Measurements: Differential and integral 

The fundamental principles and details of the measurements are described 
in many textbooks (e.g. for fission cross-sections: [IV-23]). Results of continuing 
efforts in the field of cross-section measurements were reported at numerous 
conferences (see Refs [IV-24 to IV-31 ]). Specialists meetings dealing with specific 
subjects (e.g. fission neutron spectra, inelastic scattering [IV-32, IV-33], radiative 
capture in structural materials [IV-34], etc.) were organized if felt necessary for 
certain purposes to bring together the experts on the topic to be discussed. In this 
way a fruitful international exchange and distribution of information was facilitated 
and urgent actual problems could be brought to a generally agreed solution. 
International committees and agencies, such as the NEA Nuclear Data Committee 
(NEANDC) and the IAEA, substantially support activities in this field and provide 
opportunities and scientific platforms for discussion and co-operation. In this 
way the increase in knowledge and accuracy of nuclear-data can, it is hoped, be 
promoted more rapidly than by uncoordinated individual efforts and reliable 
data become known almost world wide as soon as possible. 

Differential measurements of cross-sections are usually performed with 
accelerators (e.g. linear accelerators, cyclotrons, Van-de-Graaffs). In addition, 
integral data may be obtained by irradiating material samples in a reactor environ-
ment. In evaluating these integral data, the peculiarities of the experimental 
configuration, i.e. the energy and space dependence of the neutron field and 
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possibly the time-dependence of long-term irradiations, have to be taken into 
account. These differential and integral data are used to improve and verify the 
quality of evaluated neutron cross-sections, thereby establishing a firm basis for 
the nuclear reactor design. 

To improve and facilitate the exchange of experimental information, experi-
menters are asked to provide their results in a special format, called EXFOR, 
so that the data can be stored easily on files at the NEA data bank and, upon 
request, be made available to other scientists working in that field. In this way 
it is easier for other experimenters to find out where data are still lacking or 
where more accurate values would be desirable. At the same time the evaluator 
can take into account for a specific reaction all available data, some of which 
might otherwise have been missed. Difficulties sometimes may arise for entries 
in this file characterizing reliability specifications, i.e. the statistical and systematical 
uncertainties and the data- and uncertainty-correlations (e.g. when measurements 
are made relative to a standard such as the hydrogen scattering cross-section, the 
gold capture cross-section or the 235U fission cross-section). 

IV—2.2.2. Data files 

The evaluated nuclear data are stored on data files in digital form suitable 
for storage and retrieval on an electronic computer. Although somewhat outdated 
with respect to the data content described, the review given in 1975 by Pearlstein 
[IV-58] presents valuable information on evaluated nuclear data files, their history 
and the formats, which have undergone only slight extensions since that time. 
This review also illustrates the role of the four neutron data centres established 
to collect data from particular geographic areas of the world and of the Computer 
Index of Neutron Data, CINDA, regularly published by the IAEA (see e.g. 
Ref. [IV-59]). 

The following list of evaluated and experimental data libraries is taken from 
Ref. [IV-5 8 ] (the SOKRATOR entry has been added) : 

LIST OF E VAL UA TED AND EXPERIMENTAL DA TA LIBRARIES 

EXFOR System of computer codes and formats used for the exchange of experimental 
neutron nuclear data between the four neutron data centres: NNDC, Brookhaven, 
USA; CDJ, Obninsk, USSR; IAEA Nuclear Data Section; OECD-NEA Data Bank. 

ENDF/B Evaluated Nuclear Data File, Version B, National Neutron Cross Section Center, 
Brookhaven National Laboratory, Upton, New York 11983, USA. 

ENDL Lawrence Livermore Laboratory Evaluated Nuclear Data Library, Lawrence 
Livermore Laboratory, University of California, Livermore, CA 94550, USA. 

JENDL Japanese Evaluated Neutron Data Library, Japan Atomic Energy Research 
Institute, Tokai, Ibaraki, Japan. 
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KEDAK Karlsruhe Evaluated Nuclear Data Library, Kernforschungszentrum Karlsruhe 
GmbH, Karlsruhe, Federal Republic of Germany. 

SOKRATOR Evaluated Neutron Data Library. Its format is similar to UK format. Developed 
at the Fiziko-Energeticheski Institute Obninsk in co-operation with the Byelo-
russian Academy of Sciences at Minsk. 

UKNDL United Kingdom Atomic Energy Authority Nuclear Data Library, UK. 

Those interested may also find in Ref. [IV-58] useful hints on the procedures 
for data evaluation and a personal view on the dilemma of the evaluator. Based 
on extended research and a vast amount of his own experience in this field, 
Benzi [IV-60] has given an overview of the stages of progressive development in 
the evaluation of nuclear data. 

Currently version V of ENDF/B, which is probably the best-known file, is oper-
ational and version VI is being prepared. Other countries are steadily updating 
their files and it should be mentioned that in the USSR an equivalent file, 
SOKRATOR, has been established. Each file has its own merits, advantages and 
disadvantages, especially with regard to the formats used for data storage. Unfortu-
nately, these formats are different and in the past it has been necessary to extend 
them on the various files to be able to represent more details and interrelations 
obtained from the available experimental information (e.g. concerning angular 
and energy distributions) and found necessary or at least desirable for a more 
accurate prediction of the neutron distribution and the neutron-induced reactions. 
Such situations may sometimes not be representative for fission power reactors, 
but could well arise for other applications, e.g. fusion reactors and related 
experiments. 

Although a general uniform format would be appreciated by the nuclear 
data community, this does not seem likely in the near future. The need to develop 
it is probably less urgent now, since several conversion routines are available to 
transform the data from one format into another. However, this process is still 
cumbersome and requires additional human treatment since the formats are 
incompatible and non-unique in certain respects. Therefore, efforts should 
continue to establish a generally accepted format that is able to cover all necessary 
information that is desirable on a nuclear data file. Maybe in this way the exchange 
of evaluated data could be intensified so that eventually one unique data set could 
be agreed upon, representing the best knowledge of the relevant nuclear properties. 

IV-2.2.3. Group cross-section sets, generation, uncertainties, sensitivity studies, 
adjustment methods 

Based on evaluated nuclear data available from the data files mentioned above, 
the voluminous detailed information is condensed into 'group cross-section sets'. 
For this purpose the neutron energy scale is subdivided into a number of groups, 
using some appropriate weighting function to define properly averaged group 
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constants representative for mean values of corresponding energy-dependent 
quantities. Whereas for thermal reactors 2—4 groups are often sufficient for 
routine applications and 40—70 groups are used only in special circumstances, 
for fast reactors at least 25 groups are used to establish a basic set of group 
constants. For the analysis of critical experiments a reduction of the number of 
groups to about 10 may be adequate for most purposes, provided the corresponding 
neutron spectrum used for the group condensation is sufficiently well known. 
For design purposes and especially for series of burnup calculations the number 
of groups is usually reduced to about 4—6. However, if certain details of the 
(real or adjoint) neutron energy distribution have to be determined precisely, the 
number of groups may have to be increased considerably above 25, as mentioned 
below. 

The first data sets used for the analysis of fast and intermediate critical 
assemblies and for design studies of fast reactors were established by Hansen and 
Roach [IV-61 ] using 6 and 16 groups and by Yiftah, Okrent, Moldauer leading 
to the 16-group YOM-set [IV-62]. A few years later Bondarenko and co-workers 
in the USSR presented the ABBN-set [IV-63], The basic concept of this 26-group 
neutron data library, especially the treatment of resonance self-shielding effects, 
turned out to be very efficient so that it is currently used in all countries actively 
participating in the LMFBR development (see e.g. Ref. [IV-64]). In Europe three 
sets of group constants are currently widely used for the analysis of critical experi-
ments and nuclear reactor design: CARNAVAL-IV [IV-65], FGL5 [IV-66] and 
KFKINR [IV-67], 

If more than about 25 groups are needed for a detailed representation of the 
energy distribution the number of neutron groups may be increased to about 70 
as in Ref. [IV-68], 200-300 (VITAMIN-C [IV-69], VITAMIN-E [IV-70], 208 and 
275 group sets at KfK) or even to several thousands: MURAL (UK) [IV-71 ], 
RABBLE (USA) [IV-72], The code systems used to derive group cross-sections 
from the basic nuclear data are usually closely related to the data file used. They 
differ in details of the computations and the sophistication of the models that 
can be treated. 

The US codes available in the various laboratories for processing multigroup 
cross-sections were presented at a seminar workshop in 1978 [IV-73], Details of 
the systems MINX/SPHINX, AMPX, NJOY, and the chain ETOE-2/MC2-2/SDX 
may be found there, together with details of the VITAMIN library for neutron 
and gamma-ray group cross-sections. 

These US codes are mentioned because they are probably the best known 
in the world. Other modular code systems for the same purpose of generating 
group constants based on evaluated nuclear data files are, e.g. MIGROS-3 [IV-74] 
and FOURACES [IV-75], the latter permitting the use of different data files. 
Several other codes for processing nuclear data and generating group constants 
are available and applied throughout the world because each nation, actively 
pursuing an LMFBR development had to establish and handle such data. Usually 
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many nations followed their own paths so that parallel activities were launched. 
However, these seem to have become gradually more nearly unified by closer 
co-operation. 

At present several group cross-section sets are in use throughout the world. 
Often they were generated at national laboratories and then made available to 
other installations which may not have had cross-section averaging capability of 
their own. They are updated from time to time in accordance with improvements 
in the evaluated nuclear data files and the processing codes. References [IV-76, 
IV-77] merely illustrate the principal features and some applications that are 
typical also for many of the other group sets existing in various countries and 
laboratories. 

It may be interesting to compare the recommended nuclear data derived 
from different evaluated files. Usually it is found (in some kind of benchmark 
exercises or by individual efforts under certain aspects as, e.g. [IV-78]) that the 
existing deviations are quite significant and the still remaining discrepancies are 
not as small as seems desirable according to the target accuracy values (e.g. with 
respect to the breeding ratio) required as ultimate goals by reactor designers. 
With respect to the quality and reliability of group constant data and the corre-
sponding evaluated nuclear data the following comments (related, for example, to dis-
crepancies of up to about ± 10% observed in some groups for such important 
reactions as 238U capture or 239Pu fission which considerably influence significant 
characteristic nuclear parameters such as criticality and breeding ratio) taken from a 
recent comparison [IV-78] between ENDF/B-IV and ENDL/78 group constants 
may prevent unjustified expectations concerning an already existing or immediately 
approaching convergence of important evaluated nuclear data: "Since ENDF/ 
B-IV and ENDL/78 were elaborated during more or less the same period of time, 
similar experimental data should have been available at the time of both eva-
luations. Consequently one would expect a relative similarity between these two 
evaluations. It is really surprising to find so much difference between the cross-
sections of such nuclides as 235U, 238U and 239Pu, for which experimental data 
are the most abundant." This finding with respect to the accuracy and reliability 
of nuclear data should be followed up by the statement of Kujawski and 
Weisbin concerning group-constant generation given in Ref. [IV-85] p.145, namely 
that "multigroup cross-section preparation at this time is an art in the sense that 
it relies upon the expertise of the analyst to generate the multigroup constants 
by careful selection between different options and models." 

Recently efforts have been increasing to quantify the uncertainties of nuclear 
data and to specify them together with the corresponding correlations (e.g. if ratios 
are measured, that is if cross-sections are determined relative to a standard cross-
section) in computerized form. These error files are helpful to provide adequate 
input information for group cross-section adjustments. 

These adjustments are partly based on experience and are done in an intuitive 
manner. If sufficient, reliable information and computer capabilities are available, 
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such adjustments can be performed in a systematic way using appropriate schemes 
to reduce the deviations between measured and calculated integral parameters by 
modifying the group constants in a suitable manner within the given ranges of 
uncertainty. There exist different methods concerning the details of that adjust-
ment process, e.g. regarding the inclusion of knowledge about the reliability of 
differential or integral data, the mutual correlations (e.g. between group constants 
of various nuclides or between integral reaction rates), and the kind of proba-
bility distributions attributed to a nuclear constant within a prescribed range of 
possible changes (i.e. whether the probability of a certain value between the allowed 
minimum and maximum values is uniform or, e.g., peaked at some reference value). 

To appreciate the historical development in the field of nuclear data accuracy 
and the efforts undertaken to improve their reliability, some interesting comments 
may be found in Ref. [IV-79] concerning the situation in the early 1970s. They 
concern the accuracy of nuclear data, the implications of data uncertainties, and 
the role of integral experiments in data adjustments. Especially the more principal 
aspects of the last topic were developed, investigated and discussed intensively 
during that period of time. The improvement of the nuclear data basis for reactor 
calculations continues to be a challenging task demanding the utmost skill of 
experimenters and evaluators. However, the importance and attention given to 
data adjustments seem to have decreased. Currently most of the information 
deduced from integral experiments in critical assemblies is preferentially used to 
derive 'fudge' or 'bias' factors [IV-80] or is used in the form of bias operators 
[IV-81 ]. Such biasing techniques are applied upon transfer of the experience 
gained from the analysis of corresponding experiments to the design of power 
reactors. 

A comprehensive presentation of the various aspects of adjustment procedures 
and sensitivity and uncertainty analyses was given at the Oak Ridge seminar-
workshop in 1978. The corresponding documentation [IV-82] also includes 
discussions on the role of error files and covariance files. Establishing such files 
for a variety of nuclides requires considerable effort but it has to be done to 
establish a well-founded basis for a consistent and reliable application of com-
puterized adjustment methods and sensitivity studies. 

Applications of these rather elaborate methods are available, e.g., in 
Refs [IV-83, IV-84], Readers especially interested in the sensitivity and uncertainty 
analysis of reactor performance parameters are referred to the special volume 
(No. 14) of Advances in Nuclear Science and Technology [IV-85]. 

IV—2.3. CALCULATIONAL METHODS, CODES 

IV-2.3.1. Quantities to be calculated 

As already mentioned in subsection IV-2.1, the basic quantity to be deter-
mined in nuclear calculations is the stationary space-energy distribution of neutrons 
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within the reactor. For special classes of problems its time- and directional-
dependence is required too. Usually the most important quantity of interest is 
the criticality parameter or multiplication constant of an assembly, which charac-
terizes the ratio of the number of fission neutrons produced by successive 
generations of neutrons during the fission chain reaction process. In many cases 
a constant ratio equal to unity is desired, which means that the reactor is in the 
'critical condition'. The reactor may be brought to that condition from a sub-
critical state by a variety of means. They include: adding fissile material to 
previously empty places, increasing the fissile enrichment, removing absorber 
material or (sometimes) bringing fissile material closer together or reflector material 
closer to the core boundary. 

Because in power reactors or in critical assemblies resembling them in size 
and material composition the outer dimensions are in most cases large compared 
with the average mean free path of neutrons, it is for most applications sufficient 
and justified (see second paragraph of subsection IV-2.3.2) to use the diffusion 
approximation instead of applying the rigorous but more complicated transport 
equation (see subsection IV—2.3.3). Typical cases where the application of 
diffusion theory is advisable for LMFBR design and analysis work are calculations 
of the critical size or critical mass or the corresponding distribution of absorber 
material, which usually means determining the position of one or more absorber 
rods which can be moved in an axial direction within the core region. 

IV—2.3.2. Neutron balance equation 

The fundamental quantity of nuclear reactor physics, namely the space-
velocity distribution of neutrons n(r,v, ft), is determined as the solution of an 
integro-differential equation with boundary conditions. In honor of L. Boltzmann, 
who for the first time derived such an equation to deal with transport phenomena 
of movable particles, this equation, which is also applied in the kinetic theory of 
gases, is usually referred to as Boltzmann equation (see subsection IV—2.3.3). 
It is essentially governed by the contributions of various reaction rate densities 
resulting in a balance equation that takes into account the number of neutrons 
gained and lost according to the different processes such as fission, scattering, 
capture and leakage (i.e. spatial migration of neutrons leaving a certain volume 
region). For time-dependent problems additional contributions have to be 
considered: the space- and time-dependent concentrations of the precursors of 
delayed neutrons and of the material number densities, the partial derivatives 
with respect to time of the neutron number density and the precursor densities 
and sometimes also the time-dependent temperature of materials present in the 
reactor. For many practical applications the migration of neutrons may be 
described in an approximate manner. Under certain conditions an approximate 



1 7 6 CHAPTER IV 

relationship exists, often called Fick's law, stating that the net neutron current 
density 7 is proportional to the negative gradient of the neutron flux: 

î = -Dgrad <t> (IV-6) 

This leads to the 'diffusion approximation' of the original Boltzmann trans-
port equation (see subsection IV—2.3.3). The proportionality constant D in the 
above equation is named the diffusion constant or diffusion coefficient and is 
equal to (3 2 tr)_1. The exact definitions of D or the equivalent transport cross-
section Efr is probably not finally agreed upon (see, e.g., Refs [IV-86 to IV-88] 
concerning the suitability of Benoist's corrected diffusion coefficient). 
Thus, it seems that various more or less approximate formulae are used at various 
places for different kinds of problems. 

Because of its simplicity, the diffusion equation is very attractive for numerical 
solutions and is widely used. Apparently it is well suited to most practical needs. 
However, potential users should always be aware of the essential fact that the 
applicability of the diffusion approximation requires that the condition of a 
nearly isotropic distribution of the angular neutron flux is sufficiently well satis-
fied. This means that usually the application of the diffusion equation becomes 
questionable in the immediate neighbourhood of local neutron sources, external 
boundaries and internal interfaces between material regions with different nuclear 
properties. Depending on the neutron energy and the geometrical arrangement 
of the materials inside a reactor, the allowed range of application may also be 
restricted within strongly absorbing media (such as control rods or fuel pins -
mainly for slow neutrons) and within components (blankets, reflectors, 
shielding devices) surrounding the reactor core where one could expect that the 
neutrons (especially those with high energies) exhibit a pronounced preference 
for the outward flight direction which is not in accordance with the assumption 
of nearly uniform angular distribution of neutrons. 

In its most general form the Boltzmann equation is too complicated and 
cumbersome for the solution of the problems encountered in realistic applications. 
Only in some, usually artificially simplified, cases it is possible to derive closed-
form analytical solutions. For practical purposes one usually has to rely on 
numerical solutions of this balance equation. Some important methods will be 
discussed in the following sections. 

Before going on to further details it seems appropriate to mention the hetero-
geneity effect. This arises from the fact that the materials (fuel, coolant, steel, etc.) 
are not distributed homogeneously in a reactor but exhibit a twofold structured 
layout in an LMFBR, namely the pin lattice and the honeycomb-formed array 
of subassemblies (i.e. about 100—300 pins per subassembly; see Table VI—4) and 
more than about 600 subassemblies within the core region of a large LMFBR; 
see, e.g., Ref. [IV-89]). For fast reactors the heterogeneity effect is in general of 
minor importance compared with its significance for thermal or intermediate 
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reactors. This is essentially due to the fact that the dimensions of the substructures 
(e.g. the pin diameter of less than 1 cm) are small compared with the mean free path of 
fast neutrons of about 3 to 5 cm. However, the heterogeneity cannot be completely 
neglected. Therefore, the methods originally developed for thermal reactors to 
deal with this problem (e.g. Wigner-Seitz cell approximations (see 
subsection IV—2.3.5) for square or hexagonal lattices) are used in suitably 
modified versions for fast reactors. 

Special care has to be devoted to the determination of the anisotropic 
diffusion constants, especially for 'voided' conditions, i.e. for cases when sodium 
is removed or has been lost from individual subassemblies or larger parts of the 
core. Thus, neutron streaming along preferential flight paths in low-density 
channels becomes possible. Further aspects of the heterogeneity effect are 
discussed in subsection IV—2.3.5. 

In the following we deal only with a few, most important methods of solving 
the neutron balance equation. Readers particularly interested in this subject will 
find information in some of the textbooks listed as Refs [IV-5 to IV-21 ]. In 
addition, some review papers might also be of interest, e.g. Refs [IV-90, IV-91 ] 
which also provide useful references to preceding reviews, e.g. on collision 
probability and response matrix methods. One method not included here is 
the 'synthesis' method. Compared with fully three-dimensional methods it is 
very efficient with respect to calculation times and storage requirements, although 
its application may require some experience of the user since it cannot be used 
in all cases without some caution. The attention devoted to synthesis methods 
and their rank in practical applications for analyses of critical assemblies and for 
design purposes seems to be significantly influenced by the sophistication of the 
results desired, the calculational speed of the computers available at the various 
installations, and related cost and budget considerations (see also the discussion 
in subsection IV-4.2). Useful literature concerning synthesis methods may be 
found, e.g. in Refs [IV-92 to IV-96], 

IV—2.3.3. Usual and advanced mathematical methods of reactor physics 

I V—2.3.3.1. Diffusion theory 

The most customary approximation of the general neutron balance equation 
is the diffusion equation, which is the workhorse of reactor physicists designing 
power reactors and planning and analysing related experiments. To a large extent, 
these are performed in 'critical' assemblies. Two reasons are mainly responsible 
for the fact that the diffusion equation is used for the overwhelming majority of 
nuclear reactor calculations: (1) in the central part of the reactor, the reactor core, 
the application of the diffusion approximation (see subsection IV-2.3.2) is 
reasonably justified and sufficient for most purposes, (2) the diffusion equation 
is relatively simple; its properties and the appropriate methods to solve it have 
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long been well known. Although the diffusion equation was applied previously 
in other fields of theoretical physics, the numerical methods used to solve 
efficiently the neutron diffusion problems encountered in reactor physics had 
to be tailored to the properties of the parameters appearing in the equation and 
of the neutron distribution as a function of space, energy and time. 

For almost all realistic problems one has to rely on these numerical methods 
to obtain the desired solution in sufficient detail and with the required accuracy. 
Analytic treatments are usually not convenient from the computational point of 
view; their application is generally restricted to extremely simplified sample 
problems. This class of problems and the corresponding 'elementary' solutions 
may, however, be very useful for demonstrating intrinsic features of the problem 
and the methods applied to solve it or for the verification of the accuracy and 
reliability of numerical methods. 

The derivation of the diffusion equation may be found in many of the 
textbooks [IV-5 to IV-21 ]. Currently, effective algorithms used for its solution 
in computer codes are also available practically everywhere as almost general 
calculational tools. Therefore, it seems sufficient to present here only the equation 
itself in a slightly simplified form which is frequently used in corresponding 
computer programs for steady-state source-free problems: 

- V D g ( f ) V 0 g ( r ) + 2 r e m ; g (7)<Ag ( f ) 

- I 
1 

g'*g k e f f g'-l,G 
I 

(IV-7) 

where: g = 1 G characterizes the neutron energy groups, 0g is the neutron 
group flux in group g, i.e. the integral over the equivalent energy interval; D is 
the diffusion constant (see subsection IV—2.3.2); 2 r e m is the 'removal cross-
section' which describes the neutrons lost in the specific energy group due to 
absorption processes or scattering events where the scattered neutron(s) appears 
in an energy group different from that to which the incoming neutron belongs; 
£g'_>g is the 'scattering matrix', which describes the transfer of neutrons from 
energy group g' into energy group g; x characterizes the spectrum of fission 
neutrons (in principal it depends on the isotope undergoing fission and on the 
energy of the neutron that induces the fission (see, e.g., [IV-97]); furthermore 
a very refined treatment should also take into account that the spectra of prompt 
and delayed fission neutrons are different); is the fission cross-section; and 
v the total number of neutrons produced by the respective fission event. 

All quantities are assumed to represent appropriate averages or integrals 
over the respective energy group(s). k e f i is the effective criticality parameter or 
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multiplication factor, mentioned before, defined as the ratio of the number of 
fission neutrons in any one generation to the number of fission neutrons in the 
immediately preceding generation. 

At internal interfaces between regions with different material properties 
the following two continuity conditions for the neutron flux and the neutron 
current have to be satisfied: 

0 g ( l ) = 0 g ( 2 ) ( IV -8) 

Dg(l) grad0g(l) = Dg(2) grad0g(2) (IV-9) 

where the numbers in parentheses indicate the regions bordering on the interface. 
At external boundaries a relation of the following form is often used to 

specify the symmetry properties or to simulate the condition that no neutrons 
enter the considered reactor system from the outside: 

« 0 g + 0 D g - ^ = O ( IV -10 ) 

where 90/9n is the gradient of the flux in the direction of the outward directed 
unit vector perpendicular to the outer surface of the system; (a = 0, ß 0) requires 
that the neutron current vanishes, which means that the symmetry condition is 
valid at that surface; (a 0, ß = 0) leads to vanishing flux at the surface; (a # 0, 
ß = 2.13 a) is a very usual boundary condition often called the diffusion boundary 
condition or sometimes called the logarithmic boundary condition2, the factor 
2.13 = 3 (0.71) coming from the solution of a special Milne problem where the 
'extrapolation distance' is equal to 0.71 Atr, Xtr being the transport mean free 
path = l/Zfr (see, e.g., Ref. [IV-20]). 

Readers interested in a more detailed discussion of the validity of Fick's law 
and the related applicability of the diffusion approximation are referred to the 
textbooks (e.g. Chapter 5 in Ref. [IV-15]). 

The methods and codes applied to solve the three-dimensional multigroup 
diffusion equation are well established. Most of the codes used for LMBFR 
analyses are based on the finite difference equation, although very efficient 
diffusion codes also exist, using other kinds of solutions such as finite element, 
coarse mesh and nodal methods. Useful comments on the state of the art and 

2 The name comes from the fact that in this case the above boundary condition can 
be written in the form 9/3n(ln0) = - 1 / d , where the extrapolation distance d = 2.13 D is also 
referred to as the reciprocal logarithmic derivative. 
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related references are given in the contribution of Kujawsi and Weisbin to 
Ref. [IV-85], especially p. 108. It seems worth while to note that on the basis of a 
comparison exercise carried out by the Large Core Code Evaluation Working 
Group (LCCEWG) for a homogeneous LMFBR design it is stated (Ref. [IV-85] 
p. 109): "As one would expect, these finite-difference diffusion theory codes 
were found to be in substantial agreement. The differences were primarily in 
efficiency and user options." Therefore, it seems that at present the method's 
uncertainties in this field are sufficiently small for practical design needs, so that 
the important contributions to the overall uncertainty of predicted design para-
meters stem from inaccuracies of nuclear data and from corrections which are 
frequently applied to improve the results based on the diffusion approximation 
(examples being the transport, heterogeneity, anisotropy, and streaming 
correction). A good survey of advanced solution strategies and of codes existing 
and in use since 1983 can be obtained from Ref. [IV-98], 

IV— 2.3.3.2. Transport theory 

A comprehensive review of neutron transport approximations has been 
published recently by Sanchez and McCormick [IV-99]. In this reference readers 
will find considerable information on the derivation of various equations and the 
basic numerical approximations and, in addition, an up to date list of references 
to relevant conference proceedings. Here it is not possible to mention even all of 
the existing methods, so the classical spherical harmonics (P^) and the singular 
eigenfunction methods will not be described and mention can only be made of the 
names Wiener-Hopf, response-matrix, and transmission-matrix techniques. 
Reference [IV-99] also mentions the JN method, originally developed by Asaoka 
et al., now more commonly known as the integral transform (ITN) method, and 
the CN and FN methods, to which French scientists made significant contributions. 
A separate critical review [IV-100] of the method of characteristics appeared 
recently and recent work on a hybrid method that combines the point-to-point 
characteristic method with the diamond difference approximation has been 
developed by Filippone et al. [IV-101], The numerical analysis of the transport 
equation is the subject of Ref. [IV-102], while the properties of the eigenvalues 
of the Boltzmann operator are studied in Ref. [IV-103], 

From what has been said in subsection IV-2.3.2 concerning the applicability 
of the diffusion approximation it is obvious that in some cases this approximation 
may be too crude, especially if a pronounced angular dependence of the neutron 
distribution exists in some region of a reactor. Under these circumstances more 
refined treatments are necessary. They are usually summarized by the collective 
name transport methods, which are applied in various forms to solve the transport 
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equation, given as an integro-differential equation (for some purposes the 
equivalent integral equation is more suitable): 

s S v ^ t f E, Ü) + 2 t(r, E) *(r, E, S ) 

oo 4 n 

= J dE' J dñ '2 s (? ,E '^E,ñ ' ->ñ) í ' (? ,E , , í Í ' ) 

0 0 

oo 4 n 

+ —— x(?, E) / dE' / dSÎpSfÎÎE'.SÎ' îtf&E'.SÎ) (IV-11) 
keff J J 

0 0 

where is the flight direction of the neutron, ^ is the angular dependent neutron 
flux density, 2 t is the total cross-section and 2 -•£2) the differential 
scattering cross-section. The other notations are similar to those used in the 
preceding subsection IV-2.3.3.1 on diffusion theory. 

Frequently an expansion in a series of Legendre polynomials is used for the 
transfer matrix 2S. Quite often only the first moment is retained, leading to the 
'transport approximation' of the transfer matrix, which is in general equivalent 
to the assumption of an isotropic scattering. The treatment of anisotropic 
scattering in numerical neutron transport theory has been extensively discussed, 
e.g., by Brockmann [IV-104]. 

One famous, particular kind of transport method 
is the SN method. It 

consists in a discretization3 of the angular variable, where special angular directions 
(and corresponding integration weights) are chosen as discrete ordinates for the 
angular integration. The most commonly used differencing scheme is the 'diamond 
difference' approximation; this has the advantage of simplicity and is easily 
adaptable to all geometries. 

3 The expression 'discretization' means that the range of a variable is subdivided into 
a finite number of pieces, segments or intervals, which may have different lengths or sizes. 
In the case of the angular dependence, e.g., the cosine /U of the angle between the flight 
direction of the neutron and the axis of the co-ordinate system in slab geometry, which is 
restricted to the domain —1 </Lt<+l, is divided in the Sj^ method into an even number, N, 
of angular intervals. All neutrons belonging to such a segment of the angular distribution 
are attributed to one appropriately specified discrete angular direction. In the related 
mathematical and numerical treatments the behaviour of the neutrons in a chosen direction 
is considered to be (on average) representative of that of all neutrons present in the corre-
sponding segment. In a similar way, the energy and space variables are usually discretized to 
be able to apply efficient mathematical algorithms and numerical techniques when establishing 
computer codes for solving the neutron transport equation or the approximations to it. 
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Usually one tries to keep the number of angular directions, N, fairly small, 
e.g. equal to 4 or 8, so that the computer processing times remain reasonably short. 
Ambiguities usually left to the user of such SN codes is (i) the proper choice of 
the number N; and, if possible, (ii) the proper specification of suitable directions. 

For one-dimensional problems (e.g. in plane geometry) it is easy to see that 
in some cases it might be favourable to concentrate the angular mesh grid in the 
forward direction, i.e. parallel to the co-ordinate axis (e.g. for shielding problems), 
whereas in other cases it might be more advantageous to concentrate it in the 
direction perpendicular to the co-ordinate axis (e.g. if different layers in cell 
problems have to be considered). This S^ method, introduced by Carlson, is now 
generally used (see, e.g., Ref. [IV-105]). A number of scientists contributed to 
its development, one of the most prominent probably being Lathrop [IV-106], 
He and his co-workers at Los Alamos, as well as the Oak Ridge group, have established 
quite powerful codes such as ONETRAN, TWOTRAN, ANISN, DOT. They can 
currently be considered as very suitable, general purpose SN codes for one- and 
two-dimensional problems. However, the state of the transport codes is generally 
less satisfactory than that of the diffusion codes. Some essential improvements, 
mainly with respect to calculational efficiency and reliability of the numerical 
results, are still desirable in order to provide eventually a fool-proof tool for 
practical design applications. One difficulty appearing in two- or three-
dimensional SN calculations is the 'ray effect', which is associated with the finite 
number of angular directions and space points (or more generally of volume 
elements of the phase domain). Although this problem has been known for a 
long time [IV-107], and several proposals have been suggested to improve the 
situation (see, e.g., Ref. [IV-108]), there seems to be no general procedure at 
hand that precludes the occurrence of the ray effect in all cases. The persistency 
of this difficulty even for two-dimensional problems indicates that major 
precautions are necessary, but probably difficult to devise, to ameliorate the 
adverse influence of the ray effect on the calculated neutron distribution for 
three-dimensional problems. The development of a general purpose three-
dimensional transport code in (x,y,z), (hexagonal, z), or (triangular, z) geometry 
is one of the big remaining challenges in the field of reactor physics and mathe-
matics. Although a few test versions are available for special purposes, codes for 
routine applications in production runs will probably have to await the large-scale 
use of a new generation of computers, 'vector' computers, with extremely short 
execution times for a sequence of arithmetic operations. 

Another, completely different kind of transport method is called the integral 
transport theory. Unlike the S^ theory which starts from the differential form 
of the transport equation (and then uses some discretization scheme), this starts 
from the integral form of the transport equation (and then frequently uses 
analytical integration methods). One of these methods, which is widely used for 
cell problems, is called collision probability method. Generally speaking, in this 
method one follows the flight paths of neutrons and determines the probabilities, 
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Pü and Pjj, that a neutron born or travelling in region i of a cell will have its next 
collision either in the same region i or in some other region j^i, respectively. 
Evidently some reciprocity and addition relationships for the Py exist which can 
be used to facilitate the numerical calculations and to conserve the neutron 
balance. As a result of analytical integrations, this method avoids the difficulties 
frequently encountered in S^ methods (e.g. for accurately determining the spatial 
derivative or accurately integrating a function with a complicated, nearly singular 
behaviour). For simple geometries calculation of the probabilities Pü and P¡j is 
not too complicated (usually leading to exponential integrals, Bickley functions 
and associated functions). Therefore, analytical expressions and approximations 
are available for these collision probabilities. When deriving and applying them 
care has to be taken that certain reciprocity and balance relations are fulfilled. 
A good general view of codes based on collision probability methods and integral 
transport methods can be obtained from the proceedings of the Bologna and 
Lugano meetings [IV-109, IV-110]. 

Some restrictions, which sometimes may render difficult the application 
of collision probability methods, are induced by the facts that (i) closed analytical 
integrations may not be possible for complicated geometrical arrangements, and 
(ii) some compromise has to be reached regarding the starting distribution of 
neutrons. The latter problem can be illustrated by two alternatives: (a) use 
of a flat source distribution, within a fairly small volume element, which leads 
to simple expressions for the collision probabilities but may require a fine sub-
division into many volume elements to come to an acceptably detailed spatial 
resolution; (b) use of a fairly coarse subdivision into a few, fairly large volume 
elements but requiring improved approximations (i.e. linear or quadratic shapes) 
for the source distribution within a volume element, which may lead to compli-
cated expressions for the corresponding collision probabilities for the linear and 
quadratic terms. The optimum choice between these possibilities may be problem-
dependent and may also be, or at least might have been, influenced by the 
capabilities of the available computer (i.e. storage requirements and processing 
times). 

The Monte Carlo method is in principle the theoretical method for determining 
the neutron distribution that is closest to reality because it imitates the physical 
processes occurring in a reactor. The basic concept is to start a sufficient number 
of random neutrons and to follow their history until they disappear either by 
leakage from the system or by an absorption process. Other nuclear reactions such 
as elastic or inelastic scattering and neutron-producing processes such as (n,2n)-
and fission reactions also influence the fate of the neutron on its 'walk' through 
the reactor. In this way their history from birth to death is governed by the 
probabilities attributed to certain types of reactions or events, thus resembling 
some kind of gambling, which led to the name given to this method. Several 
special calculational procedures, e.g. Russian roulette, Monte Carlo and KENO, 
have been named after gambling terms. 
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As is evident, one just has to count what happens to these neutrons to be 
able to predict the neutron distribution and the nuclear properties of a reactor. 
Although this seems to be easy at first glance, it may be rather difficult to perform 
in practice. The main problem results from the difficulty of having a sufficiently 
large number of representative histories that are relevant for the quantity to be 
determined, e.g. that contribute to the reading of a fission chamber placed at the 
periphery of a reactor. Special efforts are frequently necessary to improve the 
statistical accuracy. Very often the appropriate means, which may be considered 
as some kind of fine-tuning, has to be tailored to the specific purpose under 
consideration (e.g. the neutron intensity at the outer surface of some ducts or the 
reaction rates in some probes irradiated at specified positions within the reactor). 
This indicates that the use pf Monte Carlo codes may require a lot of user experience 
to choose and direct a suitable calculational path and to interpret the results in an 
appropriate manner. 

A pronounced advantage of the Monte Carlo codes results from the fact that 
complicated geometrical structures can be dealt with fairly easily. However, 
allowing general shapes of the interfaces between regions of different material 
properties means at the same time that it may become difficult and time-consuming 
to fix the position of the next collision of a neutron that had crossed such a curved 
interface. 

Some well-known Monte Carlo codes are, e.g., KENO [IV-111 ], MORSE 
[IV-112], VIM [IV-113], and MCNP [IV-114], The use of results based on 
Monte Carlo calculations to verify the accuracy of less expensive, approximate 
methods is well established in the literature (see Refs [IV-115, IV-116]). On the 
other hand, examples [IV-117] also exist that illustrate the difficulty of tracing 
back the origin of surprisingly large discrepancies observed between the results 
obtained from two different calculational tools both of which are considered to 
be of outstanding reliability. Examples are the SDX-MC2 scheme and the 
Monte Carlo Code VIM, both developed at the Argonne National Laboratory 
and both relying on the same nuclear data bases. It has been observed (see 
Refs [IV-118 to IV-120]) that the eigenvalue determined by the first scheme 
was about 0.0055 (or slightly more than two standard deviations) higher than 
the corresponding VIM result. Without diminishing the value of Monte Carlo 
codes, one has to be aware that their application may not always be as easy and 
straightforward as could be imagined from the underlying basic ideas and the 
calculational principles adopted. 

IV—2.3.3.3. Coarse mesh, finite element, nodal methods 

Because of the very large number of unknowns required to achieve an 
acceptable level of accuracy, it may become extremely expensive to determine 
the global neutron energy distribution in a reactor by traditional finite difference 
techniques. Hence there is a strong motivation to develop coarse mesh methods 
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that can produce accurate results when applied to meshes corresponding to the 
dimensions of the homogenized fuel assemblies. A theoretical foundation for 
these methods was given in 1967 by Fröhlich [IV-121 ]. There are different approaches 
to arrive at a numerically efficient coarse mesh code. A review of modern methods 
has been presented by Doming [IV-122]. The nodal Green's function method, 
which evolved from the previously developed partial current balance method, 
is described in Ref. [IV-123]. Useful references can also be found there to similar 
developments, for instance to that of Wagner and co-workers [IV-124]. 

Finite element methods, a relatively new technique for obtaining approximate 
solutions to integral or differential equations, was originated by structural engineers. 
They used piecewise polynomial expansion functions for approximation, in con-
junction with a Rayleigh-Ritz-Galerkin scheme, to generate algebraic equations 
for the expansion coefficients. The review by Hansen and Kang [IV-125] indicates 
(a) the interrelation of these methods with the area of interpolation of functions 
and of approximation methods, (b) the importance of orthogonal sets of inter-
polation polynomials, and (c) the particular merit that discontinuities in the 
function being interpolated, or its derivatives, can be treated in a natural, simple 
manner. The methods are attractive because: (1 ) they can be used for problems 
with complex properties and/or geometries, describing complicated configurations; 
(2) they are very accurate, so that relatively few unknowns are needed to generate 
quite accurate solutions; and (3) the resulting system of equations is amenable 
to solution on a computer without excessive numerical difficulties. For those 
interested in details Vol.8 of Annals of Nuclear Energy (1981) contains several 
useful contributions dealing with finite-element approximations. From the 
practical point of view very important unique assets of these methods are (i) the 
possibility to derive pointwise error bounds on the approximate solution, and 
(ii) the high order of the errors, allowing the use of relatively coarse meshes to 
generate fairly accurate solutions. 

With respect to practical routine applications, two aspects should be kept 
in mind: (1) some of the methods allow great flexibility in the representation 
of the geometric structure, e.g. regarding the shape of elements or nodes, which 
is desirable especially for the analyses of distorted core configurations in the 
framework of safety studies; and (ii) the methods are usually tailored to handle 
fairly large elements or nodes with constant material properties but in some 
cases the necessary preceding homogenization procedure may not be suitable 
for the problem to be solved, e.g. if the space-dependent concentrations of fuel 
isotopes, burnable poisons and fission products are of special interest and 
importance. Coarse mesh and finite element methods are still being developed 
to improve their accuracy and efficiency. Valuable contributions to recent progress 
and to the actual state of the art may be found in the proceedings of the regular 
international topical meetings on advances in mathematical methods for the 
solution of nuclear engineering problems (see Ref. [IV-126] and the previous 
meetings). 
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IV—2.3.4. Neutron importance, perturbation formalism 

For most problems encountered in reactor physics it is sufficient to know 
the distribution of neutrons as a function of time, space, energy and flight direction. 
The distribution is obtained as a solution of Boltzmann's neutron balance equation 
or of an approximation to that equation (see subsection IV-2.3.2). This solution, 
which describes real neutron number densities, is called the real or direct solution, 
or the solution of the real or direct problem. The solution of a related problem, 
which is in a mathematical sense adjoint to the real problem, is called the adjoint 
solution. For some problems of reactor physics this adjoint distribution is quite 
useful. Most of these problems are related to detector response functions or 
determination of detector efficiencies, because the adjoint distribution describes 
the importance of neutrons for detector readings. Therefore, it is often labelled 
as the importance function or simply the neutron importance. For a more detailed 
description of the physical meaning of the importance function see the compre-
hensive monograph of Lewins [IV-127]. 

Other important applications of the adjoint solution, besides its primary use 
in the field of detector efficiencies, are in perturbation calculations and in sensi-
tivity studies. For time-dependent problems not only the importance of neutrons 
but also the importance of the precursor nuclides has to be considered (see 
Ref. [IV-128]). For burnup calculations and their extensions to include the 
determination of the fuel doubling time or equivalent quantities relevant to long-
term LMFBR strategies, e.g. the transitory and asymptotic growth rate, some 
generalized adjoint functions may be applied (see Ref. [IV-39, IV-129] and the 
references given there) such as the fuel importance for breeding. 

The concept of perturbation theory is well established in reactor physics 
and in many other fields of engineering and mathematics so that it is not necessary 
here to explain its fundamentals. Moreover, they are described in sufficient detail 
in several well-known textbooks; recent developments may be found in 
Ref. [IV-130]. A probably little-known reference [IV-131 ], showing in a fairly 
clear manner the connection between reactor physics problems and their formu-
lation in mathematical terms, may provide a good introduction for those interested 
in a deeper insight into the field of perturbation theory. 

The basic idea of classical perturbation theory is that if the neutron distribution 
and in addition the neutron importance are known in every volume element of the 
phase domain then it is fairly easy to determine the influence of a considered 
perturbation of the reactor configuration (e.g. by adding a small amount of absorber 
material) in an approximate manner as long as the perturbations are fairly small. 
(In the above example the extra neutrons that are lost in additional absorption 
processes are counted according to their importance in maintaining the chain 
reaction process.) This traditional kind of application of perturbation theory 
consists in evaluating reactivity effects (sometimes also labelled as material worths 
or as danger coefficients). Two significant examples which are extremely 
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important in the framework of stable operation and safety analysis of fast reactors, 
namely the sodium-void effect and the Doppler effect, are explained in 
subsection IV—2.3.8. 

Finally it should be mentioned that besides the classical use of perturbation 
formalism, extended possibilities exist for the treatment of a wide class of similar, 
slightly more challenging problems which may be solved by the 'generalized' 
perturbation theory. This method was probably introduced to reactor physics 
for the first time by Usachev [IV-132]. Later on it was further developed by 
Gandini and co-workers (see Refs [IV-129 and IV-133 to IV-135] and the refer-
ences given in these publications) for steady-state, time-dependent, linear, and 
non-linear problems. 

The quantity determined by perturbation calculations is very often related 
to the reactivity effect caused by introducing a small amount of foreign material 
into the reactor. It is often called the 'danger coefficient' because any change 
of the material composition of the reactor (e.g. adding fissile material or removing 
absorber material) brings about a certain potential to lead to a situation that may 
become dangerous for the stable operation of the reactor. This coefficient, which 
is defined as the change in reactivity of the system per gram (or sometimes per 
mole or per cubic centimetre) of material, is a function of the location of the 
material in question. If this material is not brought to a previously empty region, 
the reactivity contribution of the displaced material has to be considered too 
(e.g. if sodium takes the place of an absorber rod or vice versa). Because of the 
space dependence of the real and adjoint neutron fluxes, any relocation of material 
also usually leads to a reactivity change, even if the global overall composition of 
the reactor remains unchanged. 

Reactivity effects are of extraordinary importance for the operational stability 
and the safety of an LMFBR, as discussed in subsection IV—2.3.8. The axial and 
radial expansion coefficients, which are quite important too, will not be dealt 
with explicitly here, since their behaviour is similar to that in LWRs. It may only 
be worth while to mention that the type of fuel, i.e. metallic or ceramic, may 
have a significant influence, as subsequently indicated when discussing the Doppler 
effect. 

IV—2.3.5. Corrections and special treatments 

I V—2.3.5.1. Heterogeneity 

In addition to its importance for the usually anisotropic diffusion constant 
mentioned in subsection IV-2.3.2, the heterogeneity effect in a fast reactor is 
also significant for the 'microstructure' of the neutron flux distribution. This 
microstructure appears as approximately periodic 'wiggles' within the global flux 
shape, which can be considered as the macrodistribution, thus allowing a 
separation of variables such that the total spatial distribution can be represented 
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as a product of an overall, weakly space-dependent function and a periodic function 
with small amplitude variations within the range of a Wigner-Seitz cell (usually of 
the order of 1 - 5 cm). A discussion of the Wigner-Seitz cell concept is given in 
Ref. [IV-136] together with a simple calculational method, and in Chapter 11 
(Figs 11-3 and 11-4) of Ref. [IV-15] with respect to typical lattice arrays and the 
corresponding equivalent cylindrical cells. Gelbard has discussed the aspects of 
heterogeneity effects in neutron transport computations in Ref. [IV-137]. 

Taking into account the microdistribution of the neutron flux (which in 
many cases requires a sophisticated treatment of its energy dependence, e.g. by 
using hundreds or thousands of energy groups), the material constants valid for a cell 
region and subsequently used in multidimensional calculations for the whole reator 
are derived by some kind of homogenization procedure. Therefore, the average 
material constants of a certain region are not only dependent on the average 
concentrations of the materials present in that region but also on their geometric 
arrangement within that region (heterogeneity effect). Simply speaking, similar 
to the situation in thermal reactors this effect is caused by the fact that, compared 
with the cell averaged values, the flux of fast (high-energy) neutrons is high and 
the flux of slow (low-energy) neutrons is low in the fuel regions and the opposite 
tendency is valid for the regions of structural material and coolant. 

Usually, cell calculations are done for one-dimensional geometry only (i.e. 
plane or cylindrical geometry for the plate or pin arrangements used in fast critical 
assemblies or fast power reactors). If collision probability methods are used, it is 
in most codes possible to use a square or hexagonal boundary, but in any case 
this requires a transformation of the three-dimensional configuration into an 
equivalent simplified one-dimensional model. This procedure is handled in different 
ways at various laboratories. It seems that at present no generally accepted best 
prescription exists, although considerable efforts are being devoted to that problem 
(see, e.g., Ref. [IV-138] and the references given there, and Ref. [IV-139]). The 
main difficulty comes from appropriately treating empty regions (e.g. voids due 
to loss or removal of coolant material) and the structural material of the drawer 
or matrix tubes in critical assemblies or of the wrapper tubes in power reactor 
subassemblies. From the neutron physics point of view the difficulty is related 
to the problem that the leakage probability and the resonance self-shielding should 
be approximately conserved upon the transition from the real configuration to 
the one-dimensional model. Thus one has to try to derive suitable direction-
dependent (i.e. anisotropic) diffusion coefficients and average reaction rates from 
the one-dimensional model that are in good agreement with those that would be 
obtained for the true three-dimensional arrangement. Therefore, one has to be 
aware that usually the homogenization procedure consists of two steps (and the 
related heterogeneity effect is composed of two contributions): (1 ) the transition 
from the real three-dimensional arrangement to a one-dimensional equivalent cell 
model, (2) the determination of averaged cell parameters to be used subsequently 
for global reactor configurations. 



REACTOR PHYSICS AND CORE 1 8 9 

As an immediate consequence of this heterogeneity effect, the average material 
constants are generally different if a plate- or a pin-cell is involved in the homoge-
nization process, even if the average concentrations of the constituents completely 
agree. This is of relevance for the interpretation of experiments in critical 
assemblies (mostly built as plate arrangements with a usually more pronounced 
heterogeneity effect) and the possibility to apply the results and transfer the 
conclusions obtained during the analysis of these experiments to the accurate and 
reliable prediction of the nuclear characteristics of designed LMFBRs (built of 
pin arrangements within hexagonally shaped wrappers with a less pronounced 
heterogeneity effect of the order of a few hundred pern (see subsection IV—2.1.4) 
or roughly about 1 $), which is the final goal of efforts in this field. 

In the few cases of pin arrangements realized in critical assemblies the observed 
agreement in the analysis of corresponding pin and plate configurations was not 
as close as expected and as would be desirable. This difficulty has long been known 
as pin-plate discrepancy (see Ref. [IV-140]). According to the recent evaluations 
of ZEBRA experiments performed partly within the joint UK-Federal German 
BIZET programme, this difficulty is not yet resolved but still seems to exist. No 
simple explanation for the considerable magnitude of the discrepancy seems to 
be at hand. Some useful comments concerning the heterogeneity effects and 
the methods of dealing with them may also be found in the corresponding chapter 
of the review paper of Kiefhaber [IV-79] referring to the state of the art before 
about 1975. 

IV—2.3.5.2. Neutron streaming 

Neutron streaming occurs when channels, slits or ducts that are empty or 
filled with low density material allow some neutrons with appropriate flight 
directions to travel for fairly long distances with a minor chance of suffering a 
collision. The importance of streaming comes from two facts: compared with 
an equivalent homogeneous arrangement (i) more neutrons have a chance to leak 
out of regions with high neutron density, thereby reducing the average neutron 
density in that region (and usually also the criticality of the system under con-
sideration); and (ii) more neutrons will appear at the periphery of the reactor, 
thereby increasing the neutron density at some places at the external surface 
of such channels. 

Neutron streaming is desirable if one aims at high neutron intensities at the 
outside of experimental facilities designed to offer opportunities for measure-
ments using a strong neutron beam. Usually in fast reactors designed mainly for 
power production neutron streaming is undesirable because the neutrons leaking 
from the fissile regions can no longer support the chain reaction. On the other 
hand, they pose additional problems because the surroundings of the exit of 
streaming channels has to be protected by additional shielding against neutrons 
passing through such channels. 
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The preferential streaming paths within a fast reactor represent a special 
kind of heterogeneity of the arrangement and usually are analysed with calulational 
methods derived to treat heterogeneity effects. Besides that general comment it 
might be useful to mention explicitly some publications [IV-141 to IV-144] 
concerning the problem of neutron streaming in channels filled with material of 
high transparency for neutrons. 

Such cases may occur in the follower region of an absorber rod or in cells 
encountered in a gas-cooled fast reactor or in an LMFBR if the coolant is removed 
or expelled from the subassembly. As may_.be seen from the references cited, a 
completely rigorous treatment is not of primary interest. Sufficiently accurate 
approximations are considered to be acceptable, especially if they permit the use 
of diffusion theory even in this case where the high anisotropy of the neutron 
angular distribution seems to preclude its application. One may also run into 
difficulties when using transport theory since the assumption of isotropy of the 
group cross-sections may be too crude in some situations so that at least in 
principle direction-dependent group cross-sections should be applied. This option, 
however, is usually not foreseen in standard transport codes. 

IV—2.3.6. Burnup, fission products, transactinides 

Like the neutron density and the neutron flux, the isotopic concentrations 
of materials in a reactor are governed by a balance equation between production 
and loss, taking into account the appropriate reaction processes and the radio-
active decay processes. (For special purposes reloading, refilling or extracting 
procedures, e.g. for corrosion products in cold traps, have also to be taken into 
account in addition to the purely nuclear processes.) The solution of the resulting 
set of coupled ordinary differential equations determines the space- and time-
dependent concentration of each isotope. Elementary analytical solutions are 
usually only possible for sufficiently simplified problems. For most practical 
applications digital computer programs are used which are established on the basis 
of well-known algorithms for the solution of this type of equation. A well-known 
code for the calculation of isotope generation and depletion is, e.g., ORIGEN 
[IV-145] and the corresponding improved versions [IV-146, IV-147]. 

For burnup calculations it is often convenient to assume that the flux is 
constant during a certain period of time, so that the neutron balance equation 
has not to be solved simultaneously with the essential burnup equations governing 
the isotopic concentrations. These equations can in a formal way be simply 
written as dX(t)/dt = AX(t), where X characterizes the concentrations of the 
isotopes and A is a transition matrix that contains the coefficients for the pro-
duction and destruction processes. More advanced formulations may be found, 
e.g., in Refs [IV-133, IV-134], 

One special aspect of considerable importance for thermal reactors can be 
completely neglected for fast reactors: the 'xenon oscillations', which are due 
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to the production, decay and consumption of iodine and xenon as a function 
of time and position within the reactor core. The reason is that in a fast reactor 
there are not enough low-energy neutrons so that the neutron balance is not 
noticeably influenced even if the concentration of xenon (with its remarkably 
large absorption cross-section for thermal neutrons) undergoes considerable 
variations caused by the decay of iodine and the burnout and decay of xenon 
(more precisely, of isotopes 135I and 135Xe). 

Apart from the possible coupling of the essential burnup equations with the 
neutron balance equation, the complexity of burnup calculations depends on the 
details of the decay schemes that are or have to be taken into account: for short 
decay chains the solution is usually easy and straightforward, for complicated 
decay schemes (which may even exhibit cyclic transition structures) the solution 
process may become more difficult so that sophisticated methods have to be 
adopted to obtain a reliable solution within a reasonable amount of time. 

Taking into account such cycles in burnup codes may complicate the calcu-
lational procedure and increase the computing time, although it usually may not 
be mandatory to consider them for most practical applications because of the 
small effects and changes in nuclide concentrations induced by them. For fission 
products the usual cycle includes the following chain of processes: (n,2n); 
j3+; (n,7); ß~; as can be seen, e.g., in Fig.IV-8(a). 

The relevance of the process is primarily determined by the ratio of the 
average cross-sections (ön2nl°n,y)- In that respect the example in Fig. IV-8(b) 
for a not completely closed cycle starting from '"Pm may be more significant. 

The example of the cycles starting from 103 Rh should illustrate the some-
times complicated nuclear processes involved in such transitions (Fig. IV-8(c)). 

The last example (Fig. IV-8(d)) characterizes a typical cyclic transition for 
transuranic nuclides. 

In thermal reactors changes of the reactivity balance due to fission products 
are mainly caused by a fairly small number of fission product isotopes such as 
135Xe and 149Sm with relatively high thermal absorption cross-sections. In the 
fast neutron energy range the absorption cross-section of the various fission 
product isotopes is smaller than in the low energy range (similar to the general 
tendency observed for the absorption cross-section of other isotopes and elements) 
and the differences between various isotopes are less pronounced. Thus, there 
are not just a few isotopes that have to be considered in detail because of their 
dominating influence but as far as possible the contribution of all fission product 
isotopes has to be taken into account. As a consequence the fission product 
cross-section libraries needed for fast reactors comprise a large number of isotopes. 
In many cases only scarce experimental information is available (complications 
arising, e.g., by radiation problems and radioactive decay) so that the evaluator of 
nuclear data has to rely to a considerable extent on nuclear systematics and nuclear 
model calculations to derive reasonable nuclear data for the fission product 
isotopes. 
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FIG.IV-8. Cyclic transitions during irradiation and decay of fission products and heavy 
isotopes; the meaning of the arrow symbols is the same as in Fig. IV-4 (Source: KfK). 

In fast reactors the absorption process in one special fission product isotope 
often leads to another isotope with about the same absorption cross-section, so 
that the effective total absorption cross-section remains nearly unchanged upon 
this transition. This fact facilitates the burnup calculations for fast reactors over 
those for thermal reactors where the concentrations of the dominating fission 
product isotopes have to be determined carefully as a function of space and time, 
and burnout and saturation effects have to be taken into account explicitly. For 
design purposes and for burnup calculations aiming at the global reactivity balance 
of a fast reactor during nominal power production it is often sufficient to use only 
one (or at most a very few) 'pseudo-fission product(s)' to describe the reactivity 
influence of all fission products. Sometimes the assumption that the concentration 
of fission products is proportional to the neutron fluence, the time-integral of the 
neutron flux (often labelled as nvt, i.e. the product of the neutron density, the 
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neutron velocity and the effective irradiation time), may be too crude. In such 
cases it may not be accurate enough to use the approximation that the effective 
cross-sections of a pseudo-fission product pair (assumed to be produced by 1 fission) 
remain constant during irradiation. The effect of the time-dependence of fission 
product cross-sections has, e.g., been discussed in Ref. [IV-148]. As a practical 
approach the effective cross-sections of the representative fission-product pair can 
be determined by more refined burnup calculations (for a certain reactor type, 
taking into account the burning and transition of isotopes) and may be tabulated 
as a (nearly linear) function of the fluence or the irradiation time (see, e.g., 
Ref. [IV-149]). For studies related to the partitioning and transmutation of waste 
actinides (see Ref. [IV-150]) in thermal reactors it was convenient to combine the 
fission products into five groups: 13sXe, 149Sm, rapidly saturating fission products, 
slowly saturating fission products and non-saturating fission products. 

The fission process and the interactions of neutrons with fuel, coolant, 
structural and absorber material contained in a reactor generate radioactive fission 
products, radioactive irradiation products (even those stemming from undesired 
impurities) (see Ref. [IV-151 ]) and higher actinides. Fission products such as tritium, 
krypton and xenon appear in gaseous form, as do helium or tritium produced by 
neutron absorptions in boron, which is commonly used as a neutron poison in 
control and shutdown rods. Iodine and caesium are highly volatile and in addition 
may undergo chemical reactions. 

The determination of their concentrations essentially requires knowledge 
about the activation cross-sections and the yields attributed to the fission process 
(the corresponding famous double-humped curve depends on the energy of the 
neutron inducing the fission process and the kind of isotope undergoing fission). 
The time-dependence of the concentrations and related activities (due to disinte-
grations) can be calculated on the basis of the decay schemes and the associated 
half-lives. A large amount of data is already available, the IAEA encouraging the 
publication and supporting the collection of material in this field. 

The bulk of the fission products disintegrate relatively quickly, i.e. within 
a time-span of 100-500 years. The actinides, however, are rather long lived (of 
the order of several thousand years or even more). Therefore, the 'hazard index' 
of spent fuel or of stored nuclear waste with high radioactivity depends within 
the first time period essentially on the concentrations of the enclosed fission 
products, whereas the long-term behaviour is dominated by the concentrations 
of the actinides. This is an additional reason to try to keep the losses of plutonium 
during reprocessing as low as possible. 

When dealing with the effects of actinides and especially of transactinides 
produced in power reactors, several aspects have to be considered: the concen-
tration, the radioactivity, the thermal power due to radiation and disintegrations, 
the emission of neutrons (by spontaneous fissions) and of a-particles and the 
hazard index. For more details the reader is referred to corresponding studies 
(e.g., Ref. [IV-152]), which provide more information on this subject. 
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IV—2.3.7. In-core fuel management 

After some years' residence time in a power reactor spent fuel elements have 
to be replaced. Whereas in a thermal reactor this is primarily caused by the decrease 
of the fuel enrichment, i.e. the reduction of the concentration of fissile nuclei, 
in fast reactors this is mainly due to the severe radiation damage suffered by the 
structural material which leads to considerable worsening of its properties, 
especially ductility, tensile strength etc. In fast reactors refuelling is done periodi-
cally, usually during the summer when energy and electricity demands are at a 
seasonal minimum. Then batches of 1/2 or 1/3 of the core fuel elements with 
the highest burnup or radiation dose are replaced with fresh ones. 

An important goal of reactor operation is to influence the neutron density 
in such a way that a favourable power distribution will result. Besides the 
instantaneous power profile, the shape of the time-integrated neutron flux or the 
cumulative energy production has to be considered in order to bring the average 
burnup fairly close to the maximum allowable burnup. Although it is possible, 
to influence the axial power distribution by design measures (see, e.g., Ref. [IV-153]), 
most LMFBR designs published so far assume that the axial distribution of power 
and burnup is essentially governed by the position and movements of control rods 
or control rod banks. Since three-dimensional effects have to be taken into account, 
the application of sophisticated numerical codes such as FUMBLE [IV-154] is 
usually necessary. 

In general, the design and operation of a nuclear power reactor is a matter 
of using optimal control theory (see, e.g., Ref. [IV-155]). Because of the limited 
means of design modifications resulting in an improved axial power distribution 
(in an unperturbed reactor core where the control rods are withdrawn it is roughly 
cosine-shaped), one tries to optimize the radial distribution. Disregarding for the 
moment the unconventional core designs discussed in subsection VI—4, this can 
be accomplished during the lifetime of a conventional LMFBR by shuffling and/or 
rotating the fuel elements, so that elements or sections of elements will be brought 
to suitable positions. There they will encounter the appropriate neutron field 
until the next refuelling period, so that they will come close to but not exceed 
certain limits during their subsequent irradiation history. Similar considerations 
apply for the elements of the radial blanket. Here an additional aspect is brought 
about by the delay time for recovering the plutonium bred. Typical examples 
of such fuel management codes are REBUS [IV-156], REBUS-3 [IV-157], 
FUMBLE [IV-154] and CAPHE [IV-158], 

As can be imagined, an acceptable fuel management scheme can be based 
on a reasonable guess but an optimization process is necessary to find the best 
solution taking into account existing constraints. The information provided by 
reactor physics is only a necessary prerequisite for that purpose. The probably 
more stringent and important data are related to engineering aspects (e.g. increase 
in outage time caused by additional management manipulations) and to economic 
conditions (i.e. interest rates and quotation of prices). 
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At present, optimization studies seem to be less révélant since sufficient 
plutonium is available to supply the fuel needs of fast reactors that are in operation 
or under construction (plutonium is nowadays even recycled in thermal reactors). 
Most literature references therefore date back to periods where strategic aspects 
of the employment of fast breeder reactors to meet the forecast electricity 
consumption had a higher priority so that more attention was devoted to the 
optimization of fuel management (see, e.g., Refs [IV-159, IV-160]). 

IV—2.3.8. Reactor kinetics and LMFBR-related important reactivity coefficients 

Before discussing the nuclear aspects of reactivity coefficients it seems 
appropriate to sketch some principal features of reactor kinetics. As mentioned 
in subsection IV—2.3.3, a multiplication factor keff = 1 corresponds to the steady-
state condition; i.e. the number and distribution of neutrons and, therefore, the 
power remain practically constant within a certain period of time. As time 
proceeds the balance between the production and loss of neutrons will become 
distorted either intentionally or as a consequence of the power production. 
Reasons could, e.g., be the movement of absorber rods or changes in the concentrations 
of fuel materials and fission products. Another source of perturbations from the 
criticality condition kef f = 1 is due to temperature-induced movements or displace-
ments of certain parts of the reactor core, e.g. the radial elongation of the grid 
plate or slight axial displacements between the core midplane and the lower edge 
of the absorber rods caused by transient temperature differences. These effects, 
which are quite important for the reliable operation of an LMFBR (see Ref. [IV-161]) 
and which may significantly influence its safety behaviour, are dealt with in more 
detail in subsection VII—4. With respect to small dimensional changes of the 
geometrical reactor configuration and of the internal arrangement of its components 
one should also be aware of the thermal and/or radiation induced creep behaviour 
of the structural material (see subsection V—2) and of the deformation of sub-
assemblies caused by radial and azimuthal gradients in the corresponding tempera-
ture field and power distribution. Appropriate design of the core restraint system, 
mentioned in subsection VI-3.5, is a means of limiting the amount of bowing defor-
mation and influencing its magnitude and direction. From the nuclear point of 
view two other effects discussed in the following are of extraordinary importance, 
namely the coolant density- or the related sodium void effect and the fuel tempera-
ture effect, which is better known as the Doppler effect. 

IV-2.3.8.1. Reactor kinetics 

In the following only a few fundamental aspects will be considered. More 
detailed treatments may be found in many textbooks and monographs (see, e.g., 
Refs [IV-11, IV-12, IV-162], and especially Chapter 6 of Ref. [IV-19]). 
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The relative change of the multiplication factor keff as a function of time is 
called reactivity p(t) 

= A k ^ ) = keff(t) ~ keff(0) 
P ke f f (O) k e f f ( O ) 

The correlated variation of the reactor power as a function of time can for 
most applications be determined with sufficient accuracy by the point reactor 
kinetics equations. These equations can be derived from the time-dependent 
diffusion equations under the assumption that the neutron density and the pre-
cursor concentrations can be approximated by products of time-dependent 
amplitude functions and time-independent spatial distributions (thus the reactor 
core can in a formal way be treated as a point instead of taking into account all 
its three-dimensional geometry details). This means that, e.g., the reactor power 
P(r t̂) may be written as 

P(r,t) = P(t)p(r,0) (IV-13) 

With these simplifying assumptions, which are valid for all but a few excep-
tional cases (see, e.g., Refs [IV-163 to IV-165]), the point kinetics equations 
become: 

dP(t) P ( t ) - ß e f f 

dt «eff 
P(t) + XC(t) (IV-14) 

dC(t) ßeff 
- J ^ = -XC(t) + P ( t ) 

dt ßeff 
(IV-15) 

with the initial conditions: 

P(t=0) = P0 (steady-state reactor power with associated distribution p(r,0)) 
C(t=0) = C0 (steady-state concentration of the parent nuclei (precursors, see 

subsection IV-2.1.4) for all delayed neutrons combined in one group) 
X = the average decay constant of all parent nuclei of delayed neutrons, ßeff the 

effective fraction of all delayed neutrons (integrated over all fuel isotopes and 
averaged over the reactor), ßeff the lifetime4 of the prompt neutrons in the 
reactor, i.e. the average time required for a prompt fission neutron to induce 
a new fission process. 

4 Readers especially interested in the definitions of the similar, sometimes synonymously 
used quantities labelled as neutron lifetime, generation time and reproduction time are referred 
to Nucl. Sei. Eng. 78 (1981) 105-107. 
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FIG.IV-9. Schematic of the reactor dynamics feedback loop (Source: Ref. [IV-14]). 

If the assumptions of point reactor kinetics are not valid, one has to rely on 
more advanced calculational methods, e.g. the 'quasi-static method' [IV-166] or 
its improved [IV-167] or generalized [IV-168] versions, or even to apply fully 
space-dependent kinetics as available, e.g. in codes such as KINTIC-2 [1V-169] and 
FX2-TH [IV-170]. The 'metastatic' method [IV-171 ] and the corresponding 
NADYP-2 code [IV-172] should also be mentioned. 

The reactivity, p(t), is composed of the initial or superimposed reactivity, 
pi ( t ) , which can, e.g., be caused by an absorber rod motion, and the feedback 
reactivity, p f ( t ) , which takes into account all reactivity effects induced by tempera-
ture changes which usually follow the power deviation resulting from an initial 
reactivity change (see Fig. IV-9). 

For numerical treatment, the feedback reactivity, pf , is split up into individual 
contributions by different temperature effects 

where dT¡ may represent the average changes in the temperatures of reactor 
materials (e.g. fuel, coolant, cladding, structural and absorber materials) or reactor 
components (e.g. grid plate, cylindrical ring of the reactor tank, control rod guide 
tube and driving mechanism). 

From the point of view of stable reactor operation (for stability criteria see 
Ref. [IV-173]) and the response of the reactor to power transients the power 
coefficient, pp , is of extraordinary importance. It can be derived in a formal way as 

( I V - 1 6 ) 

(IV-17) 

where P stands for the reactor power. 
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The solution of the point kinetics equations poses no major problems if 
normal reactor transients have to be analysed. For realistic applications it may, 
however, become difficult to get reliable numerical values for the individual 
contributions to the feedback reactivity and the associated time constants. The 
most simple case of a stepwise variation of the initial reactivity without any 
feedback reactivity can be solved analytically to give 

exp(at) + — e x p ( b t ) (IV-18) 
P0 b -a c - b 

where 

PX _ P - ßeff C=JL_ 

Weff + 0eff ~P ' ßeff ' ßeff 

Typical values for an LMFBR, such as SNR 300, would be £eff = 4.5 X 10~7 s, 
X = 6.5 X 10"2 s"1, ßeff = 3.5 X 10~3 (more detailed information on nuclear physics 
data for reactor kinetics may be found in Ref. [IV-174]). The qualitative behaviour 
of the above solution can be deduced very easily from this equation for the three 
important reactivity domains: 

(a) p < 0 , ( b ) 0 < p « | 3 e f f and (c)p>/3 e f f 

The important role of the delayed neutrons and the similarity of the kinetic 
behaviour of thermal and fast reactors as long as p remains well below ßeff becomes 
evident from the above relations. A more detailed description of these aspects may, 
e.g., be found in Section 2.8.3 of Ref. [IV-14], 

If one considers more than only one combined group of delayed neutrons, 
e.g. the usual six groups mentioned in subsection IV—2.1.4, then the solution of 
the point reactor kinetics equations becomes somewhat more involved, though it 
still can be treated by fairly simple computer programs. For the simple case of a 
step reactivity insertion mentioned before, more exponential terms appear in the 
sum. The seven corresponding time constants or reactor periods (equivalent to 
1/a and 1/b from Eq.(IV-18)) are determined as roots of the 'inhour equation' 
(see, e.g., Ref. [IV-20], p. 586 and Fig. 17.1). For long times after the introduction 
of the step reactivity, i.e. in the asymptotic range when all transients have already 
died out, one period will dominate, the 'persistent' or 'steady' period. If keff 

remains close to unity, its value can be obtained approximately from Eq. (IV-19) as 

T s ~ / W ( ( k e f f - l ) X ) (IV-19) 
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IV—2.3.8.2. Sodium void effect 

The sodium void reactivity effect is governed by differences of two major 
contributions which partially cancel each other for large reactors (readers seeking 
more information than that available in the following remarks should study 
Ref. [IV-175]): 

(a) The increase of neutron leakage, a negative contribution caused by the removal 
of sodium and the associated higher transparency of the core so that neutrons 
can escape more easily from the fission region placed in the interior of the 
reactor; 

(b) The hardening of the neutron spectrum; because of the loss of the moderation 
power of sodium, the slowing down of neutrons and, consequently, the low-
energy part of the neutron energy distribution is reduced. The corresponding 
increase found in the high-energy part gives rise to a positive contribution, in 
low-leakage cores. This tendency is plausible because r¡, the average neutron 
yield of the fuel, increases with increasing neutron energy, especially in the 
range of the fission thresholds of the fertile materials 238U, 240Pu or some-
times 232Th. If no adverse effects, such as a high neutron leakage probability, 
exert an influence in the opposite direction, this tendency is responsible for 
the fact that in the energy range above some 10 keV the importance of the 
neutrons increases with increasing energy, in other words, a neutron becomes 
more efficient for the fission chain reaction if it can be protected from 
becoming slowed down. Just this increase in average efficiency leads to the 
positive contribution of spectrum hardening upon loss of sodium. 

Two usually less significant influences should also be mentioned (the first 
one could also be labelled as a spectral effect, but completely different from 
that just mentioned): 

(c) The variations in the resonance self-shielding effects caused by the removal 
of sodium. As can be deduced, e.g., from the neutron transport equation, 
the dips in the energy distribution of neutrons caused by the resonances of 
the various nuclides of the reactor composition are approximately propor-
tional to the reciprocal of the total cross-section 2 t(E). Therefore, it is 
obvious that these dips become more pronounced if sodium is removed from 
the composition (apart from a few resonances, the total cross-section of 
sodium is roughly constant as a function of energy). Because of the more 
pronounced dips, the reaction rates in the resonance energy range are 
decreased. This reduction affects both the capture and the fission reactions. 
Its effect is most pronounced for 238U (for 239Pu it is less significant because of 
its lower concentration compared with 238U and because of the partial mutual 
cancellation of the fission and capture contributions). Thus, the more 
pronounced appearance of inverse resonance shapes observed in the energy 
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distribution of neutrons upon the removal of sodium brings about a positive 
contribution to the sodium void reactivity (i.e. adding to keff); 

(d) Neutrons can no longer be captured by sodium; because of the relatively 
small capture cross-section of sodium, this effect leads only to a minor positive 
contribution to the void effect. 

IV-2.3.8.3. Doppler effect 
(see also subsection IV-4.5.2) 

In the early metal-fuelled small test reactors with high fuel enrichment an 
unintended reactivity increase and the induced power and temperature rise were 
immediately counteracted by the negative feedback caused by the thermal fuel 
expansion especially in the axial direction. Ceramic-fuelled reactors with a fuel 
density slightly or well below the theoretical density could no longer rely on such 
an inherent prompt negative feedback effect of the fuel. This fact obviously 
underlines the significance of other prompt-acting negative temperature feedback 
effects and illustrates the importance attributed to the Doppler effect in the early 
1960s when it was deemed advisable to demonstrate the reliability of that negative 
feedback mechanism in SEFOR, a reactor built and successfully operated 
as a convincing proof of the behaviour predicted by reactor physics calculations 
(see subsection III—9.6). 

In principle, the Doppler (temperature) coefficient is related to the fact that 
the resonance shape of the neutron cross-sections depends on the relative velocity 
between the neutron and the atomic nucleus suffering an interaction with the 
neutron. Therefore, the dependence of the cross-sections of a certain material on 
the neutron energy varies if the temperature of the material is changed. The 
complete derivation of the Doppler coefficient is given in many textbooks on 
reactor physics, e.g. Ref. [IV-20] (see also Refs [IV-175, IV-176]). Sometimes, 
however, it may be presented in an oversimplified form so that the reader interested 
in a rigorous treatment is referred, e.g., to the comments concerning conservation 
during Doppler broadening given in Ref. [IV-177], Some basic publications could 
be found, e.g., in Refs [IV-178 to IV-180]. Significant contributions to theoretical 
and computational aspects have been published by Hwang [IV-181 to IV-183]. 

Without going into detail, it seems sufficient to mention that the Doppler 
effect: 

(a) Is predominantly caused by the resonance absorption of 238 U (contributions 
from 235U, 239Pu and other fuel isotopes and from structural materials usually 
amount to a few per cent); 

(b) In a typical fast reactor has about equal contributions from the range of 
resolved and statistical resonances, respectively, the main contributions coming 
from the range of neutron energies below about 75 keV; 
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(c) Shows a temperature dependence that can be sufficiently well approximated 
by the relation 

i - * = ^ ( I V - 2 0 ) 
k 6T Tx 

where k means the criticality parameter, T the temperature, A D the Doppler 
constant (sometimes the negative sign is included in the numerical value of the 
constant), and x is usually close to unity for a typical fast reactor (there exist 
upper and lower bounds for x: namely 1/2 < x < 3/2, where the lower bound 
is valid for very soft spectra as in thermal reactors and the upper bound is 
representative for the high energy range, i.e. for sufficiently hard neutron spectra). 
For most applications x = 1 is an acceptable approximation leading to: 

In (k/k0) = - A d ln(T/T0) (IV-21) 

From the above it is evident that changes of the neutron spectrum may 
significantly influence the Doppler coefficient (e.g. by the addition of a solid 
moderator such as beryllium oxide or zirconium hydride to the core composition or 
by the removal or addition of absorber materials such as boron or fission products). 
In particular, it is important to note that a complete loss of sodium from the core 
may reduce the Doppler constant by up to 50%. 

IV- 2.3.8.4. Cen tral worth discrepancy 

This subsection should not be closed without briefly mentioning the central 
worth discrepancy, which characterizes the fact that the C/E (Calculation to 
Experiment) ratio for small sample reactivities of the main fissile isotopes deter-
mined in the centre of fast reactors may be appreciably larger than unity. 
Frequently a bias of 1.1 to 1.3 has been observed (see Ref. [IV-184] and also 
[IV-117]). Concerning the present state of the art it seems (see Refs [IV-185 to 
IV-187] and also [IV-118, IV-119]) that this discrepancy could be removed by 
essentially all nations actively pursuing LMFBR development except the USA. 
In 1981 LeSage [IV-118] stated in his review on fast reactor physics that "the 
small sample central worth discrepancy still exists", and that it "is a serious 
concern, however, and should be resolved." Recently, however, improvements 
are also underway now in the USA (see Refs [IV-188, IV-189]), so that it may 
disappear soon if appropriate delayed neutron data (e.g. those of Tomlinson [IV44] 
or Fischer [IV-186]) and evaluation methods are applied (e.g. taking into account 
the spatial fine structure of the real and adjoint neutron fluxes within a cell 
[IV-188]). Although the existence of some influence of the latter effect has been 
known for a long time and was again pointed out explicitly by Dulin [IV-190] 
in 1978, its magnitude was underestimated previously in the USA. As the studies 
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[IV-120, IV-189] made obvious, this effect leads to significant corrections and 
resulting improvements in the evaluations of material worth experiments performed 
in US fast critical experiments. 

IV—3. CODE AND DATA VALIDATION 

IV—3.1. CRITICAL EXPERIMENTS IN ZERO POWER FACILITIES 

Zero power facilities have been extensively used to check the results of 
calculations on a quasi-realistic scale. Because of their flexibility, they permit 
the set-up of quite a variety of critical assemblies. Their zero power (which means 
in practice less than 1 kW) allows air-cooling, facilitates handling operations and 
shielding measures, and avoids activation problems as well as significant fission 
product buildup. The main parameters to be determined in critical experiments 
are given as follows: 

- k e f f 
— Control rod worth 
- Power distribution 
— Reaction rate ratios 
- Reactivity coefficients (Na-void, Doppler, fuel element worth). 

Critical experiments can be more of the physical benchmark or more of the 
engineering mock-up type. In the former case an assembly will show characteristic 
features of a fast reactor without trying to model an actual design. These charac-
teristics may be given by the proper constituents such as type of fuel, sodium and 
structural materials, but it may also simply consist of a material arrangement 
resulting in a typical fast spectrum which can be used as a representative test bed. 
The latter will be preferred when an integral check of a specific cross-section 
(e.g. capture or inelastic scattering) of a certain material is to be tested. Mock-ups, 
on the other hand, are designed to reproduce a certain reactor core design as 
closely as possible. 

The information given in subsection IV—4 will heavily draw on results 
obtained in critical experiments. 

The results obtained in critical experiments are usually expressed either as 
the C/E ratio (ratio of Calculated to Experimental value) of the quantity of 
interest or as C-E/E, which gives the percentage discrepancy. Where both values 
are small, C—E will often be given. The application of different calculational 
models and/or different cross-section data will lead to different C/E ratios for the 
same experimental data. To make use of the information obtained in critical 
experiments for an actual reactor design one usually applies factors that are based 
on the C/E ratios, the 'bias factors' to the calculational results. If adjusted cross-



REACTOR PHYSICS AND CORE 2 0 3 

sections are used, the results of 'clean criticáis' (mainly kef f and reaction rate ratios) 
are taken for the adjustment process which is based on a least squares fit. 

In transforming the experience gained in critical experiments to design work 
one has, furthermore, to account for: 

— the differences in geometry, size, and fuel composition between critical 
experiment and reactor design; 

- the experimental and calculational uncertainties. 

IV—3.2. REACTOR STARTUP 

Reactor startup forms another opportunity to compare predicted and actual 
parameter values. Typically, the following measurements will be done during 
standard startup operations: 

— Criticality (number of subassemblies needed) 
— Control rod calibration 
— Worth of fuel and diluent elements (elements containing neither fuel nor 

absorbing material) 
— Isothermal temperature coefficients 
— Power coefficient. 

Moreover, a fission rate distribution is usually done using 7-scanning of 
demounted fuel pins, i.e. the distribution of a certain fission product will be 
determined. In some cases selected fuel elements will also be equipped with 
foils to obtain the distribution of individual fuel isotopes. The sodium void 
reactivity worth has been determined in JOYO startup, using a special voided 
subassembly to substitute for a normal one [IV-191 ]. 

The startup measurements for PHENIX [IV-192], PFR [IV-193] and FFTF 
[I V-l 94], for example, have been reported in the literature. The startup of SUPER 
PHENIX, the first really large breeder of the 1000 MW(e) class, will provide a 
further severe test of the state of the art of reactor physics calculations. 

IV-3.3. THE BENCHMARK APPROACH 

Solely computational benchmarks are considered here. One can calculate 
the same physical problem with codes of different degrees of approximation using 
the same data base. By this procedure one finds out what is the minimum degree 
of code sophistication to determine a certain parameter with a desired accuracy. 
To give an example, Ref. [IV-195] compares exact three-dimensional diffusion 
theory and a spatial synthesis method for a 1300 MW(e) LMFBR design. 
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As another example, certain quantities of specified reactor models are 
determined within the framework of international intercomparisons organized 
by the NEA or others [IV-196 to IV-200]. In this case each group will use both 
their own data and their design codes. The result then can reveal weaknesses of 
a certain participant in a certain field. A good example of this type is given by 
the recent international comparison calculation of a large (1250 MW(e)) sodium-
cooled fast breeder reactor [IV-199], in which ten countries participated. One 
of the results was an unexpectedly large deviation with respect to the radial 
reaction rate distribution and to the central control rod worth. 

In the USA there are considerable co-ordinated efforts to test the nuclear 
data, the data processing codes and the codes for determining the neutron 
distribution and the burnup. The Cross Section Evaluation Working Groups 
(CSEWG) and the Large Core Code Evaluation Working Group (LCCEWG) are 
examples of such activities. Some typical results are, e.g., published in 
Refs [IV-201, IV-202], Supported by the Code Benchmark Problem Committee 
(CBPC), mathematical benchmarks have been established and distributed and 
the appropriate results compiled in Ref. [IV-203]. Specifications of clean physics 
benchmarks are available from Ref. [IV-204], The specifications of design-
oriented benchmarks together with results and evaluations may be found, e.g., 
in Refs [IV-205 to IV-207]. 

IV—4. STATE OF THE ART 

To give a first impression of the situation, Table IV-3 gives the accuracies 
claimed for the more important parameters of the SUPER PHENIX 1 design 
compared with the target accuracies given by CEA. It is noted that in most cases 
some improvement still seems desirable. 

IV—4.1. keff 

Until recently basic calculations were mostly done with two-dimensional 
diffusion theory in r,z geometry, using about 30 energy groups. For routine 
calculations, on the other hand, about 6—12 groups only are frequently adopted. 
With the availability of faster computers, however, three-dimensional calculations 
are becoming more common. While r,z calculations still dominate in the field of 
routine calculations such as those done for parameter studies, some typical cases are 
usually checked in three dimensions. 

The cross-sections have to be corrected for effects of heterogeneity [IV-208], 
One way is to use 'heterogeneity-corrected' group cross-sections derived for typical 
cells of the assembly directly in subsequent global calculations for the whole reactor. 
Another possibility, sometimes more advisable as it excludes the influence of 
numerical effects, consists in a somewhat more complicated procedure, namely 
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TABLE IV-3. ACCURACIES CLAIMED FOR SUPER PHENIX 1 AND TARGET 
ACCURACIES [IV-227] 

SUPER PHENIX 1 
accuracy 

Target accuracy 
(any core type) 

Reactivity of the clean fresh core ±0.33% AK/K ±0.3% AK/K 

Reactivity loss per cycle ±0.7% AK/K ±0.5% AK/K 

Critical mass ±1.1% AK/K ±1% AK/K 

Global breeding gain ±0.05 ±0.03 

Maximum to average power ±4% • ±3% 

Doppler effect ±15% ±15% 

Sodium void effect ±40% ±20% 

TABLE IV—4. C/E VALUES FOR k, 

Organization Type of core Cross-section set C/E Ref. 

ANL Large homogeneous ENDF/B-IV 0.984 [IV-212] 
(ZPPR 10) 

AEE Winfrith Large homogeneous FGL 5 1.003 [IV-213] 
(BIZET) 

KfK Large homogeneous KfKINR 1 1.003 [IV-213] 
(BIZET) 

CEA Heterogeneous CARNAVAL IV 0.996 [IV-214] 
(RACINE) 

KfK Heterogeneous KfKINR 1 1.01 [IV-215] 
(RACINE) 
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FIG.IV-10. C-E differences for (1 ) as a function of the 235 Uzone weight in the core, 
(2) as a function of cross-section sets (DeBeNe: KfKINRl, CEA: CARNA VAL IV) (Source: 
Ref. [IV-209]). 

in calculating in parallel the actual unit cell of the assembly in one- (or two-) 
dimensional heterogeneous and homogeneous models, the difference in group 
cross-sections being added to the homogeneous ones so that the modified ones 
can be used for the further calculations. Streaming effects are taken care of by 
the application of anisotropic diffusion coefficients. These effects will become 
important if channels in the assembly exist that are filled with low-density material 
(e.g. the follower regions of absorber rods). 

Secondly, a transport correction has to be applied. In most cases this will 
be determined by comparing two-dimensional transport and diffusion calculations 
in r,z geometry. The same transport calculation is usually applied to slight variations 
of the original core configuration to determine the effect of such only slightly 
varied assemblies. 

The calculation in r,z geometry necessitates a cylindrization correction, 
since the actual geometry is not a smooth cylindrical one because of the square 
structure of the tubes, forming the critical assembly. This correction is found by 
comparison of a two-dimensional x,y and a one-dimensional r calculation, both 
using vertical bucklings derived from the axial flux distribution of the r,z calcu-
lation. Another possibility is to derive it directly from a comparison of results 
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obtained in r,z and x,y,z geometry. The three-dimensional calculation avoids 
any concerns about the use of bucklings to approximate the leakage in the axial 
direction. 

The deviation between the corrected calculated value of keff and the 
experimental one depends on the set of cross-sections used. Those sets that have 
been adjusted - keff being one of the quantities used in the adjustment procedure -
will usually lead to better agreement. For each laboratory, or for each group of 
laboratories using the same cross-section set, a typical C/E deviation will result. 
This may be different for uranium or plutonium assemblies, for homogeneous or 
heterogeneous cores (see subsection VI—4) and it may also vary with core size. 

Table IV—4 shows some typical examples of C/E values for keff obtained at 
different laboratories. In general, no significant trend with core size has been 
found for values related to homogeneous cores. 

Figure IV-10 gives an example for the dependence of C—E values on the . 
235U content of the core (the rest being built of plutonium), on the one hand, 
and on the systematics of C—E for the same assemblies calculated with different 
cross-section sets on the other. One concludes that, first, the keff value calculated 
increases with 235U content and, secondly, that the Federal German KfKINRl 
cross-section set leads to systematically higher values than obtained with the French 
CARNAVAL IV set. 

The influence of the calculational methods, i.e. diffusion theory plus the 
corrections mentioned before versus Monte Carlo, is given in Table IV—5. One 
can see that the Monte Carlo results are systematically smaller in this case. 

TABLE IV-5. keff PREDICTIONS WITH DETERMINISTIC (kD) AND 
MONTE CARLO METHODS (kViM ) [IV-210] 

A s s e m b l y (kD - kV I M ) ' ,a 

ZPR-6/7 +0.0062 ± 0.0021 b 

ZPR-9/32 +0.0072 ± 0.0016 

ZPR-9/34 +0.0047 ± 0.0026 

ZPPR-1 IB +0.0043 ± 0.0009 

a 

b 

kj) determined with multigroup calculations, corrected for higher-order effects (e.g. 
transport, streaming, etc.) of known significance. 
Uncertainty is from the Monte Carlo calculation only. 
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The deviations just discussed should not obscure the fact that by applying 
the appropriate bias factors, all groups will come to consistent predictions for keff 

of similar reactor designs. 
The target accuracies (2 a values) required for keff of commercial breeders are 

of the order of ±0.5% [IV-211]. It is recalled that after the bias factors obtained 
in critical assemblies have been applied further corrections are necessary. These 
depend on the degree of similarity between the reactor to be built and the critical 
assembly investigated. 

IV—4.2. CONTROL ROD WORTH 

Since the early 1970s much experimental material has been collected in 
critical facilities. This concerns both the worth of single rods, mainly of natural 
and enriched boron (but also more unusual materials such as europium or tantalum 
have been investigated) and the combined worth of different rods. 

Concerning the cross-sections, simple homogenization of the materials is often 
inadequate. Details of the flux distribution have to be taken care of by collision 
probability or other transport methods. The super-cell approach models an inner 
region consisting, for instance, of the absorbing material, steel, and sodium, a 
surrounding annulus of steel and sodium and an outer region representing the 
core material surrounding the control rod. A detailed description of these effects 
is found in Ref. [IV-216]. 

Control rod calculations are often performed with two-dimensional diffusion 
theory in a few-group (e.g. 4 to 9 groups) scheme. C/E ratios lie in the range of 
0.9 to 1.1, deviations between calculation and experiment of 4 to 7% being most 
typical [IV-212, IV-214, IV-216 to IV-220], No uniform trends have been observed 
between smaller and larger homogeneous cores, with the exception that for the 
outermost control rods in larger cores the C/E value may slightly deviate from the 
one derived for the inner rods. This can be traced to a small discrepancy in calcu-
lating the power shape. Larger cores can show flux tilts that lead to different 
worths of control rods in formally equivalent positions. 

There are fewer experiments available for heterogeneous cores. While 
Ref. [IV-212] reports differences of up to 15% for C/E values between homogeneous 
and heterogeneous cores, discrepancies of this order have not been observed in 
the BIZET [IV-217] and RACINE [IV-214] experiments. 

Control rods can show quite pronounced interaction effects insofar as the 
combined worths of two or more rods are different from the sum of the worths 
of the single rods. One can distinguish between 

— shadowing effects (the combined worth of the rods is smaller than the sum 
of the single rod worths), and 

- antishadowing effects (the combined worth of the rods is larger than the 
sum of the single rod worths). 
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FIG.IV-11. Rod pair interaction versus angular distance in BZD/2, one of the heterogeneous 
ring cores of the BIZET program.(The two rods shown in black are introduced into the core) 
(Source: Ref. [IV-221]). 

These interaction effects are due to the spatial flux distortion that results 
from the insertion of a control rod. Antishadowing effects are more pronounced 
in larger homogeneous cores (more than 1 m diameter) and in heterogeneous cores, 
i.e. in cores with loose neutronic coupling. 

Figure IV-11 shows an example for the interaction of two rods depending 
on their angular distance. While neighbouring rods shadow each other, more 
distant or opposite rods amplify (or antishadow) their worths. For the same 
configuration the withdrawal of three of the twelve rods leads to a decrease in 
shutdown reactivity by a factor of two. 

While the interaction effect of control rods can become quite significant, 
the experience gained up to now shows that it is not too difficult to calculate 
it within the same accuracy as single rod worths [IV-220]. For more complicated 
control rod patterns it is sometimes preferred to use three-dimensional diffusion 
calculations. 

A special calculational problem is presented by the control rod followers, 
i.e. sodium-filled steel boxes. This may require the treatment of streaming effects 
(see subsection IV—4.7). 

Target values for the accuracy of control rod worths of a power reactor lie 
somewhat below ± 10%, a value that is usually just achieved in critical experiments. 
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FIG.IV-12. Results of the NEACRP benchmark calculations for the radial fission rate distribution of a conventional two-zone LMFBR core (Source: 
Ref. [IV-199]). 
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IV—4.3. POWER DISTRIBUTION 

IV-4.3.1. Fission energy production 

Rate traverses for the main fission reactions (239Pu, 23SU, 238U) are measured 
to check the capability to predict the power distribution in a nuclear reactor or, 
in technical terms, to predict the power form factor defined as the ratio of peak 
to average power. In general, a radial and an axial traverse will be done, the rates 
being determined by fission chambers and/or activated foils or wires. Further-
more, the traverses for the capture rate of 238U are often measured. 

Calculational and experimental results are usually normalized at the centre 
and the (C—E)/E values are given for the core-blanket boundary in homogeneous 
cores or for different zones in heterogeneous cores. For homogeneous cores these 
discrepancies are of the order of 2-3% in both directions. They are, however, 
consistent (i.e. either positive or negative) for a calculational method and data 
set, the latter being of main importance. The deviations do not necessarily have 
the same sign for radial and axial distributions [IV-212]. To give an impression 
of the discrepancies that still exist if different groups calculate the same reactor 
model, some results obtained for the radial fission rate distribution of a two-zone 
core are shown in Fig. IV-12. This figure reproduces the results of a NEA Committee 
on Reactor Physics (NEACRP) benchmark exercise. One notes the discontinuity 
between the inner and outer core which is a result of the different enrichments of 
these two zones. The possible reasons for the discrepancies have been extensively 
discussed in Ref. [IV-199]. A detailed description of the determination of the 
power distribution in the core of the CRBR, including an evaluation of the 
uncertainties, is given in Ref. [IV-222]. In heterogeneous cores (see subsection VI—4) 
fissile zones alternate with fertile ones. In cores of this type reaction rates that are 
particularly spectrum-sensitive, like the fission rate of 238U due to the fission 
threshold of 238U at 0.8 MeV, show strong spatial dependence (Fig. IV-13). 

If measured and calculated power profiles are normalized at the inner fissile 
zone, the discrepancies observed in the fissile zones of heterogeneous cores are 
slightly larger than for homogeneous cores. They have been found to be within 
2 to 5% [IV-212, IV-214], 

For the fission rate density of 238U variations up to 100% between adjacent 
fissile and fertile regions were reproduced by calculation within a deviation of up 
to 25%, when using diffusion calculations [IV-212]. The prediction can be improved 
if transport theory is applied. 

Reaction rate traverses for homogeneous cores are normally calculated by 
two- or three-dimensional diffusion theory; a suitable condensation to few groups 
(e.g. four) seems acceptable [IV-224], 

For heterogeneous cores, in particular as far as the fission rate of 238U is 
concerned, special cross-section treatment (appropriate to the coupled cells) and 
transport calculation are preferred [IV-212]. 
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FIG.IV-13. Reaction rate traverses in the BIZET assemblies BZC (left) and BZD (right) across a diameter in the midplane (linear scale, zero not 

suppressed) (Source: Ref.[IV-223]). 
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FIG.IV-14. 239Pu fission distribution in RACINE for various fertile ring positions 

(Source: Ref. [IV-215]. 

Target values for the accuracy of average to maximum power in the core are 
given as 2 or 3%. Values reached in critical assemblies are close, but especially 
in large cores tend to be slightly larger, as mentioned above. 

Reaction rate traverses in large homogeneous and still more in heterogeneous 
cores are very sensitive to small asymmetries in fuel composition, for instance the 
difference between pin and plate cells of nominally identical composition have led 
to a notable flux tilt of 4% in one of the BIZET cores [IV-216], similar effects 
have been observed in the RACINE programme. An influence of unintended 
temperature differences over the core has also been suspected. 
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A typical example for the sensitivity of the reaction rate distribution in a 
ring core depending on the position of the central breeder ring is shown in 
Fig. IV-14. 

Quite obviously, the flux and power shapes are heavily influenced by the 
introduction of absorbers that lead to the shadowing or antishadowing effects 
mentioned in subsection IV—4.1. 

IV—4.3.2. Gamma energy production 

The main part of the energy production in a fission reactor comes from the 
kinetic energy of the fission fragments and is released practically at the spot of the 
fission event. In addition, however, 7 - e n e r g y gives a non-negligible contribution 
to the overall power output. The 7 - s o u r c e s are calculated from fission-induced 
7 - r a d i a t i o n , neutron capture, and inelastic scattering processes. Gamma-heating 
forms a significant contribution to the energy deposited in control rods, cladding 
and pin walls, and the blanket subassemblies. It has to be taken into account for 
the prediction of the temperature distribution in these regions. 

OOSE 

FIG.IV-15. Homogeneous X-traverse y-source, total y-dose, iron dose (Source: Ref. [IV-225]). 
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FIG.JV-16. Comparison of calculated and measured doses in iron (Source: Ref. [IV-225]). 

Experiments have been performed in critical assemblies to check the related 
calculational capabilities [IV-225]. The 7 - r a y energy deposition is usually deter-
mined with 7LiF Thermo Luminescent Dosimeters (TLDs) that are irradiated along 
radial and axial traverses. The dosimeter readings are corrected to obtain the 
energy deposition in iron, which is needed for the comparison with calculations. 

Like the neutron energy scale, the 7 - e n e r g y scale is usually subdivided into 
a multigroup scheme. The spatial distribution of the 7 - s o u r c e s from neutron 
capture, fission, and inelastic scattering, of the multigroup photon fluxes as well 
as the heat distribution in iron have been calculated in Ref. [IV-225 ] with a Monte 
Carlo program. 

The experiments quoted have been done in a heterogeneous assembly that 
contained a number of breeder islands (see BZC in Fig. IV-13). Figure IV-15 gives 
an impression of the measured 7 - e n e r g y deposition in iron along the core axis. 
To obtain these results, the TLDs were inserted in small steel cylinders, which 
were located within the platelets of the critical assembly. The figure shows also 
the 7 - s o u r c e and the uncorrected TLD readings. A comparison of experiments 
and calculation is shown in Fig. IV-16, the agreement being satisfactory in this 
case. In the same critical assembly, however, TLDs were also placed in the centre-
line of a massive steel cylinder of about 15 X 15 cm [IV-225] and here a C/E ratio 
of 1.15 was found. In this case the major contributions to 7 - h e a t i n g are due to 
capture and inelastic scattering events, and it is thought the latter may be calculated 
less accurately. These results imply that the calculation of 7 - e n e r g y deposition 
may still need some improvement. 
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IV—4.4. REACTION RATE RATIOS, BREEDING RATIO 

The measurements of reaction rate ratios and their comparison with the 
experimental values form a stringent test of the quality of the cross-sections 
applied. Therefore, as is the case for keff, these ratios are also used for adjustment 
purposes. The main interest is centred on the three ratios: 

- Fission rate of 238 U 
- Fission rate of 235 U 
- Capture rate of 238U 

related to fission rate of 239Pu 

They will be referred to as f ^ f 9 , fVf9, c^f 9 , respectively, the latter ratio being 
related to the breeding ratio. 

Measurements are normally done by the foil activation method. Foils are 
distributed across the unit cell of the critical assembly and a spatial average is 
determined. The fission reactions are measured via fission product counting. The 
calibration is done via fission chambers. In these measurements streaming effects 
due to the connecting cable are of concern. The capture rate is determined via 
absolute determination of the 239Np decay in the activated foils [IV-226]. 

In the experimental evaluation the effective plate data for the critical assembly 
have to be inferred by correlating foil reactions with those inside the plates. This is 
done by combined measurements and computations. 

The accuracy of these measurements has been tested by international inter-
calibration experiments, in which teams from different laboratories have done rate 
measurements at the same critical assembly using their standard methods and 
equipment. Currently the experimental data for the three ratios mentioned agree 
within 3% or less when measured independently by different teams. Table IV—6 lists 
some typical values for C/E. 

TABLE IV—6. C/E VALUES FOR REACTION RATE RATIOS 

C/E ratio 
ANL KfK AEE Winfrith 
[IV-212] [IV-213] [IV-213] 

f s / f 9 1 .02-1 .03 1.03 1.01 

f 8 / f 9 0 .91-0 .97 0.96 1.03 

c 8 / f 9 1 .07-1 .09 1.04 0.985 
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TABLE IV—7. SURVEY OF THE PREDICTION CAPABILITIES OF PRESENT 
GROUP SETS IN FAST CRITICAL ASSEMBLIES 
(Figures: (C—E)/C in per cent; exc = exception) [IV-211 ] 

Group set keff c "/f9 f 8 / f 9 f 5 / f 9 

Adjusted nuclear data 

CARNAVAL IV 
(France) 

—0.5 and better c 8 / f s : 3 4 f 8 / f 5 : 3 4 3 0 

FGL-5 
(UK) 

< 0 . 5 - 1 to - 2 3 3 3 1 

JFS-2 
(Japan) 

- 0 . 5 and better Only values from adjusted ratios available 

KfKINR 
(DeBeNe) 

0.3 to 1 
exc: RACINE 
(1.3) 

3 to 5 - 2 to - 3 
f 8 / f s : - 4 t o - 5 

2 to 3 

OSCAR-76 
(USSR) 

±0.6 
exc: BFS-3-3 
(2.9) 

- 0 . 7 to 3 f* / f s : - 0 . 5 to 8 
(8 for BFS-35-2) 

±2 

Non-adjusted nuclear data 

BNAB-78 
(USSR) 

- 1 t o - 2 1.5 to 4.5 
c 8 / f 5 : 
1.4 to 2.8 

f 8 / f 5 : - 3 t o + 3 
exc: BFS-31-4 
( - 7 ) 

- 2 to 3.5 

JENDL-2 
(Japan) 

3 - 1 3 7 3 - 1 3 4 

ENDF/B-IV 3 - 1 . 5 7 to 9 - 3 to - 9 2 to 3 

< 
g ENDF/B-V < 1 

exc: ZPR6/6A 
( - 1 ) 

4 to 5 
c 8 / f 5 : - 7 to 4 

f 8 / f 5 : - 4 to 8 
exc: JEZEBEL 
( - 8 ) 

±4 
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More extensive information on this topic is given in Table IV—7 where the 
influence of cross-section sets is systematically shown. For reasons of comparison, 
keff values are also included. 

The breeding ratio is usually defined as fissile material produced divided 
by fissile material destroyed. To arrive at an equivalent experimental value, the 
capture rate of 238U and the fission rate of 239Pu had to be integrated over the 
whole core and the average a-value (a c /a f ) for 239Pu in the reactor had to be 
known, i.e. it had to be calculated. Corrections had to be applied, e.g., for the 
contribution of other materials such as 240Pu. This direct determination is rarely done. 
The ratio ac(238U)/a f(239Pu), however, is used as an important indicator for the 
ability to calculate the breeding gain. 

In the PHENIX reactor (250 MW(e)) a comparison of calculated and experi-
mental breeding ratio has been done via radiochemical analysis of burnt up fuel 
[IV-226]. It was found that the experimental value (1.145) was within 2% of the 
calculated one (1.13). At present the predetermination of the breeding ratio 
for the SUPER PHENIX reactor is estimated to have an accuracy of ±0.05 [IV-227], 

An assessment of the uncertainty in the breeding ratio of a large liquid metal 
fast breeder reactor starting from uncertainties of the data base and sensitivity 
studies has recently been performed [IV-228]. The authors conclude that unad-
justed data lead to a standard deviation of 7.3%, while data that have been adjusted 
with results from critical experiments will lead to a standard deviation of 2%. 

IV—4.5. REACTIVITY COEFFICIENTS 

IV—4.5.1. The Na-void effect 

Reactivity increase due to removal of sodium forms one of the more important 
input data for fast reactor safety analysis. Since the early 1960s efforts have been 
made to determine the size of this effect with sufficient accuracy as well as to 
decrease its positive value by appropriate design modifications (see subsection VI-4) . 
It is considered acceptable by most researchers to predict the global Na-void effect 
with an accuracy of 20% [IV-227]. However, others feel that an accuracy of about 
10% on the separate (positive) spectrum and (negative) leakage component should 
be achievable in critical assemblies. 

For small zone voids, in particular for those near the boundary between 
positive and negative values, it is more adequate to quote C—E values instead of 
C/E. Because of the pronounced mutual cancellation of positive and negative 
contributions (see subsection IV-2) the latter may be off by more than a factor 
of two or may even show the wrong sign. Because of the small absolute value, 
however, these discrepancies are acceptable for design purposes. 

The calculation of Na-void values is frequently done by two-dimensional 
diffusion theory applying transport and heterogeneity corrections. Since three-
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FIG.IV-17. Effect of fission-product simulated materials on central sodium-void worth 
(Source: Ref. [IV-233]). 

dimensional diffusion codes can now be run at reasonable expense, this tool is 
applied for the analysis of more complicated configurations. A group condensation, 
if done at all, should not result in less than about twelve groups. For smaller voids 
perturbation treatment is sufficient. The streaming effects of the voided regions 
are usually taken care of by applying an anisotropy-corrected diffusion coefficient. 

Central (positive) voids are currently calculated within a (C-E)/E deviation 
of 20% or less [IV-212, IV-213, IV-229], This also applies mostly to larger voids 
within heterogeneous cores, even if some discrepancies exceed 25% [IV-212, 
IV-214, IV-215, IV-217, IV-230], In heterogeneous cores the C/E ratio has been 
found to vary from values >1 to <1, depending on the positive or negative sign 
of the resulting reactivity effect [IV-217], 

The international state of the art for homogeneous cores has been recently 
reviewed in Ref. [IV-231 ], taking into account the results of a NE A benchmark. 
The results of a re-evaluation of Na-void experiments in US critical assemblies 
have been published in Ref. [IV-232]. 

Because of the balance effects mentioned before, the Na-void effect is quite 
sensitive to small changes in reactor composition that appear during burnup, 



2 2 0 CHAPTER IV 

i.e. buildup of fission products and change of isotopic plutonium composition. 
The influence of fission products has been experimentally investigated in the 
Japanese fast critical assembly FCA VII-2 [IV-233], The core was poisoned by 
B4C, molybdenum, and a fission product mock-up. The central sodium-void 
worth became larger in all cases. The increase amounted to 15% in the state of 
maximum poisoning, which is quoted to be equivalent to a burnup of about 
50 000 MW-d/t. As shown in Fig.IV-17, this change was underpredicted for all 
the materials concerned, the underprediction being of the order of 10% of the 
change of the void worth. 

IV—4.5.2. The Doppler effect 

The Doppler effect is the only mechanism that yields a practically immediate 
negative reactivity feedback in an oxide-fuelled fast reactor. The knowledge of 
its magnitude is needed to predict reactor kinetic behaviour and to predict the 
energy yield in any prompt critical excursion. It is generally considered adequate 
to predict the Doppler constant A D , defined as 

= ^ ( I V . 2 2 ) 
k 9T Tx 

within an accuracy of 15% [IV-227] or slightly better. 
In this equation k means the criticality parameter, T the temperature and x 

is usually close to one. 
The Doppler effect has repeatedly been measured in critical assemblies. In 

SNEAK 9B [IV-234], for example, a pile oscillator was used to oscillate a hot 
versus a cold sample in the core centre. Two samples were used, one consisting 
of depleted U0 2 , the other of Pu0 2 . The comparison of experimental and calcu-
lated values is given in Fig. IV-18. The C/E value for the Doppler constant AD 

was found to be between 0.85 and 1.04. 
Doppler experiments have also been performed in the UK [IV-235], the USA 

[IV-236, IV-237], Japan [IV-238] and France [IV-239], 
Another approach to determine the Doppler constant and to demonstrate 

its effect for reactor operation and transients was used between 1969 and early 
1972 in the SEFOR reactor, located in Fayetteville, Arkansas, USA, as a joint 
venture of US, Federal German, and EURATOM partners (see subsection III—9). 

The maximum continuous operation power of SEFOR amounted to 20 MW, 
while the peak power during transients has reached 10 000 MW (see Fig. III-15 
in Chapter 3). Two core loadings have been investigated, the unit subassembly 
of Core 1 being formed of 6 mixed-oxide fuel rods of 22 mm diameter plus one 
BeO rod in the centre, while in Core 2 the BeO rod was replaced by a steel rod, 
resulting in a harder spectrum. 
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FIG.IV-18. Comparison of experimental and calculated reactivity worth of a heated Doppler 
sample in the SNEAK 9B assembly (Source: Ref. [IV-235]). 

TABLE IV—8. SEFOR EXPERIMENTAL RESULTS FOR THE DOPPLER 
CONSTANT [IV-235] 

SEFOR-1 SEFOR-2 

General Electric Static result - 0 . 0 0 7 9 - 0 . 0 0 6 0 
Transient result - 0 . 0 0 8 1 - 0 . 0 0 6 0 

Karlsruhe Static result - 0 . 0 0 7 5 - 0 . 0 0 5 9 
Transient result - 0 . 0 0 7 9 - 0 . 0 0 5 6 

HEDL Transient result - 0 . 0 0 8 9 - 0 . 0 0 6 3 

UK Preferred value - 0 . 0 0 9 2 - 0 . 0 0 6 5 



2 2 2 CHAPTER IV 

The experimental results of the SEFOR programme analysed in the USA, 
the UK, and in the Federal Republic of Germany [IV-235], [IV-240 to IV-242] 
convincingly confirm that the essential features of the Doppler reactivity effect 
are reasonably well known and that the consequences for power reactor transients 
can be analysed and predicted with sufficient accuracy and reliability for homo-
geneous cores. The SEFOR programme was very effective in providing the 
required verification of a substantial reduction or elimination of uncertainty 
margins otherwise indispensable for a conservative design and operation of a 
power reactor and its components. The resulting Doppler constants deduced from 
the measurements by the different groups are shown in Table IV—8. The accuracies 
quoted are between 12 and 14% [IV-235]. 

A detailed assessment of the methods to calculate the Doppler effect in 
plutonium fuelled sodium cooled fast reactors has recently been given [IV-235]. 

IV—4.6. BURNUP EFFECTS, REACTIVITY LOSS PER CYCLE 

The knowledge of the reactivity loss per cycle is of importance for the design 
of the absorber system, because a sufficient reactivity reserve has to be provided 
that must be compensated at the beginning of the cycle by insertion of absorber rods. 
Three effects contribute to the reactivity loss per cycle: 

— buildup of fission products 
— change of heavy isotopes concentration in the core 
— change of heavy isotopes concentration in the blanket. 

Recently, NEACRP benchmark calculations have been performed for a fast 
breeder [IV-243]. The results for the three contributions are shown in Table IV—9. 
The mean of all calculational results for Skeff is given as —0.0122 with a standard 
deviation of 0.0050, i.e. about 40%. The largest contribution to Skeff is given by 
the fission product term as -0 .0189 with a standard deviation of 16%. For design 
purposes an uncertainty of 16% is currently used at CEA for the reactivity loss 
per cycle due to fission product buildup [IV-243]. This worth is composed of 
the following contributions which are partially related: 

- capture of fission products ± 10% 
- fission yield ± 8% 
- migration of gaseous fission products ± 3% 

A detailed survey of the status of fast neutron capture cross-sections for 
fission products considering the results of differential and integral measurements 
together with the status of their evaluation has been presented in Ref. [IV-244], 

The accuracy associated with the change of heavy isotopes concentration 
has repeatedly been experimentally investigated. 

Data obtained from PHENIX [IV-226] suggest that the ratios 23SU/238U, 
239Pu/238U and 240Pu/239Pu agree within a few per cent with calculations, 
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TABLE IV—9. COMPARISON OF REACTIVITY CHANGES PER CYCLE 
CALCULATED BY DIFFERENT ORGANIZATIONS FOR THE SAME 
REACTOR MODEL [IV-243 ] 

Organization 5 k e f f ( l ) 6 k e f f ( 2 ) 5 k e f f ( 3 ) 5 k e f f ( 4 ) 

ANL - 0 . 0 1 0 0 3 0.00565 - 0 . 0 1 9 4 0 0.00484 

AUSTRAL. - 0 . 0 0 5 4 1 0.00569 - 0 . 0 1 6 9 2 0.00690 

CEA-2 - 0 . 0 1 2 7 5 0.00595 - 0 . 0 1 7 2 2 - 0 . 0 0 0 5 6 

ENEA - 0 . 0 0 6 7 8 0.00547 - 0 . 0 1 8 1 1 0.00666 

EIR-1 - 0 . 0 0 7 3 5 0.00535 - 0 . 0 1 2 6 9 0.00065 

JAERI - 0 . 0 1 4 7 4 0.00561 - 0 . 0 1 8 7 0 - 0 . 0 0 0 7 4 

KfK-1 - 0 . 0 1 5 8 2 0.00562 - 0 . 0 2 2 0 7 - 0 . 0 0 1 7 2 

KfK-2 - 0 . 0 1 9 4 0 0.00487 - 0 . 0 2 1 8 1 - 0 . 0 0 2 3 9 

UKAEA - 0 . 0 1 7 2 7 0.00575 - 0 . 0 2 1 2 4 - 0 . 0 0 1 1 3 

MEAN - 0 . 0 1 2 1 7 0.00555 - 0 . 0 1 8 6 8 0.00139 

S.D. 0.00501 0.00031 0.00295 0.00370 

( 0 global reactivity loss per cycle. 
5k e f f (2) reactivity gain due to Pu buildup in blankets. 
8k e f f (3) reactivity loss due to FP buildup. 
Skgff (4) reactivity variation due to the core heavy isotope burnup. 
S.D. Standard deviation. 

240Pu/239Pu and 242Pu/239Pu show slight discrepancies for fissile assemblies, while 
240pu//239pu s j 1 0 w s a i7% deviation for fertile assemblies. Figure IV-19 shows the 
change of isotopic composition with burnup for a core element. 

A somewhat different approach was followed by irradiating various samples 
in small capsules within the core of PHENIX [IV-245], Table IV-10 gives the 
results, i.e. the E-C/E values for the heavy elements. The calculational data are 
based on the CARNAVAL III set of group constants. Deviations of the order of 
20-30% were found for five of the reactions tested, the maximum deviation of 
55% being related to the (n,2n) cross-section of 239Pu. 

An experiment performed in the ZEBRA assembly [IV-246] is quoted as an 
example for work done in critical assemblies to support burnup calculations. 
Here, samples o f 2 4 1 Am and 243Am were irradiated, the capture rates of these 
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K Isotopic rat io at end of irradiation 
Ro Isotopic ratio before irradiation 

T (%) 

FIG.IV-19. Variation of important isotopic ratios with burnup in the PHENIX reactor 
(Source: Ref. [IV-226]}. 

TABLE IV-10. COMPARISON OF PHENIX EXPERIMENTS AND 
CALCULATION (CARNAVAL III) FOR REACTION RATES OF THE 
HEAVY ISOTOPES [IV-245] 

E—C E—C 
Reaction rate ——— (%) Reaction rate ——— (%) 

Fission 2 3 5U - 4 . 0 ± 4.0 Capture 242Pu - 3 6 ± 8 

Capture 235U +0.8 ± 5.5 Capture 241 Am - 8 ± 12 

Capture 238Pu - 2 4 . 7 ± 4 . 0 Capture 243Am - 1 0 ± 10 

Capture 239Pu +.1.5 ± 3.6 Capture ^ C m - 1 9 ± 15 

Capture 240Pu + 1.4 ± 3.0 Capture 237Np +32 ± 15 

Capture 241 Pu - 1 7 . 6 ± 4 . 0 Capture M 9Np - 5 ± 20 

(n,2n)239Pu - 5 5 ± 10 

Note: All reaction rates are normalized to the capture rate of 2 3 !U. 
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TABLE IV-11. CURIUM PRODUCTION CROSS-SECTIONS CONCLUDED 
FROM A ZEBRA IRRADIATION [IV-246] 

Sample Core 
Fluence 
(n/cm2) 

Cross-section for Cm production (b) 

Experiment Calculation 
• C/E 

14 2 .60X10 1 5 1.28 ± 0.10 1.12 0.88 ± 0 . 0 7 
" ' A m 

12 2.97 X101 4 1.48 ± 0.11 1.25 0.84 ± 0.06 

243Am 
14 

16 

2.66 X10 1 5 

2.16 X101 5 

1.32 ± 0.20 

1.99 ± 0.20 

1.58 

1.73 

1.20 + 0.18 

0.87 ± 0.09 

Note: Errors on cross-section (± 1 a) include 5% on determination of fluence via 239Pu fission 
rates, largely systematic to all values. 

nuclides determining the formation of 242Cm or 244Cm, respectively. The results 
are shown in Table IV-11 ; corrections of the order of 12 to 20% had to be applied 
to the calculated data. 

It is quite obvious that this type of integral measurement is competing with 
differential measurements. For the case of the capture cross-section of 243Am, 
for example, such data have been obtained recently by the Karlsruhe Van de Graaff 
group [IV-247], 

While burnup effects of the reactor fuel are of primary interest, one also has 
to consider the burnup of absorber materials contained in control rods. Boron 
carbide with boron enriched in 10B is normally used for control rods, 10B being 
mainly depleted by the reaction 10B (n,a)7Li which leads to buildup of helium. 
The burnup of 10B is very space-dependent. The burnup clearly is much higher 
at that end of the rod that is inserted into the core. Because of self-shielding 
effects the burnup is also much higher close to the absorber rod surface. For a 
typical case the mean burnup after 400 full power days amounts to 15 at.%, while 
the maximum burnup reaches 45 at.% [IV-248], 

IV—4.7. STREAMING, SLUMPING 

A reactor core with partially or fully withdrawn control rods contains sodium-
filled channels, the control rod followers. In these regions the material density is 
much lower than in the surrounding ones, so that a neutron entering this region 
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5. A X I A L L Y ASYM-
METRIC FUEL 
SLUMP-IN 

6. A X I A L L Y ASYM-
METRIC BLANKET 
COLLAPSE 

7. A X I A L L Y ASYM-
METRIC FUEL 
SLUMP-OUT 

8. REFERENCE CORE 

CORE Y y \ REFLECTOR |;;iiiii| SODIUM 

BLANKET | | V O I D COMPACTED CORE 

FIG.IV-20. Sequence of core configurations to investigate streaming effects in ZPR-9 
(Source: Ref. [JV-251]). 

can easily escape from the core by travelling straight along the channel. For 
reasons of economy, it is desirable to calculate such situations principally by 
diffusion theory, even if the requirements for its application are not fulfilled in 
the low density regions. It has turned out to be sufficient in most cases to redefine 
the diffusion coefficient in a way based on integral transport theory [IV-249, 
IV-250], This procedure will result in an 'anisotropy-corrected' diffusion coefficient. 

A somewhat similar situation will arise in the case of a core meltdown accident, 
when locally a more or less extended cavity is formed, while the material replaced 
will concentrate in other regions. This effect is known as slumping. In this situation, 
however, one has to apply transport theory. As has been shown by comparison of 
calculations and experiments, the application of diffusion theory may even result 
in the opposite sign of the reactivity worth. 

A number of critical experiments has been performed to study streaming 
and slumping effects, some of these are reported in Refs [IV-251 to IV-253]. 
Figure IV-20 shows some typical configurations of the ZPR-9 programme, while 
Tables IV-12 and I V - 1 3 give some results for experiments done in ZPR-9 and 
SNEAK 12A. 
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The results show, first, that diffusion calculations are inadequate in most 
cases, even if a 'transport-corrected' diffusion constant is used [IV-256], while 
transport calculations give acceptable results. Second, a first-order transport 
perturbation treatment turns out to be satisfactory for smaller distortions only; 
for larger ones transport eigenvalue calculations must be performed [IV-257] 
because the relocation of considerable amounts of fuel material causes a major 
change in the flux distribution. 

IV—4.8. SHIELDING 

Shielding calculations are directed towards describing neutron transmission 
mainly through steel and sodium as well as neutron streaming along sodium ducts. 
Furthermore, the accompanying 7 - r e a c t i o n s , the exposure of outside equipment, 
and the radiation dose in the reactor environment are of interest. In pool-type 
reactors, for instance, the neutron level at the intermediate heat exchanger, which 
is based on scattering events within the reactor building, is of main concern because 
it will determine the degree of activation of the sodium within the secondary 
circuit [IV-256]. Figure IV-21 shows the basic problems met in shielding situations. 

The cross-section data for the main shielding materials, i.e. iron, sodium, and 
concrete constituents, have to be known in more detail than for reactor core 
calculations. This is true in particular for the 'windows', i.e. energy regions of very 
low cross-section, the most prominent being the iron window at 24 keV and the 
sodium window at 297 keV. It can be shown that for a spectrum that is typical 
for neutrons emerging from the core of a fast reactor, the neutron dose behind a 
5 m thick layer of sodium will vary by about 60% if the sodium cross-section in 
the 300 keV region is changed by 10% [IV-259], 

The number of energy groups used in shielding calculations usually exceeds 
those applied for core design. A typical example is represented by the coupled 
fine group library VITAMIN-E [IV-260], which is based on ENDF/B-V and 
contains 174 neutron and 37 7 - e n e r g y groups. 

Shielding calculations are often performed by discrete ordinate general 
purpose transport methods in two dimensions. Three-dimensional (x,y,z), (A,z) 
or (0,r,z) Sn calculations, if possible at all, would currently still be too expensive. 
Another method applied is represented by three-dimensional Monte Carlo multi-
group codes, frequently specially tailored to that purpose by applying suitable 
flight estimators, for example. To save computing time, simplified or hybrid codes 
are often employed. A typical example is given by the albedo concept based on 
reflection coefficients (albedo Monte Carlo) as well as by coupling of Monte Carlo 
and discrete ordinate methods. Recent reviews of shielding calculation capabilities 
have been presented in Refs [IV-256 to IV-258, IV-261 to IV-263], 

The accuracy of shielding calculations has been and is still being tested by 
means of integral experiments. Typical shielding configurations will be set up 
close to a reactor that serves as the neutron source. These are either of the mock-up 



TABLE IV-12. REACTIVITY WORTHS OF MATERIAL MOVEMENTS 
(Fig. IV-20 (ZPR-9; Ref. [IV-254})* 

t o 
K) 
o o 

Configuration 
Sodium-voided 
zone 

Symmetric 
slump-out 

Asymmetric 
slump-out 

•Symmetric 
slump-in 

Asymmetric 
slump-in^ 

Asymmetric slump-in 
with blanket collapse'3 

Experimental worth 
( I h ) ° -383 .1 ± 1.9 -783 .1 ± 12.1 -497.6 ± 8.5 +2116.8 ± 57.1 +701.8 ± 59.8 H 269.2 ± 57.7 

Calculated worth 
(Ih)d 

Isotropic Ds -196 .9 -1475 .3 -880 .5 +849.0 +246.9 + 1181.0 
(0.514) (1.884) (1.769) (0.401) (0.352) (0.931) 

Gelbard Ds -509 .9 -1197.5 -705 .6 + 1232.7 +370.5 + 1221.8 
(1.331) (1.529) (1.418) (0.582) (0.528) (0.963) 

DIF3D/S4P0 -199 .9 -867 .6 -507 .2 + 1981.2 +829.2 + 1485.6 
(0.522) (1.108) (1.019) (0.936) (1.182) (1.171) 

DIF3D/S4P0 -506 .5 -592 .8 -333 .5 +2360.1 +964.9 + 1528.4 
+ 5 k S t r (1.322) (0.757) (0.670) (1.115) (1.375) (1.204) 

n is > 
•o 
H 
W 
90 

a The reactivity worth of the sodium-voided test zone was determined relative to the reference configuration. The worths of all the slumped 
configurations were determined relative to the sodium-voided test zone. 

b For the determination of the reactivity worths of the configurations with the smaller core radius, an experimentally determined core/radial blanket 
edge drawer exchange worth (54.01 ± 1.75 Ih) was used. 

c Corrected for 241Pu decay to 10 Aug. 1977. (Ih = inverse hours.) 
d C/E value in parentheses. 
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TABLE IV-13. REACTIVITY WORTHS OF MATERIAL MOVEMENTS IN 
SNEAK 12A SIMILAR TO THOSE SHOWN IN Fig.IV-20 [IV-255] 

Experiment 
Number of Reactivity worth {4) 

Experiment perturbed 
elements Exp. Two-dim. transport First-order transport 
perturbed 
elements Exp. 

eigenvalue calculation perturbation calculation 

1. Sodium void 4 - 5 . 9 - 4 . 7 - 4 . 3 
Full core height 16 - 2 4 . 9 - 1 9 . 8 - 1 8 . 2 

2. Small fuel 4 +0.9 _ - 1 . 1 
slump-out 16 +5.2 — - 4 . 4 

3. Large fuel 4 - 4 7 . 1 _ - 6 0 . 1 
slump-out 16 - 1 0 7 . 2 - 9 8 . 2 - 2 3 0 . 7 

4. Fuel slump-out 
into blanket 16 - 3 9 7 . 0 - 3 9 1 . 0 - 4 6 6 . 7 

5. Only U 0 2 4 +7.7 _ +9.4 
slump-out 16 +25.4 +22.6 +34.3 

STREAMING ONLY 

» 
STREAMING + SCATTERING SEQUENTIAL STREAMING 

STREAMING vs. ATTENUATION STREAMING 
w/vs 

ATTENUATION 

COMPLEX GEOMETRY 

FIG.IV-21. Typical problems met in shielding calculations (Source: Ref. [IV-258]). 
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FIG.IV-22. Geometry for the measurement and calculation of a shielding experiment for the 
CRBR upper axial shield, performed at the Oak Ridge Tower Shielding Facility (Source: 
Ref. [IV-264]). 
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FIG.IV-23. Shielding benchmark at the Italian TAPIRO assembly (Source: Ref. [IV-227]). 

or of the benchmark type, the latter being tailored to investigate certain data or 
methodological problems. Figure IV-22 shows a typical example for a mock-up, 
an experiment performed at the Oak Ridge Tower Shielding Facility for the 
Clinch River Reactor upper axial shield. Figure IV-23, on the other hand, presents 
a benchmark setup at the Italian TAPIRO assembly. Benchmark experiments 
are often evaluated in international co-operation. In these experiments neutron 
and 7 - f l u x and energy distribution are determined. The results can be used to 
adjust basic data or to determine bias factors. It is not uncommon that these 
factors will exceed 50% of the value originally calculated. French experts [IV-227] 
quote an uncertainty of ±300% for the activation of the secondary sodium, while 
they aim at a target accuracy of ±50%. The same data for the damage of the steel 
structure near the core are quoted as ±40 and ±20%, respectively. 

The results of NEACRP shielding benchmark calculations with international 
participation show in detail the present state of the art [IV-200], While improve-
ments have been achieved over former meetings, further efforts should be related 
to data comparison, i.e. data processing methods and data adjustments. On the 
other hand, method approximations seem to be sufficiently understood. 
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Appendix 

LIST OF MAJOR DATA LIBRARIES AND COMPUTER CODES USED IN 
FAST REACTOR NEUTRON PHYSICS 

1. EVALUATED AND EXPERIMENTAL DATA LIBRARIES 
(for more information see Ref. [IV-265]) 

References 

System of computer codes and formats [IV-265] p.A.6 
used for the exchange of experimental 
neutron nuclear data between the four neutron 
data centres: NNDC, Brookhaven, USA; CDJ, 
Obninsk, USSR; IAEA Nuclear Data Section 
Vienna; OECD-NEA Data Bank, Paris. 

Evaluated Nuclear Data File, Version B, [IV-266] 
National Neutron Cross Section Center, 
Brookhaven National Laboratory, Upton, 
New York 11983, USA. 

Lawrence Livermore Laboratory Evaluated [IV-267] 
Nuclear Data Library, Lawrence Livermore 
Laboratory, University of California, 
Livermore, CA 94550, USA. 

Japanese Evaluated Neutron Data Library, 
Japan Atomic Energy Research Institute, 
Tokai, Ibaraki, Japan. 

Karlsruhe Evaluated Nuclear Data Library, [IV-268] 
Kernforschungszentrum Karlsruhe GmbH, 
Karlsruhe, Federal Republic of Germany. 

SOKRATOR Evaluated Neutron Data Library. Its format [IV-265] p.A.7 
is similar to UK format. Developed at the 
Fiziko-Energeticheski Institute Obninsk in 
co-operation with the Byelorussian Academy 
of Sciences at Minsk. 

UKNDL United Kingdom Atomic Energy Authority [IV-269] 
Nuclear Data Library, London, UK. 

EXFOR 

ENDF/B 

ENDL 

JENDL 

KEDAK 
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2. GROUP CONSTANTS SETS 

HANSEN+ROACH 6 and 16 group cross-sections for fast and 
intermediate critical assemblies (1961) 

YOM 

ABBN 

16 group fast reactor cross-section ( 1960) 

26 group constants for nuclear reactor 
calculations (1964). 

CARNAVAL 25 group set of adjusted group constants 
for fast reactor calculations; version IV 
has been in operation since February 1977. 

FGL5 2240-five-group-set of adjusted data 
produced in 1972 based on the unadjusted 
set FGL5U completed during 1971. 
From FGL5, a 37-broad-group-set, FD5, 
is derived which is suited to LMFBR 
calculations. 

KFKINR 26 group set of adjusted group constants 
for nuclear reactor calculations; similar to 
the ABBN-set. In operation since 1971. 

VITAMIN 171 neutron, 36 gamma-ray group library 
based upon ENDFIB-IV (1979). 

OSKAR-76 OSKAR-76 is a system of group constants, 
which were adjusted on the basis of experi-
mental data from integral experiments 
carried out at the series of BFS fast critical 
assemblies. 

BNAB-78 BNAB-78 is a system of group constants, 
prepared on the basis of estimated data 
from differential microscopic experiments. 
However, in this system cross-sections of 
238U and 239Pu were also adjusted taking 
into account results of integral experiments 
on fast critical assemblies. 
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MURAL A Program for Calculating Neutron Fluxes [IV-71 ] 
in Calculating Neutron Fluxes in Many Groups. 
A Collision Probability Code for Plate- and 
for Minicalandria Geometry (see also 
Ref. [IV-270]). 

RABBLE Computation of resonance absorption in [IV-72] 
multi-region reactor cells. 

3. GROUP CONSTANTS GENERATION CODES 

MINX/SPHINX 

AMPX 

NJOY 

ETOE/MC2 

MIGROS 

FOURACES 

Use of the shielding factor method for 
production of coarse-group space and [IV-72] 
energy self-shielded cross-sections. 

Modular system for multi-group cross-section 
generation and manipulation. [IV-73] 

Comprehensive ENDF/B processing system. [IV-73] 

Comprehensive neutron cross-section 
processing system based on ENDF/B data. [IV-73] 

Calculation of microscopic group cross- [IV-74] 
sections of the ABBN type from isotopic 
neutron data given in KEDAK format. 

Processing system for calculating neutron [IV-75] 
group cross-sections from various libraries. 

4. NEUTRON TRANSPORT (SN) CODES 

ONETRAN Discrete-ordinates finite elements transport [IV-273] 
code for one-dimensional geometries. 

TWOTRAN Discrete-ordinates finite-differences transport [IV-274] 
code for two-dimensional rectangular 
geometries. 

ANISN Discrete-ordinates transport code for 
one-dimensional geometries. 

[IV-275] 
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DOT Discrete-ordinates transport code for 
two-dimensional rectangular geometries. 

References 
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5. MONTE CARLO CODES 

KENO 

MORSE 

VIM 

MCNP 

Multigroup Monte Carlo criticality program. [IV-111 ] 

Multigroup neutron and gamma-ray [IV-112] 
Monte Carlo transport code. 

Non-multigroup Monte Carlo code for [IV-113] 
analysis of fast critical assemblies. 

General Monte Carlo code for neutron and [IV-114] 
proton transport. 

6. BURNUP CODES 

ORIGEN 

KORIGEN 

Versatile point depletion and decay code 
for calculation of the nuclide composition 
of materials (buildup and decay of nuclides). 

[IV-146] 

Cell burnup treatment for depletion and decay [IV-147] 
calculations to determine the nuclear inventory 
of irradiated PWR fuel. 

7. FUEL MANAGEMENT CODES 

REBUS 

FUMBLE 

Fuel cycle analysis code. [IV-157] 

Fuel management and burnup code with [IV-154J 
influence function option for predicting 
three-dimensional effects of control rod 
movements. 

CAPHE Burnup and fuel management code for 
LMFBR applications. 

[IV-158] 
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Chapter V 

FUELS AND MATERIALS 

V - l . INTRODUCTION 

The fuel elements with their main constituents fuel, cladding and structural 
parts represent one of the central units of a reactor core. To gain as much economic 
profit as possible, it is important that elements be operated securely and without 
occurrence of failure to high burnup rates, resulting in long core residence times. 

The core of an FBR differs substantially from the core of a thermal reactor 
mainly with respect to the much higher neutron flux, higher coolant temperature 
conditions, higher power densities and longer irradiation exposure times. Therefore, 
severe requirements are placed on the materials selected for FBR core design and 
the more extreme irradiation conditions result in more profound chemical and 
microstructural changes in the fuel, cladding and structural material. Considerable 
effort has been devoted to understanding and improving the performance of the 
element components. 

In Chapter V a survey is given of the main material properties, the principal 
design aspects of both the fuel pin and the whole fuel element, the irradiation 
performance and the blanket and absorber assemblies. 

Subsection V—2 focusses on the physical and chemical properties of fuel 
materials, mainly for mixed oxide U02-Pu02 (V—2.1) but also for mixed U/Pu-
carbide (V-2.2) and metallic fuel (V-2.3). 

Subsection V—3 covers the irradiation performance of the various materials 
used for pin cladding, for the hexagonal wrapper tubes and for the main parts 
of the primary circuit. After discussion of the important general irradiation 
phenomena such as hardening, embrittlement, swelling and creep, the selection 
of the present stainless steel reference materials (V-3.1) and the most promising 
advanced alloys (V—3.2) for cladding, ducts, and primary circuits (V-3.3) are given. 

Subsection V - 4 deals with the design of the fuel pins (V-4.1) and of the 
whole fuel assembly (V—4.2) and gives a short description of the consequences 
of swelling and irradiation creep on duct and cladding design (V—4.3). 

In subsections V—5 and V—6 the performance of the mixed oxides (V—5) 
and of the advanced fuel types (V—6) under fast neutron irradiation conditions is 
described. Main emphasis is placed on fuel restructuring (V-5.1), fuel swelling 
(V-5.2), fission gas release (V-5.3), mechanical (V-5.4) and chemical (V-5.5) 
interaction, achievable burnup (V-5.6) and future development directions (V-5.7). 
In subsection V-6.1 the behaviour of mixed carbide fuel and in subsection V-6 .2 
that of mixed nitride is summarized. 

Subsection V—7 provides information on the occurrence of fuel pin failures 
under normal and transient operation of the reactor and for the behaviour of a 
failed pin under these conditions. 
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TABLE V-1 . PROPERTIES OF URANIUM AND PLUTONIUM FUELS (Source: Ref. [V-46]) N> 
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In subsection V—8 limited attention is directed to the design of. blanket 
elements and their irradiation performance in the core of an FBR. 

Subsection V—9 covers the properties and irradiation performance of the 
most commonly used materials for absorber elements; the main part is devoted 
to B4C, but also properties of Eu-compounds and of Ta are included. 

Subsection V— 10 deals with the influence of sodium on material properties, 
(V-T0.2) and also the effect of corrosion and mass transfer is discussed (V-10.1). 

V—2. FUELS 

V—2.1. MIXED OXIDE FUELS 

The reference fuel for all the prototype and commercial FBRs in operation, 
under construction or in the planning phase is mixed plutonium-uranium oxide. 
The major factors in the selection of this material were: 

- the uranium-plutonium system offers the best potential for high breeding 
gain, 

- the ability of the oxide to remain single phase over the whole range of 
temperatures experienced in service and to accommodate many of the more 
abundant fission products in solution without phase change, 

- the high melting point and high fissile atom density of the oxide, 
- the excellent experience gained of oxide fuel performance in light water 

moderated thermal reactors and in experimental fast reactors, 
- the existence of an established technology for manufacturing oxide fuels 

together with the possibility of using similar processes for recovery of 
irradiated fuels as in the case of LWR fuel. 

V— 2.1.1. Physical and chemical properties 

Owing to the stringent conditions of FBR operation (high flux, high values 
of linear fuel rating linked with high fuel temperatures) and the need to obtain 
high burnup levels to establish an economic cycle, special attention has been 
given to the physical properties and the thermal performance of the fuel, especially 
to temperature gradient effects such as microstructural changes, fuel swelling and 
fission gas release. 

Table V - l compares some typical properties of U0 2 , Pu0 2 and mixed 
(U, Pu)02 fuels; a comprehensive review of oxide fuel behaviour, especially of 
models and mechanisms of important chemical (oxygen and fission product 
redistribution, vapour transport) and physical phenomena (swelling, pore migration, 
fuel restructuring, fission gas release, creep etc.) is given by Olander [V-l ]; 
additional data are given in Ref. [V-2], 
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The principal disadvantages of mixed oxide fuel can be seen from Table V - 1 , 
too; these are: 

— the relatively low intrinsic material density which limits the achievable 
breeding gain, and 

- the relatively low thermal conductivity which leads to high temperature 
gradients in the fuel and limits the achievable linear power, though this 
disadvantage is partly offset by microstructural changes which occur during 
irradiation (leading to the formation of high density columnar grains) and 
by the high melting point. 

Another important feature of mixed oxide fuel systems is the existence of 
hypostoichiometric fuel, i.e. fuel in which the oxygen-to-metal (O/M) ratio is less 
than 2.00. Depending on the amount of plutonium in the mixed oxide and on 
the fabrication conditions, a range of O/M ratios between 1.92 and 1.99 can be 
achieved in the produced material. Hypostoichiometric oxides show considerable 
differences in plutonium redistribution under irradiation, in thermal conductivity 
and in oxygen potential, the latter being an important factor in determining the 
extent of chemical reactions between fuel and cladding [V-3]. 

V—2.2. ADVANCED FUELS 

Besides mixed oxide fuel, some other refractory compounds of plutonium 
and uranium have featured in experimental programmes and have shown promising 
potential for use in the future. The most highly developed advanced fuel is uranium-
plutonium carbide, though the mixed nitride parallels it in its more attractive features. 

The potential of these advanced fuels lies mainly in the higher fissile atom 
density and better thermal conductivity than the oxide (see Table V—1). These 
properties allow for a higher linear fuel pin power, higher breeding ratios and a 
lower fuel inventory, thus reducing doubling times for fast reactor cores [V-4] 
and improving the utilization of fuel resources. The problem, however, is how 
to capitalize on these advantages. One advantage of the higher thermal conductivity 
is that the fuel pin diameter can be increased without incurring a risk of central 
fuel melting; this, combined with the higher theoretical fuel density, allows a 
reduced number of fuel pins to be required, which for a given core inventory 
reduces the core dimensions. 

The development of these alternative fuel compounds is less advanced than 
that of the oxide system mainly because 

— there is only limited irradiation experience; 
— processes for reprocessing do not exist; and 
— the fabrication processes are complicated by the hygroscopic nature of the 

fuel powders, necessitating the use of inert atmosphere plants at all stages, 
and also more fabrication steps are necessary compared with the mixed oxide. 
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The mixed carbide, in particular, has been found to have some very attractive 
features, the main one being that there is no chemical reaction between carbide 
fuel and sodium (as there is in the case of oxide fuel, see subsection V—7) and 
this allows the use of sodium-bonded fuel pin designs which markedly improve 
thermal conductivity of the fuel/clad interface. Sodium bonding can also help 
to offset problems of high swelling rates observed in irradiated carbide fuels [V-5]; 
a suitably large pellet/clad gap to accommodate swelling can be specified in the 
design. 

The control of carbon stoichiometry in the carbide fuel is very important. 
Both hypostoichiometric material (with an amount of free metal in the matrix) 
and hyperstoichiometric material (with excess carbon present in the form of the 
higher carbides, M2C3 or MC2) may occur in fabricated material. Both deviations 
from stoichiometry have deleterious effects on irradiation behaviour; hypostoichio-
metry results in the presence of a U-Pu alloy which causes unacceptable swelling 
[V-6], and the presence of higher carbides leads to major problems with carburi-
zation of the cladding [V-7]. 

There is, in addition, a eutectic reaction between carbide fuel and stainless 
steel cladding at temperatures above 1100°C [V-8]. This is not important under 
normal pin operational conditions, but has major implications under power and 
temperature transient situations, where the formation of a liquid carbide/steel 
phase may produce a pin failure by local meltdown of cladding and fuel. 

V—2.3. METALLIC FUELS 

All the small, low-power fast reactors (such as EBR-I, EBR-II, DFR), used 
metallic fuel which has excellent thermal conductivity and very high density 
(see Table V - l ) . 

The main problems associated with metallic fuels are: 

- the anisotropic crystal structures, 
- the extremely low resistance to swelling associated with large dimensional 

changes which limit achievable burnup, 
- the fuel/cladding chemical interactions (because U-Pu alloys are not compatible 

with conventional cladding materials) which limit operating temperatures, and 
- the lower melting points. 

To improve irradiation behaviour two measures were taken: 

- one was to accommodate fuel swelling by reducing the smear density either 
by increasing the initial gap between fuel and cladding or by using annular 
fuel pellets [V-9]. With this procedure, burnup levels around 10 at.% can be 
achieved but the efficiency of the fuel is economically reduced; 
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- the second measure was to stabilize the crystalline structure (preferably 
in the 7 - p h a s e ) by alloying. The most promising element is zirconium, which 
is very effective in reducing fuel/cladding reaction rates and in improving 
high temperature behaviour by increasing both the fuel/clad eutectic tempera-
ture and the solidus temperature of the fuel alloy [V-10]. 

Despite the basic advantages of metal fuels and the improvements made in 
operational behaviour during the last decade they have virtually lost their potential 
for future application. This is because they still do not have the potential to 
achieve the higher burnup levels and high coolant outlet temperatures which are 
required in commercial plants. But, in addition, there is uncertainty associated 
with the lack of a strong Doppler coefficient resulting from the hard neutron 
spectrum which directly influences the safety parameters of the reactor. 

At present EBR-II is the only operating reactor with metallic fuel and it is 
ironic that one of the major uses of EBR-II is as a test-bed for mixed oxide and 
advanced ceramic fuels [V-l 1 ]. 

V - 3 . STRUCTURAL MATERIALS 

V-3.1. FUEL PIN CLADDING AND THE SUBASSEMBLY DUCT (WRAPPER) 

The successful operation of breeder reactors is dependent to a large extent 
on the performance of structural materials which are used for core components. 
These materials have to withstand the various rigours of in-core operation to 
provide basic integrity of the fuel element. Dimensional stability and integrity 
must be maintained under conditions of high fast neutron flux and very long 
(2—3 years) in-reactor residence times [V-3 ] (resulting in fluences in excess of 
1023 n/cm2), elevated temperatures (typically between 350 and 700°C), various 
mechanical loads (fission gas pressure, interaction stresses between components 
in contact), and potentially corrosive environments (liquid metal coolant, 
aggressive fission products). 

All of these phenomena have to be taken into account in the selection of 
structural materials. Figure V-l shows that an optimal combination of properties 
is demanded. At the beginning of the development of FBR materials, the main 
criteria influencing selection were: 

— low neutron capture cross-section to keep the breeding ratio high, 
— good creep rupture properties at high temperatures (high temperature 

strength), 
— adequate corrosion resistance, 
— ease of fabrication, and 
— good weldability. 



FUELS AND MATERIALS 2 5 7 

Strengthening 

FIG. V-l. Dependence of properties on chemical composition and metallurgical condition. 

Table V—2 shows the absorption cross-sections for base metals and alloying 
elements of interest for fast neutrons of energy 0.1 MeV [V-l 2]. The various 
base metals and alloying elements have been divided into three groups. For fast 
reactor cores an absorption cross-section of about 10 mb is considered acceptable, 
which eliminates the materials from the third group and most of the second. Of 
the remaining metals, only iron (austenitic and ferritic steels), nickel (nickel-based 
alloys) and vanadium (vanadium-based alloys) are of technological importance. 
Aluminium does not have sufficient high-temperature strength; chromium and 
chromium based alloys are too brittle; and cobalt must be excluded because of 
the activity of its 60Co isotope. 

Table V—3 and Fig. V-2 compare the absorption cross-sections and 
high-temperature creep rupture properties of austenitic stainless steels, 
nickel-based alloys and vanadium-based alloys [V-l2], Some of the Ni- and 
V-based alloys show better high-temperature strength than the austenitic steels, 
but this is offset by their higher absorption cross-section. In addition, the corrosion 
resistance of Ni-based alloys in sodium with its normal impurities (oxygen and 
hydrogen) is somewhat inferior to that shown by the austenitic steels; consequently, 
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TABLE V—2. ABSORPTION CROSS-SECTIONS FOR 
METALS AND ALLOYING ELEMENTS (Source: Ref.[V-12]) 

Group Metal cr(n, 7) (100 keV) a(n, 7) (therm.) 
(mb) (b) 

Al 4 0.230 
Ti 6 5.8 
Fe 6.1 2.53 
Cr 6.8 3.1 
V 9.5 15.1 

Si 10.0 0.16 
Co 11.5 37.0 
Ni 12.6 4.8 
Zr 15.1 0.18 
Cu 24.9 3.77 
Mn 25.6 13.2 

Mo 71.0 2.7 
Nb 100.0 1.15 
W 178.0 19.2 
Ta 325.0 21.0 

unless strict control is kept of impurity levels in the sodium coolant, considerable 
mass transport from the hot to the cooler parts of the primary cooling circuit can 
occur if Ni-based alloys are used [V-13]. In addition, some of the Ni-based alloys 
have shown a higher tendency to high temperature embrittlement [V-3]. Results 
showing incompatibility of vanadium alloys with liquid sodium and, even more, 
with U0 2 , at high temperatures had effectively stopped development work on'them, 
though the irradiation behaviour of these alloys had been found to be good. 

For these and a number of other practical reasons, austenitic stainless steels 
were selected independently by all the national groups developing fast reactors as 
offering the best solution for the required combination of properties shown in 
Fig. V-l. For the first-core loads, unstabilized steels, such as AISI 304 and AISI 316, 
were selected in France, the USA, the UK and Japan. In the Federal Republic of 
Germany, a titanium-stabilized steel (DIN 1.4970) was chosen as the reference 
cladding material and a niobium-stabilized steel (DIN 1.4981) was chosen for 
other core components. Stabilized steels, such as OKhl 8N9T (titanium-stabilized) 
and OKhlóNl 5M3B (niobium-stabilized), have had reference status in the USSR. 
More recently, stabilized steels have begun to feature in the US, UK, French and 
Japanese programmes. The advantages of stabilized steels, in the context of the 
original selection criteria, are better high temperature mechanical properties and 
improved compatibility with the coolant. 
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AUSTENITIC STEELS N i - B A S E ALLOYS V - B A S E ALLOYS 

FIG. V-2. Creep rupture stress aB (1000) and aB (10 000) at 650° C (Source: Ref. [V-l 2]). 

Also, at an early stage in the development of materials for cladding and duct 
applications, it was recognized that substantial damage to the crystalline lattice 
of these materials occurs as a result of prolonged exposure to high fluxes of fast 
neutrons.(A convenient measure of this damage is the number of times every atom 
is displaced from its lattice site during the in-reactor lifetime of a component: 
for commercial stations of the future a value in the 150-200 range is expected.) 
The observable effects of this damage are matrix hardening, embrittlement, void 
swelling and irradiation creep. 

At temperatures below 500°C, hardening of the matrix occurs mainly as a 
result of the production of point defect aggregates, in particular of dislocation 
loops. In effect, radiation hardening is similar to 'cold working' — the mechanical 
preparation technique by which the strength characteristic of a material is modified 
leading to greater yield strength and increased ultimate strength. Matrix hardening 
by irradiation becomes significant at very low doses (of the order of 1017 n/cm2) 
and increases with increasing neutron dose, and a saturation is observed at high 
fluences, the value at which this occurs depending on the irradiation temperature 
[V-14], At higher temperatures, the hardening effects are offset by thermal 
annealing [V-l5]. 

The principal cause of ductility loss in stainless steels irradiated at high temper-
atures (above 550°C) is helium embrittlement mainly caused by the formation 



TABLE V - 3 . MATERIAL COMPOSITIONS OF VARIOUS STEEL AND ABSORPTION CROSS-SECTIONS FOR 
FAST NEUTRONS (Source: Ref. [V-12]) 

IO 
0\ 
o 

Compositions {%) Absorption cross-
sections for 0.1 MeV 

Alloy C Fe Cr Al Ti V Si Ni Mn Mo Nb W neutrons (mb) 

X5 CrNi 0.05 a 18.0 1.0 9.0 2.0 7.25 
18 9/AISI 304 

1.481 0.06 a 16.0 16.0 1.8 0.7 8.50 
1.4970 0.10 a 15.0 0.4 15.0 1.2 8.40 
X8 CrNi MoV 0.08 a 16.0 0.75 0.5 13.0 1.0 1.2 1.2 8.34 

Nb 1613/1.4988 
X5 CrNiMo 0.05 a 18.0 1.0 13.5 2.0 3.0 8.50 

18 12/AISI 316 
Incoloy 800 0.1 a 23.0 0.6 0.6 1.0 35.0 1.5 8.73 
Incoloy TYP 0.1 a 23.0 0.6 0.6 1.0 35.1 1.5 5.0 5.0 5.0 15.49 
OKhl8N9T 0.08 a 18 0.5 0.8 9.5 1.5 

OKhl6N15M3B 0.06 a 16 0.35 15 0.3 2.75 6.6 

Inconel 600 0.15 10.0 17.0 0.5 a 1.0 ¡0.94 
Inconel X 750 0.08 9.0 17.0 1.0 2.75 0.5 a 1.0 1.2 11.41 
Hastelloy x 0.1 18.5 22.0 0.75 a 1.0 9.0 0.6 13.22 
Inconel 718 0.1 a 21.0 0.8 1.15 0.35 55.0 0.35 3.3 5.5 14.14 
Inconel 625 0.1 5.0 23.0 0.4 0.4 0.5 a 0.5 10.0 4.15 17.06 

V-20 Ti 20 a 8.71 
V-20 Ti-10 Nb 20 a 10 14.48 
V-20 Ti-15 Nb 10 a 15 17.10 

a Means balance (of 100%) or rest. 
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of bubbles of helium; the helium arises from (n, a) reactions and migrates to grain 
boundaries where it can form bubbles under the influence of an applied stress. 
The increased helium concentration in the grain boundaries reduces the strength 
and ductility simultaneously and also reduces the stress-rupture life [V-14 to V-19]. 
In addition, irradiation can also lead to significant changes in the creep strength 
[V-20], The important factor for fuel pin design is that despite grain boundary 
weakness, ductility saturates at low values for normal operating conditions [V-19]. 
It is a matter of controversy whether the low creep ductility values observed in 
post-irradiation tests provide a good design limit for deformation behaviour under 
irradiation. There is a certain evidence for stabilized austenitic stainless steels 
that creep rupture ductilities are greater under irradiation than in post-irradiation 
tests [V-21 ]; however, as a result of an increase in creep rate, the stress-rupture 
life is actually reduced. This points to a recommendation that stress-rupture life 
should be determined by in-reactor experiments, though a post-irradiation deter-
mination of rupture ductility would give a conservative design limit. High 
temperature embrittlement is worse in cold-worked materials than in annealed 
ones; however, this can be balanced by a temperature treatment (annealing) of the 
tubes after fabrication. 

Until 1967, the major problem of damage to cladding materials was embrittle-
ment. However, in 1967, evidence was published of considerable swelling taking 
place in austenitic stainless steels irradiated to high fluences in DFR [V-22], and 
this phenomenon, void swelling, has since then tended to dominate the attention 
of groups involved in the development of cladding and duct alloys and to guide 
the principal lines of development. Swelling is caused by the production of small 
cavities as a result of vacancy condensation; it is a direct consequence of the large 
number of times atoms are displaced from their lattice sites during a component's 
in-reactor lifetime. 

In alloys, such as austenitic stainless steels, void swelling occurs only above 
a fluence threshold of about 1022 n/cm2 (corresponding to a stage at which every 
atom will have experienced about 5 displacements from its lattice site). Other 
important parameters are: 

— material composition, thermal and mechanical pretreatment and external 
stress; 

— swelling is quite sensitive to irradiation temperature; Figure V-3 shows the 
temperature dependences of swelling of a range of austenitic stainless steels 
[V-23]. The swelling peak for most of the austenitic steels lies in the 
440—480°C range. The peak for cold-worked 316 steel is at about 600°C, 
but a second peak at around 450°C increasingly manifests itself as dose 
increases and there are indications that this peak will eventually dominate 
[V-24]. The profile of solution-annealed 316 steel is double peaked [V-25]. 
(These dependences of the swelling versus temperature profile of 316 steel 
on pre-irradiation condition and on fluence reconcile the somewhat discrepant 
views which have previously appeared in the literature) ; 



2 6 2 CHAPTER IV 

Irradiat ion T e m p e r a t u r e ("C) 

FIG. VS. Temperature dependences of swelling of austenitic steels. 

— cold working generally improves swelling resistance [V-26]; this is one of 
the reasons why a cold-worked condition is specified for reference AISI 
316 steel. However, as data for AISI 304 steel show [V-27], there is an upper 
limit to the level of cold-work which is advantageous; 

— the materials used for alloying the steel and the consequent evolution of 
precipitation during irradiation also influence the swelling behaviour [V-28]. 

Another phenomenon which can also lead to dimensional changes of cladding 
or other core components is irradiation-induced creep. This, again, is a consequence 
of the prolific displacement of atoms by fast neutrons, and although the physical 
processes involved are, as yet, not clearly defined, the macroscopic effects are 
easily observed. Briefly, it results in the permanent deformation of elastically-
loaded components at irradiation temperature well below that at which thermal 
creep behaviour would normally have to be taken into account. For a typical 
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stainless steel, irradiation creep converts an elastic deformation into a permanent 
deformation during an exposure giving rise to a few displacements per atom so that 
during a typical in-reactor lifetime a relatively lightly loaded component can show 
a permanent deformation of 20—50 times the elastic deflection. An elastic 
deflection of 0.1 mm, which would be experienced on the face of a hexagonal 
wrapper under the loading of the internal coolant pressure, could be converted 
into a permanent set of 5 mm during its time in the core. Irradiation creep rates 
depend linearly upon stress and neutron flux [V-29], Observed deviations from 
linear stress dependence [V-30, V-31 ] could either be due to additional creep 
deformations via thermally-activated creep processes or to a correlation between 
swelling and irradiation creep [V-32]. In this case, the additional influence of 
hydrostatic stresses on void formation leads automatically to a non-linear stress 
dependence for irradiation creep [V-33]. 

External cladding corrosion is the result of a reaction between sodium and 
cladding alloys. It is not a limiting factor for the performance of FBR fuel elements, 
but two aspects have to be taken into account. First, sodium corrosion acts on 
the exposed surfaces of cladding or duct materials by preferentially dissolving 
some of the alloy components, in particular nickel and chromium, to form a thin 
surface layer of ferrite at a rate of about 10~3 cm per year [V-34]. Second, the 
mechanical properties of the stainless steel may be influenced by carburization 
or decarburization, both of which have been shown to be dependent on sodium 
temperature, sodium velocity and oxygen content. 

Regarding the present status of development of FBR cladding and duct 
materials it is clear that the dominant materials phenomena are void swelling and 
irradiation creep: 

— void swelling increases the length and diameter of cladding tubes and wrappers. 
These dimensional changes may constrict coolant flow to result in overheating 
of fuel pins and may also cause bowing of subassemblies because of differential 
swelling of opposite duct faces [V-26, V-35, V-36], 

— in-pile creep leads to wrapper dilation (bulging), under the influence of differential 
internal coolant pressure, and eventually to mechanical interaction of sub-
assemblies at the core mid-plane level [V-35, V-36], 

In principle, the austenitic stainless steels chosen as first-generation reference 
materials fulfil the requirements of the prototype reactors, mainly because of 
their excellent high temperature strength and their compatibility with the fuel 
and the coolant. The extensive irradiation programmes carried out in DFR, 
EBR-II, RAPSODIE, and BOR 60 confirmed by the operation of the prototype 
reactors, especially PHENIX, BN 350, PFR and FFTF, have given a substantial 
amount of experience with these materials up to neutron doses in excess of 
1023 n/cm2. However, extrapolation from the current data base to the dose levels 
expected in commercial FBR power station fuel (approaching 4 X 1023 n/cm2) 
shows unacceptably large swelling- and creep-induced deformations. 



2 6 4 CHAPTER IV 

V—3.2. ADVANCED CLADDING AND DUCT MATERIALS 

To reach the planned lifetime of commercial station fuel, it will be necessary 
to develop improved advanced cladding and duct materials. All of the major 
nations involved in fast reactor work have therefore mounted large programmes 
aimed at the development of swelling and irradiation-creep-resistant alloys which 
also have acceptable strength, ductility and compatibility with the fuel and coolant. 
Three alloy classes seem to offer good potential for the future: 

— Improved austenitic stainless steels: The beneficial effect of stabilization 
with small additions of titanium or niobium has already been referred to. 
In addition, silicon has also been shown to act as a swelling inhibitor. Stabilized 
austenitic steels, in most cases with carefully specified levels of minor elements, 
have therefore been widely adopted as potential 'second generation' materials 
[V-26, V-37, V-38]. 

— High nickel alloys: The swelling resistance of alloys with high nickel content 
was demonstrated for Nimonic PE 16 in early work in DFR [V-39], and for. 
a wider range of alloys of this type in simulation (heavy-ion irradiation) 
studies in the USA [V-40]. Alloys with higher nickel levels than 316-type 
austenitic steels have therefore featured in most of the development pro-
grammes. The higher nickel content has, however, some disadvantages: 
the neutron absorption is higher, which lowers the breeding ratio; the com-
patibility with sodium is less good (particularly if the alloy contains more 
than 40% nickel); and the alloys are more sensitive to loss of ductility. 
Therefore, more recently, detailed investigations on the swelling behaviour 
of austenitic alloys with only a moderate increase in nickel content (30% Ni) 
and a reduced chromium content (8—12%) were performed, which showed 
that by this means reasonably low swelling can be achieved (Fig. V-4), even 
keeping the mechanical and corrosion properties similar to the types of 
stabilized austenitic stainless steels [V-41 ]. 

— Ferritic alloys: These alloys have shown an almost complete absence of 
swelling up to very high doses and over a wide temperature range [V-41, V-42], 
Due to the limited high temperature strength, these materials seem to offer 
potential only for wrapper applications (where high temperature strength 
is not demanded, but beneficial minimization of bowing and dilation of sub-
assemblies results from the absence of swelling). Currently they feature in 
all the development programmes as potential 'second-generation' materials 
for this application. Some efforts are also being made to improve high 
temperature strength of the ferritic alloys by adding Ti02 or Y 2 0 3 to develop 
a dispersion-strengthened type, which can be used for ducts and cladding 
[V-43]. 
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FIG. V-4. Dependence of swelling on composition of the developmental alloys and commercial 
alloys (c.w. = cold work, s.a. = stabilized austenitic steel, a = addition of nickel greater than the 
316 content). 

V—3.3. MATERIALS FOR THE PRIMARY CIRCUIT 

The structural components of the primary circuit (reactor vessel, intermediate 
heat exchanger, primary piping, valves, etc.) operate over a long period of time at 
elevated temperatures at which thermal stresses and the time-dependent creep 
behaviour of the materials of construction must be taken into account during 
steady-state operation. In addition, cyclic thermal stresses occur during non-steady 
conditions (such as startup, shutdown or transient reactor operations) and the inter-
action of long-term creep and cyclic loading may introduce fatigue as well as creep 
damage, and premature failure might occur. Besides these complex stress conditions, 
the exposure of components to flowing sodium and to irradiation might also result 
in changes in composition, microstructure and mechanical properties [V-44, V-45]. 

Generally, only austenitic stainless steels are used for primary circuit 
components. For the parts which operate at lower temperatures (vessel, cold-leg 
piping) either AISI 321 (PFR), AISI 304 (MONJU) or the Federal German equiva-
lent, DIN 1.4948 (SNR 300), and AISI 316 (PHENIX) have all been used. The 
future trend is towards wide-scale use of AISI 316 because of its superior creep 
strength and ductility and better resistance to intercrystalline corrosion. 

Ferritic steels containing 2.25% chromium and 1% molybdenum have been 
used in the PHENIX, PFR and SNR 300 (DIN 1.6770) steam generators, but 
Incoloy 800 is being used in the SUPER PHENIX steam generators and austenitic 
stainless steels were used in the first set of superheaters and reheaters for PFR. 
Problems with the PFR steam generators (see subsection III-8.2) and, more recently, 
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FIG. V-5. Fast reactor fuel pins - synopsis of the different designs. 
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with those of PHENIX suggest that considerable additional development work is 
needed on materials for steam generator applications. The use of Incoloy 718, 
which has higher allowable stress limits and shows excellent fatigue behaviour, 
might offer a promising future alternative. 

V—4. FUEL SUBASSEMBLIES 

For FBRs the fuel pins are assembled into clusters by collecting them inside 
a hexagonal duct. The main reasons for such an arrangement are: 

— to provide acceptable and constant thermal-hydraulic conditions for the 
coolant flow, 

— to provide mechanical support for the pin bundle, 
— to provide a barrier to the rest of the core in case of a possible rupture of 

a few pins in the subassembly. 

More details of the subassembly design will be given in subsection V—4.2. 

V—4.1. FUEL PIN DESIGN 

The intensive 20-year multinational development of fuel pins with U02-Pu02 

has brought this fuel type to a point where loading into the core of a commercial 
power reactor (SUPER PHENIX) will be performed in the very near future. This 
experience was gained with the irradiation of more than 100 000 fuel pins 
(which is the equivalent number for a complete loading of SUPER PHENIX) within 
the different national programmes for FBR development, mainly in France, the 
UK, the USSR, the USA, the Federal Republic of Germany, Italy and Japan (see 
Chapters II and III). As a result of this extensive research effort not only the most 
important parameters for convenient design concepts but also a very good data 
base for all phenomena which influence the behaviour of fuel and cladding under 
fast flux irradiation conditions were developed. Many of these data, together with 
statements for mechanisms and modelling work are contained in Refs [V-l, 
V-2, V-45]. 

Mixed oxide fuel is mostly used in the form of cylindrical pellets, helium 
bonded to the stainless steel cladding. A survey of the various pin concepts used 
in different countries and for different reactors is shown in Fig. V-5. Design 
measures have been formulated to deal with the most important irradiation 
phenomena. These are: 

— to accommodate fuel swelling (and expansion during thermal upset conditions) 
and to limit mechanical interaction between the fuel and the cladding at 
high burnup, free volume is provided by porosity of the fuel, by the specifi-
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cation of a gap between the fuel pellets and the inner wall of the cladding 
and, in some designs, by the incorporation of an axial hole. Pellet densities 
are typically in the range 85-95% of the oxide theoretical density (TD), 
which, with gap sizes typically between 0.1 and 0.3 mm and the as-fabricated 
porosity, gives smear densities in the 75-90% TD range; 

— to minimize fission-product attack at the fuel cladding interface, hypostoichio-
metric fuel (i.e. with an O/M ratio between 1.94 and 1.98, but, in any case, 
less than 2.00) is specified; 

— to avoid excessive internal pressurization of the fuel pin as a consequence 
of fission gas release (resulting from the high internal fuel temperatures), 
a gas plenum is incorporated. This is usually at the cooler end of the pin, 
although in some cases hot end (or even both cool and hot end) plena have 
been specified. The size of the plenum is determined by ductility limit or 
rupture life data for the cladding; 

— to withstand the internal pressure and allow for sodium corrosion of the 
outer surface, the wall thickness of the stainless steel cladding is specified 
between 0.25 and 0.6 mm; 

— to balance between the conflicting incentives to increase pin diameters (to 
improve breeding ratio, reduce fabrication costs and improve the hydraulic 
characteristics of the subassembly) or to reduce pin diameters (to reduce 
fissile material inventory and reduce doubling times), parametric studies 
are carried out. These lead to a range of values, depending on input 
assumptions, which span the range from 5.8 mm (PFR) to 8.5 mm (SUPER 
PHENIX) (see Table V—4). A discussion of the interdependence of pin 
diameter and other important fuel parameters is given in Ref. [V-46]. 

An alternative fuel style is particulate, when the fuelled region of the pin is filled 
with a vibrocompacted mixture of two or more size ranges of either crushed pellets 
or spherical particles [V-47]. The latter can, in principle, be produced remotely by 
a gel route, eliminating the powder precipitation and handling stages which aggregate 
much of the personnel dose associated with current fuel production plants; gel 
spheres might also be used as starting material for the production of pellets [V-48] 
(see also subsection VIII—2.2.1.3). 

V—4.2. SUBASSEMBLY DESIGN 

Fuel pins are assembled into manageable units by arranging them in clusters 
inside a hexagonal duct (or wrapper). In addition to providing structural support 
for the pin bundle and providing the mechanical means for loading fuel pins into 
the reactor as subassemblies, the ducts: 

— channel coolant flow through the high-resistance pin bundle, 
— allow individual flow orificing of subassemblies to flatten the outlet tempera-

ture profile across the core, 
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TABLE V - 4 . PIN DIAMETER AND LINEAR POWER RATING FOR FAST 
BREEDER FUEL PINS (Source: Ref. [V-46]) 

Pin diameter (mm) 

Reactor Country Core 
Radial 
blanket 

Peak linear power 
(kW/m) 

BN 350 USSR 6.1 14.2 44 

PHENIX France 6.6 13.4 45 

PFR UK 5.8 13.5 48 

SNR 300 Germany (Fed. Rep.) 6.0 11.6 36 

FFTF USA 5.8 - 42 

BN 600 USSR 6.9 14.2 53 

SUPER PHENIX France 8.5 15.8 47 

MONJU Japan 6.5 11.6 36 

CDFR UK 6.7 13.5 42 

SNR-2 Germany (Fed. Rep.) 7.6 11.6 42 

CRBRP USA 5.8 12.8 42 

PEC Italy 6.7 - 37 

- allow individual monitoring of subassembly outlet coolant temperatures and 
burst-pin detection signals, and 

— provide barriers to fault propagation from the pins in one subassembly to 
the whole core. 

A triangular array of fuel pins is generally adopted. This maximizes the fuel 
volume fraction in the core and gives good heat transfer conditions. There are 
two basic means of spacing the pins. The most common is to spirally wind a wire 
at a specified pitch around each pin; the diameter of the wire then sets the inter-
pin gap. In the UK and the Federal Republic of Germany, however, the use of 
hexagonal lattices of steel strip (grids), anchored to the duct walls or to corner 
posts at specified levels, has been preferred. As an example the concept of the 
PFR subassembly design is given in Fig. V-6. 

The advantages of wire-wrapping are the simplicity and ease of fabrication 
and dismantling. The disadvantages are: first, that the spiral wires might move 
during handling leading to uncertainties in the axial location of the support points 
(and hence in the prediction of thermal hydraulics and of the effects of irradiation-
induced distortion); and second, that careful matching of (particularly) the 
void-swelling characteristics of the wire and the cladding is necessary if severe 
distortion [V-49], leading possibly to pin-on-pin contacts, is to be avoided. 
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FIG. V-6. Design of PFR subassembly. 

The main advantages of grid-spacing are the well-defined location, throughout 
irradiation, of the pins at several planar levels in the assembly, the small volume 
of material used to space the pins compared with the amount used in wire-wrapping 
every pin, the low hydraulic pressure drop associated with well-designed grids 
(which, in principle, allows close interspacing of grids in regions where significant 
pin distortion by thermal or irradiation-induced bowing is predicted), and the 
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straight-through flow patterns (in contrast to the whirling occurring in wire-wrapped 
bundles). The principal disadvantages of grid spacing are associated with cost and 
with complexities of dismantling for reprocessing. 

For breeding it is necessary to have blanket material (U02) above and below 
the fuel region of the subassembly — the upper and lower axial blankets — and 
in separate subassemblies located around the core - the radial blanket. To provide 
axial blankets, lengths of U0 2 pellets are put into the fuel pins. The main advantage 
of having an integral upper axial blanket is one of cost, with savings arising from 
two sources: first, the integral pin is shorter than the combined lengths of 
separate fuel and upper axial blanket pins, which allows the whole reactor to be 
reduced in height; second, integral pins are cheaper to fabricate. 

However, in PFR separate upper axial blanket pins above the fuel pin bundle 
are used. The advantage of a separate axial blanket is that the pins for it can be 
fabricated in a non-a-active facility. Also, blanket pins, containing depleted 
uranium (as U0 2 ) and thus being lowly rated, can be of larger diameter than 
normal fuel pins and thus the radial blanket pins (and the separate axial blanket 
pins, if used) can be made up of fewer, thicker pins than the standard fuel sub-
assembly. It is to be noted that, because of breeding, the rating and operating 
temperatures of blanket pins slowly rise during irradiation. 

The other main components of a subassembly are orificing arrangements to 
control coolant flow, filters, top-end handling arrangements, pipework to permit 
burst-pin detection monitoring plus shielding sections to protect the reactor 
above- and under-core structures. 

The optimum size of a subassembly is determined by: 

- the reactivity worth per assembly, 
- the weight, 
- the cost (larger subassemblies reducing total core cost), 
- mechanical performance (larger assemblies giving more trouble with irradiation-

induced distortions), 
- considerations of criticality during shipment, 
- refuelling considerations, because fewer, larger assemblies can shorten the 

time needed for refuelling, and 
- decay heat removal problems during discharge. 

Current designs of subassemblies have 9 - 1 1 hexagonal rings of pins, giving 
arrays of 217, 271 or 331 pins (these numbers are reduced by 6 in gridded designs 
where corner posts are used for grid location). 

V—4.3. SELECTION OF CLADDING AND DUCT MATERIALS 

The service conditions of pin cladding and subassembly ducts differ significantly 
and one could, in principle, select the materials for both on the basis of suitability 
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of their physical and mechanical properties to the service demands. A similar 
comment could be made about the choice of material for wire-wrapping pins or 
for grid fabrication. 

However, when irradiation damage phenomena are taken into account, 
constraints arise which limit materials choices. The necessity of matching the 
void swelling characteristics of pin cladding and wire-wrap material in wire-wrapped 
subassembly designs has already been noted (subsection V-4.2) . The situation of 
matching the duct and pin cladding materials is more complex. 

Regarding the consequences of void swelling and irradiation creep of the 
duct and cladding it is observed that the duct is elongated, bulged outwards 
around the core centre plane and, if there is a neutron flux gradient, bowed in 
a direction away from the core centre, while the pins inside it are elongated, 
increased in diameter and where there is edge-pin overcooling, bowed. Because 
the neutron flux/irradiation temperature profiles along the duct and cladding 
are different (the duct, at a given planar level, always being cooler than the cladding) 
there will be differential growth between pins and duct if the materials of which 
they are made swell at all; this problem is not eliminated by choosing the same 
alloy for cladding and duct, and it is necessary to incorporate adequate end-
clearance in the subassembly design to accommodate the growing pins. 

Since at any cross-sectional plane the pins are hotter than the duct, the form 
of the swelling-versus-temperature profiles of the various materials of choice 
(Fig. V-3) means that, at some planes, the pins will increase in cross-sectional area 
more than the duct, reducing the available area for coolant flow which will over-
heat the pins. An analysis of the problem has been made for a gridded subassembly 
design [V-50]. This points to the importance — in this case by careful choice of 
grid material - of expanding the fuel pin bundle to avoid bypass flow between 
the outside of the pin bundle and the inner wall of the duct if serious overheating 
is to be avoided. Such expansion of the bundle might adventitiously occur in 
wire-wrapped designs, but only the gridded design permits positive steps to be 
taken during fabrication to achieve it. 

All of this, of course, refers to problems which arise if the cladding duct 
and other subassembly constructional components are made from materials which 
swell and undergo creep during irradiation. Hence the intensive programmes of 
development on swelling-resistant alloys (subsection V—3.2). 

Until these alloys reach full-scale commercial deployment, however, measures 
have to be taken to cope with the distortions arising from the use of currently 
available materials. In addition to requiring careful matching of the swelling 
behaviours of conjoined components, design measures have been taken to avoid 
serious problems. In particular the recognition that differential swelling across 
subassemblies irradiated in flux gradients leads to those assemblies bowing radially 
outwards, as noted above, and increasing awareness of possible problems with 
seismic excitation of free-standing cores have resulted in the universal adoption 
of a passive-restraint concept of core support (Fig.V-7). In such arrangements, 
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FIG. V- 7, Core support systems. 

subassemblies are restrained to varying degrees from departing too far from their 
initial, vertical positions by interacting with their neighbours and with the structure 
(the core barrel) surrounding the core [V-35, V-51, V-52], 

V - 5 . OXIDE FUEL PERFORMANCE 

Oxide fuel pins, singly, in small clusters and in subassemblies, have been 
irradiated over a wide range of powers and temperatures by all the national groups 
involved in FBR development. Reviews of accumulated experience form the basis 
of discussions at the international conferences at Tucson [V-53], Hamburg [V-54], 
Monterey [V-55] and Sun Valley [V-56]. 

In the following sections, a survey is given of the main phenomena occurring 
in fuel pins during irradiation leading to changes of mechanical, physical and 
chemical properties. With the high specific power and high burnup demanded of 
FBR pins, the effect of temperature is important and the thermal conditions are 
responsible for the observed microstructural changes, swelling, fission gas release, etc. 

V—5.1. FUEL RESTRUCTURING 

At the beginning of irradiation, radial temperature gradients are set up 
in the fuel and restructuring begins in the central part of the fuel. This results in 
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C V : C E N T R A L VOID E : E Q U I A X E D - G R A I N REGION 

C : C O L U M N A R - G R A I N U: UNRESTRUCTURED REGION 
REGION 

FIG. V-8. Ceramographic cross-section of an irradiated fast breeder fuel pin. 

the g rowth of high densi ty co lumnar grains ex tend ing radially ou twa rds f rom the 
centre . These arise f rom the migra t ion (via an evapora t ion /condensa t ion mecha-
nism) of poros i ty towards the cent re , s imul taneously p roduc ing the f o r m a t i o n 
(in solid pellets and in v ib rocompac ted fue l ) of an axial hole or t he en la rgement 
of the central hole already in annular fuel by design. Thus , a f t e r only a f r ac t ion 
of a per cent b u r n u p , the central regions of all fuel pins begin to look very similar, 
qui te regardless of the original fo rm of the as-fabricated fuel . Figure V-8 shows 
par t of a ceramographic cross-section th rough an irradiated fast breeder fuel p in . 

The ex t en t of this res t ruc tur ing is de te rmined by the fuel pin p o w e r level, 
i.e. by the fue l t empera tu re and gradient . In the cooler regions beyond the 
co lumnar grains a rapid growth of grains (and in v ib rocompac ted fuel , s inter ing) 
occurs leading to the f o r m a t i o n of an annular zone of equiaxial grains which also 
have a higher densi ty than the original mater ia l . Only on the cool per iphery does 
the mic ros t ruc tu re remain essentially unchanged . 
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Because of the brittle nature of the ceramic oxide, large cracks form during 
startup and especially during shutdown operations due to the severe thermal 
gradients. However, these probably heal during continued steady-power irradiation. 

Two other competing effects take place as a consequence of the thermal 
conditions in the fuel: the fuel diameter decreases as a consequence of sintering 
[V-57, V-58], whilst swelling (subsection V-5.2) tends to increase the diameter. 
In Fig. V-9 the influence of the major irradiation parameter (linear rod power or 
irradiation temperature) with respect to the different axial restructuring behaviour 
is shown as an example by several ceramographic cross-sections of a mixed oxide 
fuel pin irradiated in the KNK II reactor. 

V-5.2. FUEL SWELLING 

Fuel swelling is caused both by solid fission products (mainly caesium) and 
by fission gases (xenon and krypton). While swelling of 0.2% per at.% burnup is 
the estimated swelling rate due to the accumulation of solid fission products, 
greater swelling might result from the presence of gaseous fission products in the 
fuel. In the cool, outer regions of the fuel most of the generated fission gas is 
retained in the fuel, either in minute pores or in solution in the oxide [V-59, V-60]. 

V—5.3. FISSION GAS RELEASE 

The processes of fission gas accumulation, growth into bubbles and collection 
at grain boundaries are extremely complex [V-46], However, fuel temperature 
and the appropriate diffusion coefficients are the primary parameters responsible. 
Below a temperature of about 1000°C, fission gas mobility is very low and most 
of the gas is retained in the fuel, as discussed in the previous section. Between 
1000 and 1600°C, diffusion takes place transferring a considerable amount of 
fission gas to the grain boundaries and causing substantial swelling in the equiaxial 
grain zone; part of this gas is released. Above 1600°C (in the columnar grain zone) 
most of the fission gas is released to the central void region to collect in the fuel 
pin plenum. 

The correlations between fuel swelling, fission gas release and fuel specification 
parameters such as pellet density (i.e. available inner porosity) and gap size have been 
established by the experimental programme, so pin design features (such as plenum 
length) appropriate to the achievement of high burnup levels can, in principle, be 
defined. In practice, however, there is still a tendency to err on the pessimistic side 
regarding input assumptions (such as, for example, by assuming 100% gas release 
from all the fuel). As a result few current designs are optimized to the extent which, 
in principle, should be achievable. 



FUEL SECTION CORE MIO PLANE 

FIG. V-9. Axial restructuring behaviour of a mixed-oxide KNK II fuel pin. 
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V—5.4. MECHANICAL INTERACTION BETWEEN FUEL AND CLADDING 

With the current reference designs of fuel pins, a mechanical interaction 
between fuel and cladding is only expected to happen at very high burnup 
[V-61, V-62]. Two reasons are responsible: first, the creep rate of mixed oxide 
is high at normal fuel operating temperatures; second, swelling of the stainless 
steel cladding increases the diameter of the pin. In essence, the cladding is 
continually expanding away from the soft, swelling fuel, so no significant inter-
actions occur. Beyond about 8% burnup, however, there is evidence that non-
voidage diametral strains begin to become more significant [V-63], and this and 
other data [V-64 to V-66] suggest that Fuel/Cladding Mechanical Interaction (FCMI) 
must be taken into account in high burnup pin design, particularly with the 
development trends to use higher smear density fuel and/or swelling-resistant cladding. 

Strong mechanical interaction can also occur during power changes — pin 
failures were generated in US studies by power increases in the range 20—100% 
[V-65]. This may also occur where fuel chemistry conditions lead to reactions 
between the volatile fission product caesium and fuel at the fuel/cladding interface 
to form there the low density reaction product caesium urano-plutonate 
Cs3(U, Pu)04. 

V—5.5. CHEMICAL INTERACTION BETWEEN FUEL AND CLADDING 

Under the influence of the steep radial temperature gradients in fuel under 
irradiation, diffusion and segregation processes take place in which plutonium, 
uranium, oxygen and fission products participate; these processes result in local, 
radially dependent composition changes [V-67]. The fission products caesium, 
iodine and technetium, which migrate to the fuel/cladding interface, can play an 
important role in chemical interaction processes on the inner surface of the 
cladding. This corrosion of the steel cladding degrades the mechanical properties 
of the cladding tube by both general reduction of the wall thickness and inter-
granular attack. Despite extensive out- and in-reactor experiments, the mechanism 
of Fuel/Cladding Chemical Interaction (FCCI) leading to intergranular penetration 
is not fully explained [V-68], 

It was found that the caesium attack is controlled by the oxygen partial 
pressure and by temperature. Near-stoichiometry (i.e. O/M ratios around 2.00) 
of the fuel produces high oxygen potential, and cladding temperatures above 
550°C enhance the attack. This is the reason why hypostoichiometric O/M ratios 
between 1.94 and 1.98 are commonly used (subsection V—2.1.1). Reduction of the 
O/M ratio below 1.94 gives rise to other problems; first, the thermal conductivity 
of the fuel is adversely affected; second, axial migration of caesium to the colder 
ends of the fuel column is significant and reaction with U0 2 insulator pellets to 
form caesium uranate, Cs2U04 , can locally strain the cladding [V-61 ]. 
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TABLE V—5. IRRADIATION OF MIXED OXIDE FUEL PINS (Source: KfK) 

Number of pins 

1975 1982 

CEA: RAPSODIE 
PHENIX 

20 000 
21 000 

30 000 (peak burnup 26.6%) 
110 000 

UKAEA: DFR 
PFR 

1 200 (peak burnup 21.2%) 
25 000 (low burnup) 50 000 (about 5 000 with more 

than 5 at.% burnup) 

USA: FFTF - 8 000 with 3 at.% burnup 

USSR: 25 000 (estimated) 

DeBeNe: KNK 11/1 - 1 854 (with max. 10 at.% 
burnup) 

Total 66 000 
(without USSR) 

199 854 
( « 2 core loadings of SPX-1) 

V—5.6. ACHIEVABLE BURNUP 

Table V—5 gives rough estimates of the number of pins irradiated in the 
test programmes and ih currently operating experimental and prototype reactors. 

Summarizing the results it is seen that burnup levels in excess of 20 at.% 
(with corresponding cladding damage doses in excess of 100 displacements per 
atom (dpa)) were achieved without failure in experimental pins. This is indicative 
of the generally conservative assumptions made in designing these pins, most of 
which were produced in an era when target burnup levels of 7.5 or 10 at.% were 
considered to be laudable aims for the development programmes. 

The conservatism of design has been confirmed by experience of driver fuel 
subassembly irradiations in, mainly, PHENIX and PFR which have reported peak 
burnup levels of 11.7 and 9.7 at.%, respectively [V-62]. However, it is clear that, 
with current subassembly constructional materials, reactor operators are having 
to pay considerable attention to irradiation induced distortions and the burnup 
histograms of the fuel charges of both reactors show cautious pushing forward 
of the mean burnup levels at discharge. 
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The total number of fuel pins irradiated in subassemblies, world wide, is now 
around 200 000 with extremely low reported incidences of failure. There are, in 
fact, too few data to permit either estimation of potential burnup limits or 
identification of probable life-limiting mechanisms. 

The initiation of cladding failure is readily acknowledged to be the most 
compelling life-limiting mechanism. It will, however, be recalled (subsection V—4.3) 
that the enclosure of pins in bundles in rigid ducts necessitates the avoidance, 
during irradiation, of pin-on-pin or pin-on-duct contacts if overheating of the 
cladding is to be avoided. This constrains the allowable changes in pin geometry 
and dimensions and can lead to substantially shorter in-reactor lifetimes than 
those associated with cladding failure. 

If we assume that these constraints have been avoided either by design or 
by appropriate choice of materials, the potential life-limiting mechanism can be 
reviewed [V-70]. The most probable cause of pin failure is ductility exhaustion 
as a consequence of cladding deformation by thermally activated creep processes 
(thermal creep). These processes should be distinguished from those of irradiation 
creep (subsection V-3.1) , which manifest themselves at temperatures well below 
those at which thermally activated processes need to be taken into account: 
irradiation creep processes are believed not to exhaust ductility [V-29], The 
incorporation of a conservatively designed fission gas plenum to limit end-of-
design-life stresses to acceptable levels (subsection V-4.1) means that failure due 
to this cause can, in principle, be avoided by design. The low incidence of failure 
experienced so far supports this view. 

Other processes potentially leading to pin failure [V-70] are: 

— void swelling: this is probably life-enhancing in single pins, providing a 
process for expanding cladding to accommodate fuel swelling without 
drawing on ductility, but it can be life-limiting in subassemblies unless the 
cladding, wire-wrap or grid, and duct materials are appropriately chosen 
(subsection V-4.3); 

— sodium corrosion: this can be reduced to indefinitely acceptable levels by 
suitable choice of cladding alloy and thickness, with control of sodium 
purity (subsection V—3.1); 

— internal corrosion, which is also reducible to acceptable levels by control 
of fuel stoichiometry (subsection V—5.5). However, evidence has recently 
been published [V-71, V-72] of an undesirable fuel restructuring mode in 
which the fuel recedes from the cladding leading to a particularly damaging 
form of intergranular penetration: failures were observed at burnups of less 
than 2 at.%. This phenomenon is seen in association with fuel melting and 
relocation and the threshold linear ratings above which the intercrystalline 
cracking takes place seem to be related to the power-to-melt of the fuel 
style adopted. Table V - 6 gives the estimated upper limiting values [V-70], 
Commercial fuel designs generally adopt values well within these limits, but 
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TABLE V—6. LIMITING LINEAR RATINGS FOR OXIDE FUEL PINS 
(Source: UKAEA) 

Fuel form 
Intrinsic 
pellet density 
(% TD) 

Fuel smear 
density 
(% TD) 

Linear rating 
limit 
(kW/m) 

Annular pellet 95 80 70 

Solid pellet 95 90 62 

Solid pellet 90 85 57 

Vibrocompacted — 80 54 

the problem could become significant if advanced fuel design studies lead 
towards the adoption of higher ratings. Power-to-melt can be significantly 
improved by restructuring to form a central void at low power [V-72] and 
the tabulated values for solid pellet and vibrocompacted oxide fuels could 
probably be increased by, perhaps, 10 kW/m [V-70] if the demands of 
commercial operation of a reactor allowed its power to be raised slowly 
(over a period of, perhaps, 24 hours) after fresh fuel had been loaded. 

The advantages of fuel pellets with an annular hole or of fuel pins with 
particle fuels have been discussed already. Irradiation experience especially of 
the latter is rather limited. Annular pellets with a high density were irradiated 
in PFR and PHENIX; the results are similar to those of the solid type. Irradiation 
of particle fuels was mainly performed in DFR and to some extent in EBR-II. 
The results proved the expected good behaviour with respect to reduced stresses 
on the cladding and with no fission product transport (absence of cladding attack) 
to the cladding. In DFR burnup values up to 85 000 MW-d/t could be reached 
without any failure; in special cases even 200 000 MW-d/t were achieved. 

V—5.7. FUTURE DEVELOPMENT 

Requirements to improve the present reference fuel pin and subassembly 
designs come from various directions. Reduction of fuel cycle costs and improve-
ment of breeding gain are particularly important. A reduction of fuel cycle costs 
can be achieved by increasing the fuel pin diameter (to reduce fabrication costs) 
to greater than 7 - 8 mm, by increasing the attainable burnup to 15 at.% or higher, 
and by increasing the linear rating to 50—55 kW/m. The linear rating limitations 
tabulated in Table V - 6 suggest that the lowest risk direction of development is 
towards higher burnup. Experience from PHENIX irradiations has indicated the 
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possibility of achieving high burnup levels using Ti-stabilized 316 cladding and 
duct material [V-73] and the introduction of more advanced structural materials 
(subsection V—3.2) is expected to extend burnup to higher levels still. A similar 
experience was made in the USA [V-74], 

An increase of breeding gain can be achieved by increasing the smear density 
of the fuel and by reducing the in-core inventory of stainless steel (with thinner 
cladding and ducts). Again, appropriate improvements are being tested in advanced 
designs [V-74], 

V—6. ADVANCED FUEL EXPERIENCE 

Efforts have been made to develop fuels which would evidence better 
performance and be capable of enduring greater burnup. 

These have proceeded along two lines: development and testing of alternative 
fuels to the oxides, notably carbides and nitrides; and utilization of different 
assembly processes to reduce the fuel clad temperature interface. These latter 
have included using vibrocompacted fuels or filling the space with gas (helium) 
or liquid metal (sodium). 

V—6.1. CARBIDE FUEL 

Mixed carbide fuel was long thought to be an advanced alternative to 
the oxide fuel because of its inherent thermal and nuclear advantages (sub-
section V-2.2). Considerable effort was put into the development of carbide fuels 
in several countries (Belgium, France, the Federal Republic of Germany, the USSR, 
Switzerland, the UK and the USA), especially during the period between 1970 
and 1979. During that time small-scale fabrication routes were developed, fuel 
pin concepts designed and many irradiation experiments performed. However, 
more recently, development effort has generally been reduced in most countries, 
partly because of continuing good performance experience with oxide fuels and 
partly because a slowdown in the projected rate of commercial introduction of 
fast reactors has meant that the potential improvements of breeding gain which 
would result from the adoption of carbide fuels are not, at present, needed. In 
addition, there has been no significant development of reprocessing technology for 
carbide fuels. 

Three basic concepts of fuel, two based on pelleted fuel with different types 
of bonding and the third using vibrocompacted fuels have been developed for the 
experimental trials. 

Pins with solid pellets, helium-bonded, were widely tested, probably because 
they could be made by techniques similar to those adopted for oxide fuels. Fission-
product swelling has to be accommodated by provision of porosity (requiring 
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medium-low-pellet densities). The fuel runs cooler than corresponding oxide 
designs, making higher demands on cladding strength. 

In sodium-bonded designs, the gap between the fuel and cladding is completely 
filled by sodium, which improves heat transfer and permits the generation of higher 
linear ratings without risk of fuel melting. A larger gap can be left between fuel pellets 
and cladding than in the helium-bonded designs, allowing the fuel swelling associated 
with higher density pellets to be accommodated; thinner cladding can also be used 
because no significant interaction between fuel and cladding is expected. However, 
fabrication, and especially the control of bond quality, is rather complicated and 
complications might arise with the reprocessing of sodium-impregnated fuel. This 
type of design has been used also for mixed oxide fuel pellets. However, the most 
promising advantages of the sodium-bonding concept are connected with the 
material properties (high fissile density and high thermal conductivity) of the 
carbide. No reactions between fuel and sodium occur, which may lead in the case of 
hypostoichiometric mixed oxide fuel to the formation of sodium-urano plutonates, 
and high specific rod powers can be achieved with relatively low fuel temperatures 
(resulting in a reduced swelling rate of the fuel). 

The vibrocompacted design was mainly developed in Switzerland, but also 
used in the UK and the USA. Helium gas filling and smear densities around 
70—76% TD were usually used [V-75]. The principal advantage of this type of 
fuel lies in the possibility of using a wet, remote production route for carbide 
spheres, with similar advantages to those already noted for oxide (subsection V—4.1). 

Only about 5000 pins have featured in the irradiation test programmes. 
Nevertheless, significant success has been reported: with both types of pelleted 
fuel burnup levels of 8 - 1 0 at.% were achieved without failure and vibrocompacted 
fuel was similarly taken to 6—7 at.% burnup. Comprehensive review of the various 
national programmes and the results obtained were given at the Tucson conference 
[V-53]. 

Compared with the irradiation behaviour of mixed oxide, all the irradiation 
effects linked with steep temperature gradients in the fuel (subsections V—5.1, 
V—5.3 and V—5.5) are less pronounced with carbide fuel because of the higher 
thermal conductivity, and only seldom (and then only in helium-bonded fuel) does 
restructuring lead to the production of a central void. Also migration processes of 
fission products and plutonium are rather modest. 

Fuel swelling, fission gas release and some other property changes show 
sensitivity to fuel type and pin concepts: 

- Sodium-bonded fuel operates at low temperatures, so fuel swelling and fission 
gas release («»5-20%) are low. No significant deterioration of performance 
occurs at high pellet densities (up to 98% TD). However, carbon transport 
from fuel to cladding is greater than in gas-bonded designs, increasing the 
risk of carburization of the cladding, particularly if the fuel contains sesqui-
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carbide (M2C3). The large gap between fuel and cladding leads to a risk of 
cracked fuel wedging across the gap; in one evolved design a thin steel sheath 
around the pellets inside the bond was used to maintain fuel geometry [V-76]. 
A comprehensive summary of the irradiation behaviour of pins with sodium-
bonding was recently given [V-77]. 

- Helium-bonded fuel runs at higher temperature, so swelling and gas release 
( 15-30%) are higher. The pellet densities are typically in the range 
80-88% TD, the corresponding smear densities 75-82% TD. In the case 
of the higher fuel densities considerable cladding diametral strains have been 
reported [V-78], 

— Vibrocompacted fuel, being helium-bonded, shows some similarities in 
behaviour (for example, in fission gas release) to helium-bonded pelleted 
fuel. However, there is reduced fuel/cladding mechanical interaction [V-75 ]. 

A major uncertainty about carbide fuels lies in the limited scale of irradiation; 
there is no experience of pins in statistically significant quantities in subassemblies 
and no experience of pin behaviour in transient-operation situations. Equipment 
and techniques for economic, large-scale pin fabrication have not been developed 
and the problems of reprocessing have not been addressed. With the current 
de-emphasis of work on carbide fuels it is not possible to predict what the future 
of carbide fuels will be. 

V—6.2. NITRIDE FUEL 

Out of numerous other U-Pu compounds which could serve as a possible 
fuel, only the nitride (UN or (U, Pu)N) has received appreciable attention [V-46], 
As can be seen from Table V - 1 the physical properties are quite similar to the 
carbides. 

Fabrication experience is rather limited and mainly based on two routes: 

— the reaction of metal hydrides with N2, which was used mainly in the USA 
and produced a rather pure (U, Pu)N, 

- the carbothermic reduction of the mixed oxide in the presence of N2 (similar 
to the fabrication of (U, Pu)C). With this procedure it is problematic to 
control the content of impurities, because oxygen and carbon always remain, 
to a certain extent, in the nitride matrix. High levels of oxygen may increase 
fuel swelling and carbon affects the cladding. 

Also very limited is the present know-how of irradiation performance of the 
nitride fuel. Owing to the differences in relevant properties in comparison with 
carbides it is expected that the irradiation performance may also be different. 
So, the neutron economy is not as good as for carbide; at low temperatures the 
nitride is less plastic and therefore a higher cladding restraint is necessary to 
accommodate swelling. On the other side, the swelling rate itself is lower. 
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The highest burnup previously obtained with nitride pins in fast reactors is 
around 9.8 at.%. Under thermal flux conditions higher burnup values have been 
reached; for example 15 at.% in a capsule irradiation of the European Trans-
uranium Institute and 18 at.% with a BMI experiment. 

An additional problem arises with nitride fuels, due to the fact that con-
siderable quantities of 14C are formed during irradiation. 

V—7. FUEL FAILURE 

It will, by now, be appreciated that oxide fuel pin failures in reference 
designs are rare in normal operation, and a recent review indicates that failure 
during transients associated with normal reactor operations (such as startup of 
power changes) or with fault conditions terminated by the reactor trip system 
is improbable unless a pin has reached something close to the end of its useful 
in-reactor life [V-70]. 

However, failures are to be expected in the course of experience both with 
high burnup pins and with relatively new pins which, in spite of careful quality 
control and stringent post-fabrication testing, reached the reactor with, for 
example, a small, virtually undetectable flaw in a weld. It is of interest to consider 
how such failed pins behave. The most probable cause of an endurance failure 
will be clad rupture when plastic strains exceed the ductility limit. The mode 
of rupture may be either transgranular or intergranular, depending on tempera-
ture. The opening of the initial failure will result in a loss of fission gas, making 
operational detection of failure possible [V-79], However, in the event of a defect 
in manufacturing occurring early in irradiation, the rate of fission gas release 
depends on the location of the leak and may be difficult to detect. 

The exposure of fuel to coolant leads to the formation of sodium urano-
plutonate — Na3(U, Pu)04. The formation reaction can only proceed if oxygen 
levels in the fuel and coolant are above certain threshold levels. However, these 
are too low to be of practical use in suppressing the reaction in a large reactor, 
though the specification of hypostoichiometric fuel (subsection V—5.5) is 
advantageous in retarding the rate and limiting the extent of reaction. 

The formation of a reaction product, which has low density, at the fuel/ 
cladding interface leads to the opening up of the initial defect if it is in the fuelled 
region of the pin, to the initiation of secondary failures, and to substantial increases 
in pin diameter. Diametral increases of up to 34% were reported in some studies 
in the USA [V-80], though this was in a situation in which reaction product 
formation was unusually prolific. 

The major effect of the breach of secondary failures is to allow sodium flow 
through the pin, leading to the leaching out of fission products which might be 
deposited at a cooler place in the primary circuit contaminating this as well as 
presenting a hazard to subsequent maintenance operations. There is no evidence 
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of any significant fuel loss from failed pins. The random, very low incidence of 
isolated failures experienced with fast reactor oxide fuel also suggests that there 
is no appreciable probability of failure of one pin affecting the integrity of a 
neighbour. Thus, the possibility of a single failure propagating across a subassembly 
must be considered to be extremely remote. 

The two main concerns, following pin failure are, therefore: 

— the signals to the burst-pin detection system, which, with some systems, 
could hide a signal coming from another failure, and 

— the risk of primary circuit contamination by leached-out fission products. 

Either of these might provide an operational requirement for early discharge 
of failed fuel. However, there is considerable evidence that failed pins behave 
benignly during continued irradiation, and post-failure exposures of several weeks' 
duration without significant deterioration of pins have been reported from 
experimental studies [V-47]. 

V—8. BLANKET ELEMENTS 

Some discussion of the special conditions of irradiation of blanket elements 
(both axial and radial) has already been presented (subsection V—4.2). Briefly, 
the major differences compared with normal driver fuel are that, since they are 
fertile and accumulate plutonium as irradiation proceeds, the blanket elements 
increase gradually in both power rating and temperature throughout their in-reactor 
life. 

The first significant experience, thus far trouble-free, of blanket element 
behaviour is being accumulated now, principally from the prototype reactors 
PHENIX and PFR. Difficulties of achieving conditions of relevance to commercial 
reactors during test irradiations of blanket pins in small experimental reactors, 
such as DFR, EBR-II, RAPSODIE or BOR 60, have meant that there is little 
guidance from experimental pin programmes as to the likely behaviour of commercial 
blanket pins. Nor is prediction of behaviour from experience of driver fuel easy. 
To cite just one problem, prediction of the void swelling behaviour of the pin 
cladding and ducts of blanket elements requires knowledge of the effects of ramp 
increases of temperature on swelling; such studies have not figured in any reactor 
irradiation programme. 

V—9. ABSORBER MATERIALS 

Neutron absorber materials are used to control the power levels and effect 
shutdown operations in fast breeder reactors. The neutron absorption cross-
sections of all absorber materials are smaller in the higher energy spectra of fast 
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reactors than they are in thermal reactors; however, the same materials are used 
in both LWRs and FBRs, permitting a useful transfer of experience. The main 
requirements for absorber materials are: 

- a high neutron absorption cross-section (reactivity worth) to compensate 
core reactivity and thus ensure safe shutdown operations, 

- an extended lifetime ( 2 - 3 years) to avoid the inconvenience of frequent 
replacement, which is costly both in money and down-time, 

- good compatibility with potential cladding materials, 
- good in-reactor behaviour, and 
- an easily available, commercial product form. 

For general application, boron (as boron carbide, B4C) has emerged as the 
most promising material, but some attention has been given to europium (either 
as the oxide, Eu203 , or the boride, EuB6) and, to a lesser extent, to tantalum 
(as the metal) to try to avoid some unfavourable properties of B4C (Table V-7) . 

A comprehensive review of irradiation experiments and results, the various 
national development programmes, control rod designs and evaluations of modelling 
theories is given in Ref. [V-81 ]. 

V—9.1. BORON CARBIDE 

Boron carbide, B4C, is internationally accepted as the reference absorber 
material for fast reactors by virtue of its relatively high neutron absorption cross-
section, its easy, economic availability and its good irradiation performance. 

The absorption of neutrons by B4C follows the reaction: 

Both reaction products, lithium and helium,, cause matrix swelling of B4C, 
though some of the helium is released. In the very high neutron energy range. 
There is also a second reaction : 

which is important in the very high energy range. 
In addition, lithium produced by reaction (V—1) also has an appreciable 

capture cross-section leading to the reaction: 

i o B + i n ^ 7 L i + 4 H e ( V - l ) 

10B + Jn -» 2 4He + 3T (V-2) 

7Li + hi -»• ;n + 4He + 3T (V-3) 

The production of tritium in these last two reactions is particularly undesirable, 
because at FBR operating temperatures it has high mobility and can penetrate 
through cladding to enter the reactor environment. 
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TABLE V-7 . COMPARISON OF PROPERTIES OF B4C, Eu 20 3 AND EuB6 

(Source: KfK) 

Material B4C E u 2 0 3 EuB6 

Reactivity worth 

Relative reactivity 

(to natural boron in FFTF control) 1.0 0.98 1.13 

Thermal performance 

Thermal conductivity (W-cm"1-K"1) 0.27 0.03 0.28 

Centreline temperature (°C) 

(1.9 cm OD pin in FFTF) 1149 1800 1060 

Melting point (°C) 2450 2050 2580 

Radial AT (°C) 250 944 133 

Linear thermal expansion coefficient (°C~') 5.7 X 10"6 10.3 X 10"6 1 0 . 3 X 1 0 " 

Boron carbide for absorber pins is mainly used in the form of medium- or 
high-density pellets, or, sometimes, as a powder; structural integrity is provided 
by the cladding (usually of AISI 316 or an equivalent stainless steel). Because the 
reactivity worth of a given amount of boron can be increased by enriching it with 
the 10B-isotope, prototype FBRs use B4C mixtures with an enrichment to about 
50% 10B, though 90%-enriched material was used in smaller test reactors. 

The major irradiation effects in B4C result from the neutron absorption 
reactions mentioned above: they are helium production, matrix swelling and, to 
a certain extent, tritium release. The reason for matrix swelling is that both 
dissolved atoms, He and Li, are larger than the original boron atoms, giving swelling 
approximately linearly dependent on burnup [V-82], At higher temperatures, 
there is a lower level of swelling as a result of higher release of helium (Fig. V-l 0). 

The second important problem is helium generation. If one ignores the small 
amount of helium produced by the (n, 2a+T) reaction (Eq.(V-2)), the number 
of helium atoms produced is the same as the number of neutrons absorbed, and 
helium generation correlates directly with burnup. However, gas release from the 
B4C matrix is highly temperature dependent: the percentage released increases 
with increasing temperature up to 1050°C [V-83, V-84], At higher temperatures, 
the observed levels of gas release differ considerably; in some experiments, a 
saturation is reached [V-85], whilst in others helium release continues to increase 
with temperature [V-83], In any case, the released gas plays an important role 
in absorber pin design: during operation, a considerable He pressure builds up and 
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FIG. V-l 0. Boron carbide swelling. 

it is necessary either to provide a sufficient gas plenum (exactly as with fuel pins -
see subsection V—4.1), or the pin must be vented into the coolant through a 
'diving-bell' gas lock or a porous plug. 

A third problem is the compatibility of B4C with stainless steel cladding 
materials. In sealed absorber pins with He bonding, no excessive reaction was 
found up to interface temperatures around 700°C. But in the presence of sodium 
(in vented pin designs) layers of FeB or Fe2B were found to form at rates up to 
50 mm/year at 600°C [V-86]. Nevertheless, the compatibility limit is between 
1100 and 1200°C, which is well above normal operating temperatures. 

In summary, the lifetime of B4C pins is largely limited by the ability of the 
cladding to withstand the stresses imposed by swelling, and designs generally 
incorporate a pellet/cladding gap of such a size as to avoid contact pressure until 
the end of design life [V-87, V-88], 

V—9.2. EUROPIUM COMPOUNDS 

The endurance uncertainties of B4C have initiated the development of a 
backup control rod material. The high neutron absorption cross-section in the 
fast neutron energy region gives europium compounds the potential for development. 
Initially, studies were concentrated on the sesquioxide, Eu203 , which exists in two 
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crystalline morphologies, cubic up to 1125°C and monoclinic above. Fabrication 
processes for pellets were developed, leading to acceptable high densities [V-88]. 
Other advantages of this material are: 

- the absorption reaction is an (n, 7)-reaction, so no gas is produced, permitting 
the use of thin cladding material with no venting, and 

- the daughter products are also good absorbers. 

But there are disadvantages, limiting the application: first, the thermal 
conductivity is low (Table V—7) which, with strong self-shielding, does not permit 
large pin diameters; second, the cubic-monoclinic phase transformation may take 
place under irradiation at lower temperatures than the usual 1125°C, and finally 
the material is expensive and not readily available. 

So, during recent years attention has turned to europium boride, EuB6, which 
combines the properties of europium and boron. Its advantages (Table V—7) are 

- the higher reactivity worth per unit volume than either B4C or Eu 2 0 3 , and 
- the better thermal properties than europium oxide. 

The better thermal conductivity, coupled with a high melting point, leads 
to lower radial temperature gradients (and hence lower thermal stresses). The big 
problem is helium release, which is much greater than for B4C [V-89, V-90], 
making venting necessary. Also the fabrication route for producing consistent, 
high density pellets is not yet established [V-91 ]. 

V—9.3. TANTALUM 

Tantalum as metal has also been considered as a backup material because 
of its high thermal conductivity, favourable swelling characteristics (again, neutron 
absorption is via a (n, 7) reaction not yielding helium) and because the daughter 
products are also good absorbers. However, tantalum must be protected from 
sodium (requiring sealed cladding), it has decay-heating problems with a 115-day 
half-life leading to post-irradiation handling and disposal difficulties, and it is prone 
to void swelling. Therefore, tantalum is not currently under detailed investigation 
as an absorber material. 

V—9.4. ABSORBER RODS 

To facilitate use, pins containing absorber materials are assembled into 
clusters to form absorber rods which move in a guide tube. The use, for the 
construction of these, of the same range of stainless steels as are used as fuel pin 
cladding and subassembly ducts, necessitates detailed consideration of swelling 
and creep effects on shape and dimensions [V-36]. Until new swelling-resistant 
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constructional materials become available, irradiation-induced distortions will 
continue to give rise to concern and to necessitate design measures to eliminate 
potential problems; at present, distortion is probably the main life-limiting 
process in fast reactor control systems. 

V-10. INFLUENCE OF SODIUM ON MATERIAL PROPERTIES 

The selection of sodium as coolant for FBR application was mainly based 
on the many favourable properties in comparison with other coolant candidates. 
But there is one main disadvantage: the great chemical activity of the liquid 
alkaline metal which can lead to an interaction with solids either by direct chemical 
attack, by dissolution, or by chemical reaction with impurities contained in the 
liquid metal (i.e. oxygen, carbon). 

V-10.1. SODIUM CORROSION AND MASS TRANSFER 

Corrosion is defined as a change of the solid material which is produced by 
effect of the liquid metal. It results in various physical and chemical reactions 
caused mainly by the existing differences in surface boundary potentials. The 
corrosion effect of liquid sodium is based on the low solubility of the various 
metals in the liquid coolant. Therefore, in flowing non-isothermal systems, a 
continuous mass transfer occurs along the existing temperature gradient. The 
metallic elements are very slowly dissolved from the hot region of the reactor core 
and transported to cooler regions, where deposition takes place. In the reactor 
circuit, problems of corrosion are mainly expected in the reactor core and also in 
the primary cooling circuit. The hottest parts in the core are the fuel pins; there-
fore the cladding material is affected by outside corrosion (see subsection V—3.1). 
Owing to different dissolution rates of the principal metallic elements in sodium, 
a selective leaching occurs. Mainly chromium, nickel and manganese are removed 
faster and ferritic layers are formed on exposed surfaces. Major parameters 
influencing the corrosion are: temperature, sodium velocity, sodium impurity 
content and system geometry. 

The structural materials of the vessel and the primary circuit are less affected 
by corrosion because of lower temperature, lower coolant velocity and a more 
favourable 'down-stream' position. But because of the very long residence time 
of these parts, corrosion may become a limiting factor for lifetime. 

In the parts of the primary circuit which are positioned in the cooler down-
stream region, deposition of the dissolved metals may occur, which can lead to 
higher heat transfer resistance (i.e. reduced heat-exchanger efficiency) [V-92], 
The deposits can become thick enough that coolant driving pressure must be 
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increased in order to maintain the desired flow; even complete plugging of piping 
systems has been observed already. 

Some impurities contained in liquid sodium, notably oxygen and carbon, 
play an important role in the kinetics of corrosion. In many cases a clear depend-
ence between the amount of corrosion and the oxygen content was found, such 
that, with increasing content, the velocity of corrosion was also increased. The 
higher oxygen activity influences the surface oxidation as well as the rate of 
material deposition. 

Carbon, which is quite mobile in the outer surfaces of the metallic compounds, 
can be transported by the liquid sodium to colder regions and can lead to carburi-
zation or decarburization processes. The results are either loss of strength of the 
decarburized hot material or increased embrittlement of the carburized cooler parts. 

A summary on mechanisms of corrosion phenomena, mass transfer and 
deposition is given in Ref. [V-93]; further detailed information was presented in 
the IWGFR specialists meetings at Dimitrovgrad [V-94] and Karlsruhe [V-95], 

V - l 0 . 2 . EFFECT OF SODIUM ENVIRONMENT ON METAL PROPERTIES 

To ensure the long-term integrity of reactor components it is necessary to 
know the effect of sodium immersion upon the mechanical properties of the 
various structural materials and to make an assessment whether any detrimental 
effects exist. Owing to the fact that the most widely used types of structural 
materials are AISI304, AISI316, and Alloy 800 (or the Federal German equivalent 
types, which were used for experiments in Belgium, the Federal Republic of 
Germany and the Netherlands) various results were obtained with these types. 
Summary reports were presented by authors from different countries; the 
most important, which discuss either the basic mechanisms or the experimental 
results are given in Refs [V-93, V-96, V-97], In all experiments it was found that 
the influence of the existing impurities had to be taken into consideration in 
addition to the effect of sodium (i.e. carbon transfer does affect the stress rupture 
characteristic of the austenitic materials). Therefore differences could be found 
depending upon the impurity content of the liquid. 

The influence of some mechanical properties is discussed below. 
Stress rupture and creep crack growth is only very little affected (in the 

absence of carbon and oxygen contamination) compared with air behaviour. As 
already mentioned, carburizing sodium tends to increase the rupture life but 
decreases the secondary creep rate and rupture [V-97]. 

Low cycle fatigue in pure sodium appears to be equivalent to that in air at 
thé same temperature. But also high oxygen levels or extensive carburization 
have a severe effect in promoting crack formation and in reducing the fatigue 
endurance. 
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Tensile properties and fracture toughness are affected by the sodium if a 
substantial portion of the section thickness undergoes a constitutional change or 
if high impurity levels exist (again the influence of carbon is very important). 

Since the influence of sodium upon mechanical properties is evidently 
dependent on the purity of sodium, it seems necessary to perform further work 
in order to obtain a clearer picture of the problems. 
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Chapter VI 

REACTOR ENGINEERING 

VI-1. INTRODUCTION 

Reactor engineering is the activity which interprets the theoretical and con-
ceptual requirements of the LMFBR into a functioning plant. It is the means by 
which the reactor physics becomes practically realized, through a core design with 
numbers, sizes and spacing of fuel pins and assemblies; it is the actualization of 
the materials properties and specifications into the fuel, structure and coolant; 
it is the system for heat removal, steam generation and eventual energy production; 
it dictates the ancillary activities, such as refuelling equipment and in-service 
inspection requirements. Thus, reactor engineering is an essential element in the 
total LMFBR picture. 

Considerable experience has been achieved in the several areas of LMFBR 
reactor engineering in the major national programmes during the last 35 years. 
The experience has proceeded from small experimental reactors up to today's 
large commercial sized systems. It has touched on all areas of importance in 
adopting the physical concepts into realities of generating electricity. Sufficient 
strides have been made in the development of all these engineering areas that it 
can be said confidently that the LMFBR system is technically ready for the 
market. This Chapter describes the experience and characterizes the current 
technological situation as the first commercial sized LMFBR is about to be put 
into operation. 

VI—2. GENERAL PLANT DESIGN 

VI-2.1. DESIGN FEATURES OF LMFBRs 
[VI-1 to VI-5] 

The engineering design of fast reactors is mainly determined by the high 
specific power density of the reactor core (about 400 kW(th)/L for MOX fuel) 
and by the fact that only a weakly moderating material can be used as reactor 
coolant in order to attain a hard neutron spectrum which is important for breed-
ing. At present, sodium as a coolant of fast reactor cores clearly dominates fast 
reactor development and demonstration programmes all over the world. 

2 9 9 



3 0 0 CHAPTER VI 

FIG. VI-1. Hydraulic profile of an LMFBR heat transfer system (Source: KfK). 

The choice of this coolant essentially determines the design concept of an 
LMFBR plant. Sodium 

— has a high melting point (98°C) and a high boiling point (892°C at atmospheric 
pressure, or 900-1000°C at coolant pressures within the reactor core), 

— has very good thermal properties, including fairly high specific heat and 
a very good thermal conductivity, 

— has good heat transfer properties, a small moderating effect and a low neutron 
capture cross-section. Neutron capture processes in sodium lead to the forma-
tion of 24Na with a half-life of 15 hours (the primary sodium becomes radio-
active while flowing through the core), 

— reacts chemically with water and air. 

The high melting point of sodium may require preheating systems of pipes 
and components of the cooling circuits before operational conditions are reached 
at startup. The high boiling point allows for high coolant-temperature conditions 
under low system pressures: 0.6 to 1 MPa (6 to 10 bar). This results in high 
coolant outlet temperatures, and, as a consequence, high thermal efficiencies in the 
range of 40% for the overall LMFBR plant. The relatively high specific heat permits 
moderate coolant velocities of 2 to 5 m/s within the fuel elements and, as a con-
sequence, low pumping power, whereas the good thermal conductivity, together 
with other thermal properties, leads to very good natural convection conditions in 
the core and coolant system during shutdown and emergency core-cooling condi-
tions (see Chapter VII). However, these excellent thermal properties also give rise 
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to special design and operational consequences: thermal-shock problems within 
the reactor vessel at pipe nozzles and valves must be avoided during short-term 
power reductions or reactor scram conditions. 

Although sodium is practically non-corrosive to stainless steel, its impurities, 
mainly oxygen and carbon, must be held at acceptably low contents by cold traps 
in the bypass of the coolant circuits. High impurity contents would cause radio-
active corrosion products to be detached from the surface of the fuel cladding 
and then be transported to low-temperature parts of the primary coolant circuit 
(heat exchangers) where they deposit. Such undesired concentrations of corrosion 
products must be avoided because of possible maintenance and repair difficulties 
which could arise after several years of plant operation. 

The opacity of sodium affects the design of the refuelling systems and requires 
ultrasonic devices to be used for the supervision of refuelling and repair processes 
(see subsection VI—9.3). 

Major design consequences arise from the potential of sodium to enter into 
chemical reactions with water and air. This property, together with the fact that 
sodium becomes radioactive under neutron irradiation in the core, leads to a plant 
design with 

— a primary coolant circuit which contains the radioactive sodium being heated 
up in the core, 

— a secondary non-radioactive coolant circuit coupled with the primary one by 
intermediate heat exchangers, 

— a tertiary water circuit producing steam for electricity generation. 

Within the primary coolant circuit radioactive sodium is protected against 
air by steel barriers and argon- or nitrogen-filled cells. Radioactive sodium of the 
primary coolant circuit is separated from the non-radioactive sodium of the 
secondary coolant circuit by steel tubes of the intermediate heat exchangers. 

An important aspect of the heat transport system layout is the relative axial 
elevation of all components. The main components of both the primary and 
secondary systems are arranged so that the thermal centre of each component 
is above the thermal centre of the previous one in the flow cycle. This profile 
provides natural circulation of the sodium in order to transfer heat from the core 
to an ultimate heat sink in the event of a loss of pumping capability (Fig.VI-1). 

VI—2.2. BOUNDARY CONDITIONS FOR THE CORE AND PLANT 
DESIGN 

Table VI-1 shows some of the initial boundary conditions that are imposed 
on the plant designer at the beginning of an LMFBR project. Some of these 
conditions are predetermined by technical and economic considerations, e.g. 
the thermal efficiency of the plant; others are affected by technological limits, 
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TABLE VI-1. SOME INITIAL DESIGN BOUNDARY 
CONDITIONS OF AN LMFBR PLANT 

Thermal or electric reactor power 

Steam cycle parameters 

Maximum cladding temperature 

Maximum burnup of the fuel 

Maximum permissible material damage of the cladding and 
assembly duct 

Refuelling scheme 

Cost of the plant, fuel cycle cost 

Safety and environmental regulations 

FIG. VI-2. Coolant temperature distribution in primary, secondary and tertiary coolant 
circuits of an LMFBR plant (Source: Ref.[VI-6]). 
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TABLE VI—2. NUCLEAR AND THERMAL-HYDRAULIC DESIGN 
PARAMETERS 

Nuclear design parameters of the core 

Fuel, clad and duct material 

Number of core zones with different enrichments 

Enrichments in core zones 

Fissile inventory of the core 

Blanket inventory 

Maximum linear power of the fuel rods 

Peak/average power of the core 

Reactivity range of the two shutdown systems 

Reactivity and temperature coefficients (Na-void, Doppler etc.) 

Power coefficient 

Neutron fluence and irradiation damage 

Design parameters for core geometry 

Pin size and lattice pitch to diameter ratio 

Number of core fuel assemblies 

Number of blanket breeder assemblies 

Number of control assemblies (1st and 2nd shutdown system) 

Height of fuel zone 

Height of axial blankets 

Thermal-hydraulic design parameters of the plant 

Number of coolant loops 
Coolant flow, temperatures and pressure for each loop (primary and secondary 
sodium loop, tertiary steam cycle) 
Pressure drop in coolant circuits 

Afterheat removal and emergency cooling circuits 



3 0 4 CHAPTER VI 

e.g. the maximum permissible burnup of the fuel or the maximum permissible 
cladding temperature (see Chapter V). 

The steam cycle parameters determine the overall thermal efficiency of 
the plant and influence directly the electricity generating costs. Figure VI-2 
shows how the steam cycle conditions (e.g. 490-510°C steam temperature, 
14—17 MPa (140—170 bar) steam pressure, 40% thermal efficiency) directly 
determine the inlet and outlet temperatures of the primary coolant flowing 
through the core. It also explains in which range the different temperatures of 
the coolant circuits can be varied without changing the electricity generating 
costs by more than a few per cent [VI-6, VI-7], 

Starting from these initial boundary conditions, the core geometry, and 
the main nuclear and thermal-hydraulics design parameters (Table VI—2) of 
the core must be determined. As will be shown later, many of these parameters 
influence each other and this interdependence has to be taken into account 
carefully. 

VI-2.3. OPTIMIZATION OF PLANT DESIGN PARAMETERS 

From Tables VI-1 and VI-2 it is obvious that optimization of a reactor 
design requires the co-operation of several scientific, technical, and engineering 
disciplines. In each optimization step a number of design aspects must be taken 
into account and a compromise must be found for several design parameters. 
Moreover, for the nuclear design thermal and mechanical limits are imposed by 

(a) thermodynamics and thermal hydraulics, e.g. coolant velocities, inlet and 
outlet temperatures, pressure and pressure drop, 

(b) mechanics of the core and blanket, e.g. wall thickness of pins and sub-
assemblies, friction forces, pressures, stresses and strains, tolerable irradiation 
doses of fuel and structural material, 

(c) material properties and limitations, e.g. heat capacity, heat conductivity, 
melting and boiling points, maximum allowable temperatures and tempera-
ture gradients. 

As far as economic features are concerned, the fabrication costs of fuel 
pellets, fuel pins, fuel elements, and the corresponding costs for the reactor tank, 
vessel internal components, pipings, pumps, heat exchangers, steam generator 
handling equipment etc. have to be known or estimated as well, and usually also 
their parametric interdependence. Investigations on optimum core designs for 
LMFBRs date back to the early 1960s. The US 1000 MW(e) studies [VI-8] 
and several conferences [VI-9 to VI-12] provide significant contributions to the 
development in this field. 
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Numerical codes for design optimization such as COROPT [VI-13] and 
BRUST [VI-14, VI-15] can be quite useful to establish important tendencies, e.g. 
of the effect of the pin diameter on fuel cycle costs. They permit the close 
approach to a desired set of optimum design parameters in the multidimensional 
parameter field with fixed boundary conditions. In addition, experience gained 
during construction and operation of the plant also significantly influences the 
selection of a design solution. Examples are the decision between pool or loop 
design or between heterogeneous and homogeneous cores. Their selection cannot 
be made on the basis of optimization studies only. 

VI—3. LMFBR CORE DESIGN 

VI—3.1. LMFBR CORE GEOMETRY 

The core geometry is mainly influenced by the maximum permissible coolant 
pressure drop Ap over the core, the core temperature rise AT of the coolant, the 
sodium void reactivity coefficient, and economics. Earlier studies had shown that 
the core pressure drop, the coolant temperature rise and the sodium void coef-
ficient are a strong function of the ratio Hc/Dc (core height/core diameter) 
[VI-14, VI-15]. Based on these studies present core heights are selected around 
Hc 100 cm. The core diameter Dc is then mainly determined by the total core 
power which requires a certain number of fuel pins with a certain spacing. 
Table VI—3 compares some of the core design parameters of different LMFBRs. 

LMFBR cores consist of a cylindrical arrangement of hexagonal fuel elements 
surrounded radially by hexagonal blanket elements (Fig.VI-3). Usually, the 
hexagonal fuel elements are designed in such a way that the core is also axially 
surrounded by an upper and a lower breeding blanket. The blanket elements 
initially contain depleted uranium as U0 2 . The hexagonal fuel elements are filled 
with Pu0 2 /U0 2 mixed oxide as fissile material and U0 2 as fertile material at both 
ends. Most cores contain two radial zones of different enrichments in order to 
obtain a relatively flat radial neutron flux and power distribution. 

VI-3.2. FUEL PIN AND FUEL ASSEMBLY DESIGN 

As described in subsection V-4 , the fuel pin design must integrate thermal 
performance characteristics of the fuel pellets and irradiation properties of the 
fuel and the cladding material together with a stress and life analysis of the fuel-
cladding system. 
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TABLE VI-3 . LARGE LMFBR CORE DESIGN PARAMETERS [VI-2] 

PFR PHENIX FFTF SNR 300 BN 350 MONJU BN 600 SUPER PHENIX 

Core height Hc (cm) 91 85 91 95 106 93 75 100 

Core diameter Dc (cm) 147 139 121 178 158 179 206 . 370 

Coolant 
temperature (°C) 

- inlet 400 400 363 377 300 397 377 395 

- outlet 550 560 557 546 500 529 550 545 

No. of core 
enrichment zones 

2 2 2 2 2 2 2 2 

No. of , 
fuel assemblies 

78 103 73 205 226 198 371 364 

No. of fuel 
rods per assembly 

325 217 217 166 169 169 127 271 
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FIG.VI-3. Schematic of a fast breeder reactor core (Source: KfK). 

The fuel pin consists of an axial stack of cylindrical fuel pellets encased in a 
stainless steel tube. Two stacks of U0 2 pellets of 30—40 cm length are arranged 
above and below the fissile fuel (Pu02 /U02) pellet stack which itself is about 
100 cm long. A spring above the pellet stack holds the pellets in place during 
transportation. A fission gas plenum is located either above or below the pellet 
stack or at both places. Figure VI-4 provides a cutaway view of a SUPER PHENIX 
fuel pin. 

The temperature integral over the thermal conductivity from the radial 
pellet surface to its centre determines the peak linear power Xp e a k (W/cm) of the 
fuel rod. Design values for the peak linear rod power were already given in 
Table V—4 of subsection V—4.1. Having selected this peak linear power of about 
420—470 W/cm for the maximum rated fuel rods, one only needs the axial and 
radial power distribution over the core to determine the total number of fuel pins 
for the core. This axial and radial power distribution is usually determined by 
applying 2- and 3- dimensional multigroup-diffusion codes as described in 
Chapter IV. Integration over the core leads to a ratio of average to peak power 
of about Pay /Ppeak

 Ä 0.6 for cores with two radial enrichment zones. Such 
calculations also show that 85 to 90% of the total thermal power is produced 
in the core and only about 10—15% in the axial and radial blankets. 

With these raw data at hand the total number of pins is obtained from the 
relation 

P t h = (0.85 - 0.9) N p i n H cXp e a k 0.6 (VI-1 ) 

where Pth is the thermal power of the LMFBR, N p i n is the number of fuel pins 
in the core, Hc the core height, Xp e a k the peak linear fuel rod power in the core. 
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BOTTOM END CAP 

KEYWAY 

FIG. VI-4. Typical fast reactor fuel pin (SUPER PHENIX) (Source: Ref. [ VI-2]). 

VI-3.2.1. Fuel pin analysis 

After selection of the main design parameters for the fuel pin a detailed 
thermal and mechanical analysis of the fuel rod follows. First the steady state 
temperature field within the fuel pellets and the clad is determined, taking into 
account the axial power distribution within the pellet stack, the heat transfer 
coefficient (gap conductance) through the gap between fuel pellets and inner 
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FIG. VI-5. Typical radial temperature distributions in LMFBR fuel pins (Source: Ref[VI-2]j. 

clad surface (Fig.VI-5) as well as the axial and radial coolant velocity and 
temperature distribution in the flowing coolant around the fuel pin. The gap 
width between pellet and inner clad surface which determines the heat transfer 
coefficient is a strong function of the average temperature of the fuel pellet and 
the irradiation time (grain structure within the pellet) as well as the swelling 
behaviour of the fuel and cladding (see subsection V—5.4). The coolant tempera-
ture and velocity distribution around the fuel rod follow from a subchannel 
analysis in the fuel assembly (subsection VI-5.1.2). 

VI—3.2.2. Temperature profile within a fuel pin 

The radial temperature distribution in the cylindrical fuel rod and in the 
cladding (Fig.VI-5) is obtained from a numerical solution of the one-dimensional 
heat conduction equation: 

A i L 
r dr 

r K(T) 
dT 
dr 

+ Q = 0 (VI-2) 

including its spatial boundary conditions: 
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centre of pellet 

( dT 

dr 
r = 0 

= 0 (VI-3) 

pellet clad interface 

(VI—4) 
r = r F 

clad coolant interface 

(VI—5) 

where Kp and K c are the thermal heat conductivities of the fuel and cladding, 
hF C is the gap conductance or heat transfer coefficient between the fuel pellet 
and the cladding, and a œ is the heat transfer coefficient between the outer 
surface of the cladding and the coolant. The subscripts F, Ci, Ca, and C stand 
for pellet outer radius, cladding inner and outer radius and for coolant, 
respectively. 

As the mean free paths of fast neutrons in an LMFBR core are relatively 
long compared with the diameter of a fuel rod, the heat source Q(W/cm3) can 
be considered uniform over the radius r (cm) of a pellet. Only the axial 
dependence of the power profile of the LMFBR core must be taken into 
account. As the fuel pin is relatively thin compared with its axial length, axial 
heat conduction can be neglected. It is therefore sufficient to solve numerically 
only the above one-dimensional heat conduction equation. 

The thermal heat conductivity K(T) of the mixed oxide fuel is not only a 
function of the fuel temperature T, but also dependent upon the O/M ratio. 
It varies between about 2.2 to 3 W-cm"1 K"1 in the range of 1100-3000 K and 
has been determined experimentally, e.g. by Baily [VI-16], Schmidt [VI-17], 
Washington [VI-18], Yamaguchi et al. [VI-19], Chawla et al. [VI-20] and 
Martin [VI-21], 

The fuel temperature at the outer surface of the pellet and at the inner 
surface of the clad is essentially determined by the heat flow resistance through 
the gap between pellet and clad. Initially, when the gap is open, it is mainly given 
by the width of the gap and the thermal conductivity of the gas mixture in the 
gap. After a certain irradiation time the gap closes and the gap conductance 
becomes the sum of two parts, one due to fuel-clad contact and the other due to 
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FIG. VI-6. Axial temperature distribution in LMFBR fuel pins (FFTF) (Source: Ref. [ VI-2]). 

the fill gas and fission gas remaining in the surface roughness. In reality, there-
fore, the gap conductance can vary between 0.5-1.5 W-cm"2 -K"1 [VI-22, VI-23], 

Illustrative results of the radial temperature distribution in fuel pins of FFTF 
are shown in Fig.VI-5. The heat source Q (W/cm3) corresponds to the core mid-
plane axial position of two selected pins: one with average rod power and another 
with peak rod power. The centre temperature of the average pin remains below 
the level required for fuel restructuring so that no central void develops. For the 
peak power pin a central void channel appears in the fuel pin after a relatively 
short irradiation time (see subsection V—5). 

The axial temperature distribution over a fuel pin is shown in Fig.VI-6 for a 
fresh fuel pin (Fig. VI-6 (a)) and an irradiated fuel pin (Fig. VI-6 (b)) with a burnup 
of 60 MW-d/kg. In both cases the axial fuel centre temperature is mainly deter-
mined by the chopped cosine shape of the axial core power profile. The centre 
and the surface fuel temperatures of the irradiated fuel pin vary essentially as a 
function of fuel restructuring (see subsection V—5.1) and changes of the gap width 
during irradiation. The outer cladding and the axial coolant temperature follow 
a typical S-shaped curve and hardly change their shapes during irradiation 
[VI-2-VIr4], 
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TABLE VI—4. FUEL PIN DESIGN PARAMETERS OF LARGE LMFBRs [VI-2] 

PFR PHENIX FFTF SNR 300 BN 350 MONJU BN 600 SUPER PHENIX 

Fuel pellet diameter (mm) 5.08 5.5 4.9 5.1 - 5.4 5.9 7.02 

Outer pin diameter (mm) 5.8 6.6 5.84 6.0 (7.6)a 6.1 (6.9)a 6.5 6.9 8.5 

Cladding thickness (mm) 0.38 0.45 0.38 0.38 0.4 0.47 0.4 0.7 

Fission gas plenum 
- length (mm) 
— volume (cm3) 

710 
14 

-

19 
650 
25 8 

1150 800 
20.6 

1000 

Fission gas plenum 
location 

bottom - - bottom bottom top bottom top and bottom 

Fuel pin length (mm) 2250 - 2380 2475 1140(1800)" 2800 2445 2700 

Pin spacers grid - wire-wrap grid wire-wrap wire-wrap wire-wrap wire-wrap 

Pin pitch/diameter 1.26 - - 1.32 - (1.17)a 1.22 1.17 1.15 

No. of pins per 
assembly 

325 217 217 166 (127) a 169(127)" 169 127 271 

Duct flat to flat (mm) 142 - 118 110 96 111 96 173 

Duct thickness (mm) 2.9 - - 2.6 2 3 2 -

a MARK II. 
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VI—3.2.3. Mechanical analysis of the fuel pin 

Gaseous fission products generated in the fission process are released to a 
certain percentage from the fuel grain structure (see subsection V—5.3) and 
build up pressure in the fuel rod as a function of power and time. The fission 
gas, once released from the fuel matrix and vented to the fission gas plenum, 
builds up approximately the same pressure throughout the whole fuel pin. 
Through cracks in the fuel it provides about the same loading pressure on the 
inside of the cladding over the total length of the pin. Typical fission gas plenum 
pressures at discharge of the fuel from the core can be in the range of 6 to 10 MPa 
(60 to 100 bar). When the gap between fuel and inner clad surface has been 
closed as a consequence of fuel swelling, an interface pressure load due to mechani-
cal fuel-clad interaction has to be added to the fission gas pressure. 

A number of computer codes has been developed, e.g. LIFE-III [VI-24], 
TWOD-2 [VI-25], IAMBUS [VI-26], COMETHE [VI-27], VULKIN [VI-28], 
TUREN [VI-29], FRUMP [VI-30] PIPER, ACTIVE-II, PLASTIC [VI-31] 
to analyse the temperature field in the fuel rod; to predict the formation of a 
central channel in the fuel pellet and the gap width between fuel and cladding; 
to describe the porosity distribution, the fission product and plutonium migration 
in the fuel matrix, the formation of radial zones with different grain structures 
in the pellets; and to calculate the fission gas release and fission gas pressure build-
up within the fuel and cladding tube. In addition they allow a detailed stress and 
strain analysis by applying either the strain limit approach or by using a more 
sophisticated guideline: the Cumulative Damage Function (CDF), which utilizes 
the linear life fraction rule [VI-2]. All computer codes have been verified by 
extensive irradiation experiments with oxide fuels (see subsection V-5). The 
codes not only allow a thorough analysis of the fuel pin, but can also be used for 
optimizing such pin design characteristics as length of the fission plenum, and the 
thickness of the cladding. 

For completeness it should be mentioned that in addition to the steady state 
behaviour of fuel pins also their behaviour under power and cooling transients 
must be analysed (see Chapter VII). 

Table VI—4 compares the most important design characteristics of fuel rods 
of different LMFBRs. 

VI—3.3. CORE FUEL ENRICHMENT AND FISSILE FUEL INVENTORY 

Having fixed the required number of fuel pins, the outer pin diameter, 
the core height and the thickness of the axial and radial blankets, one is left with 
two more design decisions for the core. 
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These are: 

— the selection of the pin spacing or Pitch to Diameter (P/D) ratio, the size 
of the fuel assembly and the thickness of its surrounding steel duct, 

— the number of control/absorber assemblies and the excess reactivity of the 
core fuel for burnup, startup to power and shutdown requirements. 

The first decision is mainly dominated by thermal-hydraulic conditions and 
a number of other design considerations, e.g. selection of spacer type (helical fin 
wire wraps or grid spacer), hydraulic hold-down of the fuel assembly, stresses and 
strains within the fuel assembly duct as a consequence of radial power gradients 
over the core, swelling and creep of the steel structure under neutron irradiation, 
reactivity worth of a fuel element (loading accident) etc. 

The second decision is made going through an iteration process, in which 
burnup calculations over a full cycle (one year) and the calculation of the reactivity 
coefficients for temperature and power increase are made (see Chapters IV and VII). 

Table VI—4 indicates P/D ratios and main design data for the fuel subassembly. 
These design data lead to the geometrical structure of the core as, e.g. shown in 
Fig.VI-13 in subsection VI—4.1. Multigroup diffusion calculations, as described 
in Chapter IV, then lead to the necessary Pu-enrichment in the two core zones. 
These enrichments are generally chosen such that a relatively flat radial power 
distribution over the core is attained during the whole burnup cycle. This calcula-
tional step also leads to the local neutron flux distribution, local power distribu-
tion etc. 

VI—3.4. OPTIMIZATION OF CORE DESIGN PARAMETERS 

As the main core design parameters can be varied in a certain range without 
violating the limits given by materials properties, one can envisage a set of design 
parameters which lead to an optimum value for certain key design characteristics, 
e.g. breeding ratio, doubling time, safety characteristics (Doppler or sodium void 
coefficient), economics etc. However — as described in subsection VI—2.3 — 
in designing a commercial size LMFBR core one can never optimize for one key 
characteristic alone, but has to find a reasonable compromise between several 
equally important design objectives. Examples for more recent optimizations of 
conventional cores are found in Refs [VI-32 to VI-35 ]. The following lists some 
of the tendencies: 

— Larger pin diameters lead to lower fuel cycle costs, higher fuel inventories 
and higher breeding gain 

— As fuel cycle economy plays the most important role in the present situation 
of market introduction of the LMFBR system, relatively thick pins are 
favoured for commercial size LMFBRs (SUPER PHENIX) 
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- A P/D ratio of 1.15 to 1.20 leads to a good compromise between breeding 
ratio, core inventory and fuel cycle costs 

- A core height Hc of 100-120 cm for a reactor of about 1000 MW(e) is a 
reasonable compromise between core pressure drop, core coolant temperature 
rise, reactivity coefficients, breeding gain, and core fuel inventory and leads to 
lower fuel cycle costs than a flatter design 

- A reduction in blanket thicknesses (axial and radial blankets) leads to lower 
fuel cycle costs (less material to be fabricated and reprocessed), but it also 
leads to lower breeding gain 

- A decrease of the number of control (absorber) rods by proper location in 
the core leads to lower fuel cycle costs and higher breeding gain 

- An increase of the number of radial enrichment zones of the core from two 
to three increases the average power density of the core; the same applies to 
the introduction of more than one axial enrichment 

- A higher fuel burnup leads to smaller fuel cycle costs but also to a slight 
decrease of the breeding gain and a higher reactivity swing for burnup control. 

Comparing the selected design parameters for different LMFBR cores — as 
shown in Tables VI-3 and VI—4 - one notices in some cases large differences. 
Such differences can be explained by different degrees of conservatism adopted by 
those who were responsible for the design and construction of the plants and also 
by the main aims for optimization assumed at the beginning of design (breeding, 
fuel cycle economy, test reactor, commercial reactor). 

Uncertainties in material properties, calculational methods and fabrication 
procedures play an additional role that cannot be ignored. Since the reactor vendor 
has to guarantee certain values for important design parameters, allowances for 
uncertainties have to be made. In the case of SUPER PHENIX, the average fuel 
enrichment calculated to be 15.6% had to be increased to 16.2% due to such effects 
[VI-36]. Similar considerations are to be applied to other nuclear and thermal-
hydraulic design parameters. 

VI—3.5. FUEL ASSEMBLY DESIGN 

LMFBR fuel pins are assembled in a hexagonal duct (assembly or sub-
assembly). These subassemblies are usually arranged in a two zone core structure, 
with absorber or control assemblies being dispersed mostly in the inner core fuel 
region. The core fuel regions are surrounded by radial blanket assemblies. Shield-
ing assemblies surround the radial blanket to protect the reactor tank from too 
high neutron irradiation. 

Fuel subassemblies contain as many as 325 fuel pins (PFR) leading to sizes 
of up to 17 cm (SUPER PHENIX) across the flats of the hexagonal duct. The 
wall thickness of the duct is usually chosen to be as small as possible to increase 
the fuel volume ratio in the core and hence the breeding ratio. Three different 
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FIG. VI-7. Intercomparison of three fuel pin spacer concepts (Source: Ref.[VI-2]). 

FIG. VI-8. Typical full length LMFBR fuel assembly (Source: Ref. [ VI-2] ). 
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FIG. VI-9. Limited free bow core restraint concept (Source: Ref.[VI-4]). 

spacer types for the fuel pins in the assemblies have been developed as shown in 
Fig.VI-7. Advantages and disadvantages of different spacer types were already 
discussed in subsection V—4. 

The hexagonal ducts carry transverse support or wear pads on the outer 
surface, which allow the fuel assemblies to lean against neighbouring assemblies 
(Fig.VI-8 and Fig.V-6 of Chapter V). The axial location of these pads must be 
carefully chosen during a mechanical analysis of the whole core structure, in 
which bowing of the fuel assemblies as a function of radial temperature (power) 
gradients, non-uniform void swelling in the ducts, irradiation creep and mechanical 
interaction between neighbouring fuel assemblies are taken into account. Sophisti-
cated computer codes such as BOW-V [VI-37], AXICRP [VI-38], NUBOW-2D 
[VI-39] or STRAW [VI-40] have been developed to make such analyses. As a 
result of such analyses the axial location of the pads (support level) is chosen 
such that inward bowing effects in the core region are largely avoided, as they 
would lead to a positive bowing temperature (power) coefficient (see Chapters IV 
and VII). In addition, a detailed analysis usually provides the displacements at 
a number of axial positions of each assembly, the contact forces between the 
assemblies as well as stresses within the assembly duct and foot [VI-41, VI-42]. 
Finally, the bowing temperature coefficient is determined by applying perturba-
tion theory [VI-43], 
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The outer restraint conditions of the core play an important role in this 
analysis. Whereas the axial supports or wear pads of the core usually are placed 
at three axial levels: core grid plate, top of the core and top of the subassembly, 
the radial restraint system can be chosen in different ways. PFR uses the so-called 
leaning post system and PHENIX is designed according to the free standing core 
restraint concept (see Fig.V-7 of Chapter V). More recent designs for LMFBR 
cores apply the limited free bow or passive restraint concept. Whereas this concept 
also applies three axial support levels, it has sufficient radial clearance between 
the subassemblies themselves and the outermost core barrel. At full power of the 
core the fuel elements can bow in an S-shape and the outer row of core fuel 
assemblies, seeing the steepest radial power gradient, can lean against the radial 
blanket and shielding assemblies until their radial outbowing is limited by the core 
barrel (see Fig.VI-9). 

VI-3.6. RADIAL BLANKET ASSEMBLY DESIGN 

Radial blanket assemblies have the function to increase the breeding ratio by 
capturing the neutrons leaking out of the core region. Fresh radial blanket fuel 
rods, therefore, contain only pellets of depleted U0 2 . Because of the low neutron 
flux in the radial blanket and the low fissile content, the heat generation in blanket 
assemblies is much lower than in core fuel elements. Hence, blanket pins can be 
thicker in diameter than core pins. Radial blanket assemblies typically contain 
61 to 91 pins with an outer diameter of 12—16 mm. However, the hexagonal 
duct size and length of blanket density is chosen the same as for fuel assemblies. 
Plutonium buildup due to conversion of fertile fuel is the highest in the vicinity 
of the outer core boundary. Therefore, considerable radial power and temperature 
gradients will develop within those blanket assemblies located in the inner row of 
the radial blanket. This has to be taken into account for the thermal-hydraulic 
analysis (see subsection VI—5). 

VI—3.7. ABSORBER DESIGN 

The absorber assemblies first have to compensate for surplus reactivity at the 
beginning of the cycle, which is due to the slight over-enrichment of the fuel needed 
for compensation of burnup effects, i.e. buildup of fission products and net loss of 
fissile material. Furthermore, licensing regulations require a certain minimum shut-
down reactivity for the primary as well as for the secondary shutdown system (see 
subsection VII—4). The reactivity value of a single absorber assembly should not 
be too large, so that its malfunction could not have too severe consequences for 
the operational and safety behaviour of the reactor. Finally, the reactivity dif-
ference between the cold and hot core has to be compensated by withdrawing 
absorber assemblies out of the core. 
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FIG. VI-10. Typical LMFBR control assembly composition (Source: Ref.[VI-2]). 

Usually boron carbide is applied in its natural or in enriched composition 
(see subsection V—9). The number of absorber assembly positions should be 
kept reasonably small so that the number of holes in the rotating shield plug of 
the reactor tank and the number of the driving mechanisms remain acceptable. 

During the start of the first cycle, when only fresh fuel elements are present, 
the reactivity can also be adjusted by introducing dummy elements, i.e. elements 
containing no fuel or by fixed absorbers in fuel element positions. 

The absorber material is fabricated in pellet form and assembled in steel tubes. 
Absorber pin diameters are typically up to 19 mm outer diameter (SUPER PHENIX). 
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The absorber pins are clustered into a hexagonal array which itself is located in a 
double walled hexagonal duct assembly. The inner duct structure, can move within 
the outer stationary duct to withdraw or insert the absorber assembly. If B4C is 
chosen as absorber material, the neutron absorption in 10B results in He production 
with heat generation and pressure buildup. A pressure gas plenum is therefore 
incorporated in the design of the absorber pin. Figure VI-10 shows the design of 
a typical absorber assembly. 

VI—3.8. SHIELDING ASSEMBLIES 

Core radial shielding assemblies surround the radial blanket to shield the 
reactor core barrel and the reactor tank against neutron damage. They are 
designed to have the same size as fuel and radial blanket assemblies and contain 
cylindrical shield rods of austenitic steel or Inconel. Power generation is very 
small in shielding assemblies compared with fuel assemblies. They can be designed 
to be removable or even fixed in the core grid plate for the whole lifetime of the 
reactor tank [VI-4], 

VI—3.9. MAJOR COMPUTER CODES USED IN LMFBR CORE DESIGN 

1. FUEL ELEMENT PERFORMANCE* 

TWOD-2 

LIFE-III Fuel element performance 

Two-dimensional finite element fuel pin 
analysis 

Design, in-pile performance prediction and 
post-irradiation analysis of fuel rods 

Thermal behaviour of MOX fuel 

[VI-24] 

[VI-25] 

IAMBUS [VI-26] 

COMETHE [VI-27] 

* An overview of fuel element performance computer codes is given in: Theoretical 
Modelling of LMFBR Fuel Pin Behaviour (IAEA/IWGFR Specialists Meeting Fontenay-aux-Roses, 
1979) IAEA, Vienna, IWGFR/31 (1979). 
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VULKIN 

TUREN 

FRUMP 

PIPER 

ACTIVE 

PLASTIC 

2. BOWING OF FUEL ASSEMBLIES 

BOW-V 

AXICRP 

NUBOW-2D 

STRAW 

[VI-28] 

[VI-29] 

[VI-30] 

[VI-31] 

[VI-31] 

[VI-31] 

[VI-37] 

[VI-38] 

[VI-39] 

[VI-40] 

Evaluation of the performance of 
cladding tubes 

Analysis of mechanical fuel behaviour 

Fuel pin behaviour during normal and 
abnormal conditions 

Fuel pellet behaviour, especially void 
migration, plutonium migration, radial 
oxygen redistribution 
Stress/strain analysis of fuel pellets 
Stress/strain distribution in fuel and 
cladding 

Equilibrium calculations of thermally 
bowed reactor cores 

Creep analysis of plane stress, plane strain 
and axisymmetric bodies 

Bowing history of a reactor core 

Stress/strain analysis of hexagonal 
wrapper tubes 

3. CORE OPTIMIZATION 

COROPT Optimization of LMFBR MOX fuel cores [VI-13] 

BRUST Complete LMFBR core design [VI-15] 

VI-4. LMFBR CORE DESIGN: HOMOGENEOUS VERSUS 
HETEROGENEOUS CORES 

Two nuclear core design targets have always been of main interest: 

— to attain a good breeding ratio, 
— to lower (or even eliminate) the positive sodium void reactivity. 

Since the early 1960s 'unconventional cores'have been proposed 
for design, with shifting emphasis on the one or the other of these targets. A 
conventional or homogeneous core design can be defined as one where the fissile 
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FIG. VI-11. Reactor core arrangements of the four US 1000 MWfe) design studies (1964! 

(Source: Ref.[VI-8]j. 

material is surrounded axially and radially by a fertile zone and the Height to 
Diameter (H/D) ratio of the core stays within certain limits, say 0.25 to 0.6 (see 
Table VI-3). 

Figure VI-11 shows geometric arrangements of a classical conventional 
core (Combustion Engineering) and three early unconventional cores which were 
designed to arrive at a reduced sodium-void reactivity. Figure VI-12 shows 
arrangements of typical so-called heterogeneous designs which can be considered 
as representatives of the non-conventional cores which currently seem to be 
attractive alternatives to the conventional or homogeneous design. 

The concept of heterogeneous cores has received renewed attention since 
about 1975. Before discussing recent developments in the design of heterogeneous 
cores in detail, a short review of the underlying physics to improve the breeding 
ratio and the Na-void behaviour will be presented [VI-44]. 
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D HETEROGENEOUS ISLAND CORE 

FIG. VI-12. Schematic diagram of homogeneous and heterogeneous core configurations 
(Source: KfK). 

As is evident from basic nuclear data and from neutron balance (see 
Chapter IV), it is favourable to have a hard neutron spectrum and to keep the 
unnecessary neutron losses as small as possible. The latter point requires suitable 
materials with low absorption cross-sections and thick blanket regions to use all 
neutrons leaking from the core for the breeding process. 

One alternative is to build several small reactor cores: the resulting high 
neutron leakage and the associated high fuel enrichment lead to a fairly hard 
neutron spectrum. In that case the breeding and the sodium-void-effect are 
influenced in the desired direction. However, such a design, which is called 
external breeder — since breeding takes place predominantly outside the core 
in the surrounding blanket - is not very attractive from the economic point 
of view. 

Therefore, one tries to obtain a hard neutron spectrum in a large LMFBR 
core. The essential idea is again to take advantage of the hard spectrum to obtain 
a high 17-value for the fissile material. Thus, one arrives at core arrangements 
where suitably large fertile regions are placed at appropriately selected positions 
within the reactor core (internal breeder). In that case the fissile regions need a 
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fairly high enrichment. This, together with the induced high neutron leakage, 
leads to a hard neutron spectrum in these core regions. 

Because of the lack of fission neutrons in the internal fertile regions, the 
neutron spectrum is much softer than in the surrounding fissile regions. Although 
this diminishes slightly the contributions of fast fissions from 238U (and thus has an 
undesired influence on breeding), the most important point is that, generally 
speaking, the capture cross-section of 238U increases significantly with decreasing 
energy. Hence, two opposite effects occur: the chance of fertile material to 
undergo fission (fast fission effect) is reduced but its chance to capture neutrons 
is increased as a result of softening the neutron spectrum. Since the latter effect 
dominates, the net effect results in an increase in the total breeding ratio of the 
reactor. 

In a somewhat simplified manner such an internal breeder reactor with global 
heterogeneities can also be considered as a cluster of several small external breeder 
modules. Although this picture is too crude to explain all details, it makes plausible 
the essential features of heterogeneous cores: Because of the separation of fertile 
and fissile material one has the twofold advantage: 

(1) a high rj-value and a low sodium-void effect in the fissile regions (having a 
hard spectrum and high neutron leakage), 

(2) a high neutron capture rate in the fertile regions (having a soft neutron 
spectrum produced by slowing down of the high energy neutrons escaping 
from the fissile regions). 

VI—4.1. HETEROGENEOUS CORE DESIGNS 

While axial heterogeneities have also been investigated, at present mainly 
radially heterogeneous cores are of interest. According to Fig.VI-12 they are 
given by alternate fissile and fertile rings, or by more or less interrupted fertile 
rings leading to an island structure. Figure VI-13 shows a realistic heterogeneous 
core design compared with a homogeneous one of equal size [VI-45], In practice, 
only heterogeneous core designs with a central breeder zone are of interest. While 
those with a central fissile zone have also been investigated [VI-46], they result in 
too large a power swing over a burnup cycle and have been discarded. 

Heterogeneous designs are usually started with parametric studies, taking the 
ratio of fissile to fertile assemblies as a parameter. Figure VI-14 shows the influence 
of this parameter on the radial power form factor, and on the critical mass of the 
core [VI-47]. It can be seen that the radial form factor becomes more favourable 
with increasing number of fertile assemblies. It also reveals that the critical mass 
or fuel inventory will increase by at least 10% for a heterogeneous core. 

The doubling time for heterogeneous cores is usually somewhat shorter, 
even though their fissile inventory is higher (Fig.VI-15). This latter fact is over-
compensated by a better breeding gain [VI-48], 
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FIG. VI-13. Homogeneous versus heterogeneous core cross-sections (Source: KfK ¡INTER ATOM). 

Another advantage of heterogeneous cores is the decreased neutron fluence, 
leading to lower displacements per atom (dpa values) (see subsection IV—2.1.6) 
in core structural materials [VI-45]. As a result of the higher fissile enrichment, 
the neutron flux level is lower in a heterogeneous core, and even though this is 
accompanied by a harder neutron spectrum, the neutron flux above about 0.1 MeV, 
being responsible for radiation damage, turns out to be lower than in a homo-
geneous core. 

Until now, only heterogeneous core designs with a maximum Na-void reactivity 
value as low as about +2.5 $ and a breeding ratio of 1.2 or slightly better have been 
found for 1000 MW(e) LMFBR designs. 

Heterogeneous cores can be subject to pronounced neutron flux tilting; 
that means that a reactivity perturbation (e.g. a control rod movement or the 
replacement of a fissile by a fertile assembly) will result in a more pronounced 
change of the neutron flux than in a homogeneous core. This sensitivity, however, 
depends heavily on the degree of decoupling of the fissile zones. While cores with 
full breeder rings (furthermore depending on the ring thickness) will show these 
effects, it has been proven that interrupted breeder rings, i.e. breeder islands, do 
not result in significant decoupling [VI-45]. 

The burnup reactivity swing in heterogeneous cores is smaller than in homo-
geneous ones because of the good breeding properties. Together with the decreased 
maximum Na-void-reactivity this will lead to somewhat more relaxed control 
reactivity requirements. 
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FIG. VI-14. (a) Dependence of the radial power form factor Ppeak/^av. on degree of 
heterogeneity X; (bj Relative difference of the critical mass of a homogeneous versus a 
heterogeneous core as a function of the degree of heterogeneity (Source: Ref.[VI-47]). 

The power swing in the fertile assemblies, however, is much larger than in a 
homogeneous core (Fig.VI-16). This has considerable consequences for the thermal-
hydraulic design of heterogeneous cores. 

The Doppler coefficient, while still remaining negative, has a lower absolute 
value in heterogeneous as compared with homogeneous cores. The spatial distribu-
tions of the sodium void effect and the Doppler effect change significantly compared 
with homogeneous core designs. 

Of course, heterogeneous cores show similar dependences of their main 
design characteristics to variations in design parameters as do homogeneous ones. 
Only one example is given in Fig.VI-17, namely the influence of the fuel pin 
diameter on the doubling time [VI-48], 
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blanket assemblies (Source: Ref.[VI-48}). 

Table VI-5 gives a short compilation of the advantages and disadvantages of 
heterogeneous cores, while Table VI-6 shows a comparison of the main design 
parameters of a heterogeneous and a corresponding homogeneous core. 

Dickson and Doñeáis [VI-50] gave a valuable review of heterogeneous core 
designs for LMFBRs, dealing mainly with US studies but giving also account to 
analyses performed in other countries. They indicate the characteristic features 
of the resulting different core configurations, e.g. annular or modular cores and 
cores with radial heterogeneity, axial heterogeneity or combined axial and radial 
heterogeneity — sometimes labelled as parfait cores. Furthermore, they mention 
the early US designs published in 1964 [VI-8] and the follow-up studies published 
in 1968 and 1970. From the review it becomes obvious that the incentives to 
develop a heterogeneous core concept and the emphasis devoted to specific 
aspects varied considerably in the past. 
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FIG. VI-17. Compound inventory doubling time as a function of core fuel-pin diameter 
(Source: Ref.[VI-48]). 

VI—4.2. THERMAL HYDRAULICS, CORE MECHANICS, AND 
SAFETY ASPECTS OF HETEROGENEOUS CORES 

So far, only the neutronics consequences have been covered. As far as 
thermal hydraulics are concerned, the power increase during operation in the 
fertile zones, already mentioned before, will also lead to a change in coolant 
outlet temperatures. Therefore, the total coolant flow in a heterogeneous core 
will be higher by some per cent compared with a homogeneous core of the same 
power due to the fact that the fertile elements are cooled more than necessary 
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TABLE VI-5. SHORT CHARACTERIZATION OF 
HETEROGENEOUS CORES 

Advantages Disadvantages 

Lower Na-void worth Lower absolute Doppler 
coefficient 

Higher fuel inventory 

Higher power swing in fertile 
zones 

Danger of flux tilting if 
decoupling is too high 

Higher breeding gain 

Lower doubling time 

Lower fluence (dpa) 

Lower reactivity swing during burnup 

Relaxed control requirements 

One fuel enrichment only 

over most of the cycle time. The temperature distribution over the reactor in 
general will àlso be more uneven as compared with a homogeneous core. These 
slight disadvantages, however, are generally not considered to be of main concern. 

Core mechanics problems (bowing of fissile and fertile assemblies as a function 
of axial support and radial core restraint conditions) have not been analysed yet 
in detail for heterogeneous cores of the 1200 MW(e) size. A detailed analysis 
was only made for the CRBR core [VI-42]. 

Last but not least, safety aspects have to be taken into account, in particular 
the behaviour during various kinds of transients, design basis accidents, and hypo-
thetical (core melt-down) accidents. A comparison between a heterogeneous and 
a homogeneous core design is presented in Refs [VI-51, VI-52], 

VI-5 . THERMAL HYDRAULICS AND CORE DESIGN 

The fuel assembly life is affected by peak cladding temperature and the 
temperature distributions in the coolant, fuel, and assembly structures. These 
temperature distributions should be such that burnup goals can be met without 
seriously impairing core life and performance. For constraining temperature 
levels by design, it is important that the fuel assembly temperature distributions 
be accurately predicted and the governing thermal-hydraulic phenomena be 
understood. An example of temperature-affected performance is that estimates 



REACTOR ENGINEERING 3 3 1 

TABLE VI—6. DETAILED DATA FOR THE EQUIVALENT 
HOMOGENEOUS AND HETEROGENEOUS CORES 
SHOWN IN FIG.VI-13 

Characteristics Homogeneous Heterogeneous 

Core design boundary conditions 

Reactor power (MW) 
- thermal 3 420 
- electrical 1 300 

Fuel residence time (at 0.75 load factor) 
- fissile assemblies N.A. 2 
- fertile assemblies 

- central island, inner radial N.A. 4 
- outer radial N.A. 8 
- all islands N.A. 2 

Nominal rod power (max.) (W/cm) 415 

Nominal local burnup (max.) (MW • d/ t ) 72 500 

Coolant temperature (°C) 
- inlet 390 
- outlet 540 

Geometrical layout 

Number of fissile assemblies 492 432 

Number of internal fertile - 145 
assemblies 

Number of radial fertile assemblies 270 198 

Number of primary shutdown 31 24 
system elements 

Number of secondary shutdown 24 18 
system elements 

Core height (cm) 95 95 

Height of axial breeding blanket (cm) 2 X 50 2 X 40 
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T A B L E VI—6 (con t . ) 

Characteristics Homogeneous Heterogeneous 

Nuclear results 

Breeding ratio 

Plutonium first core inventory (t) 
- total 
— fissile 

238 U in core (t) 
238U in blankets (t) 

Max. rod power in internal 
fertile assemblies (W/cm) 

Total power shape factor 

Shutdown reactivity (%Ap) 
— first shutdown system 
- second shutdown system 

Max. void reactivity (%Ap) 
- fissile 
— fertile 

Doppler coefficient (10"6 Ap/K) 

Thermal-hydraulic core data 

Pressure drop (bar) 
— fissile assemblies 2.83 2.93 
— total core 3.35 3.5 

Coolant throughput (t/s) 
— fissile assemblies 15.31 13.52 
— internal fertile assemblies - 1.71 
— central island — 0.39 
— radial blanket 1.25 1.37 
— total core 18.0 18.0 

Temperature increase (A°C) 
— fissile assemblies 170 170 
— internal fertile assemblies — 140 
— central island - 70 to 100 
— radial blanket 45 to 55 60 to 75 
— total core 150 150 

1.15 

7.0 
5.1 

28.9 

89.9 

1.65 

9.4 
3.1 

+ 1.6 

- 4 . 7 

7.7 
5.6 

24.8 

85.8 

364 

1.60 

8 
3.1 

+ 0.91 
+ 0.34 

- 3 . 4 to - 3 . 0 

Note: N.A. = not applicable. 
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for existing LMFBR designs indicate that pin burnups might be increased by about 
900 to 1000 MW-d/t for each Kelvin reduction in hot spot cladding temperature 
[VI-53]. 

Methods developed for predicting temperature distributions should be 
capable of accounting for the effects of geometrical differences and the wide 
range of operating conditions that exist in the fuel, blanket, control, and reflector 
assemblies of LMFBRs. These assemblies have significantly different geometrical 
characteristics that may affect fuel assembly temperature distributions and thus 
endurance and performance. Important geometrical parameters include the rod 
diameter, rod pitch (centre-to-centre distance between rods), assembly size, 
rod-to-duct-wall spacing and type of spacing used (wire-wraps or spacer grids). 
Fabrication tolerances are also important: tolerance limits can significantly 
affect coolant flow and temperature distributions. However, irradiation-induced 
distortions can change the bundle geometry much more significantly with poten-
tially greater effect on core thermal hydraulics. The prediction of assembly flow 
and temperature distributions must consider a wide range of coolant flow and 
thermal convection regimes which include laminar and turbulent flow; natural, 
forced, and mixed (forced + natural) convection; and steady-state and transient 
conditions of reactor operation. 

VI-5.1. METHODS OF THERMAL-HYDRAULIC ANALYSIS 

An essentialpart of the design process is the use of acceptable techniques 
for both steady-state and transient analyses. Computer codes are used extensively 
in various steps in core thermal-hydraulics analysis to perform these analyses 
rapidly and accurately. A typical core thermal-hydraulic design analysis flow 
diagram is outlined in Fig.VI-18. Plant operating conditions, basic hardware 
(e.g. design geometry with tolerances and material properties), and physics design 
information (e.g. spatial and time-dependent heating rates, reactivity coefficients, 
flux distribution, and decay heat with specified uncertainties) are required input 
to all thermal-hydraulic analyses. The effect of input parameter variations and 
uncertainties on thermal-hydraulic predictions must be evaluated in addition to 
uncertainties associated with thermal-hydraulic analytical techniques. Temperature 
increases due to both input uncertainties and thermal-hydraulic calculational 
uncertainties are expressed as dimensionless hot-channel factors, which are 
included in appropriate thermal hydraulic calculations for predicting maximum 
temperatures. 

Thermal-hydraulic performance predictions for core assemblies begin by 
calculating the assembly flowrate necessary to equalize the limiting design para-
meter (e.g. lifetime or the maximum local cladding midwall temperature) in the 
limiting assembly of each flow orificing zone. 
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FIG. VI-18. Core thermal-hydraulic analysis flow diagram (dashed lines enclose non-nominal 
conditions) (Source: Ref.[VI-53]). 

Total calculated assembly flowrates and hardware and physics design informa-
tion are input to subchannel analysis codes that predict coolant flow and tempera-
ture distributions in the subchannels of the core assemblies. The peripheral 
subchannel temperatures and flowrates used for duct temperature predictions, 
and the peak subchannel coolant temperature used for hot-channel and hot-spot 
temperature predictions of the hot element are of particular interest. 

For detailed cladding and coolant temperature information distributed para-
meter codes are used which calculate two-dimensional temperature fields in 
coolant, cladding and fuel. 
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FIG. VI-19. Diagram of the reactor coolant flow for the CRBR (Source: Ref.[ VI-4]). 

Within this Report it is impossible to discuss all details and strategies of 
LMFBR thermal-hydraulic design. Therefore, only the most important aspects 
will be treated in the following subsections. For more details see e.g. Refs [VI-4, 
VI-53, VI-54]. 

VI—5.1.1. Coolant flow distribution and orificing 

In an LMFBR, coolant flow enters the reactor vessel through several inlet 
nozzles equally spaced on a horizontal plane. From the nozzles, the coolant 
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enters a large inlet plenum where it is mixed to mitigate core assembly transients 
and reduce thermal stresses of lower structures. The coolant then passes through 
a flow distribution system to the reactor core (Fig.VI-19). The flow, which passes 
in parallel through the core assemblies and shielding, is regulated by appropriate 
orificing. These different streams of coolant are discharged into the upper plenum 
where mixing occurs. From the upper plenum, the coolant exits the reactor vessel 
through evenly spaced outlet nozzles. 

Orificing at the inlet to the different assemblies conserves flow to each and 
assures proper flow distribution matching the rate of heat generation in core compo-
nents. Pressure drop across a multi-orifice assembly consists of four distinct losses, 
i.e. contraction and expansion form losses, turning losses, and friction losses through 
the holes. The total pressure loss coefficient K is defined by 

where rh is the mass flow rate and A0 the orifice flow area. Because of the strong 
incentive to control flows in the assembly closely, flow experiments are generally 
necessary to characterize flow resistance so that 10 to 20% pressure drop uncertain-
ties are readily achievable [VI-4], 

Core orificing for the LMFBR is important because fuel lifetime strongly 
depends on the maximum cladding temperature, which is determined primarily 
by core coolant temperature rise (AT) and inlet temperature. Judicious allocation 
of flow to each assembly through flow orificing makes the maximum cladding 
temperature in different assemblies more nearly equal, thus minimizing the highest 
cladding temperature in the core for a given set of plant operating conditions. 

VI— 5.1.2. Subchannel analysis 

Subchannel analysis is commonly used for the thermal-hydraulic analysis 
of single fuel assemblies. Bulk average values characterize the fluid dynamic and 
thermal coolant conditions in each subchannel. Thermal-hydraulic interactions 
between subchannels are taken into account. With experimental support, sub-
channel analysis can predict the peak coolant temperatures in a typical LMFBR 
rod assembly within approximately ±7% of the assembly mixed-mean axial 
temperature rise [VI-53]. 

The flow cross-section of a fuel assembly arranged in a hexagonal array 
is divided into three different types of subchannels (Fig.VI-20): central, wall 
and corner subchannels. The central and corner subchannels are characterized 
by only one geometrical parameter: the Pitch to Diameter (P/D) ratio, for the 
central subchannel and the Wall to Diameter (W/D) ratio for the corner subchannel. 

(VI—6) 
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FIG. VI-20. Subchannels of rod bundles - (a) central, (b) wall, (cj corner (Source: KfK). 

The wall subchannel, however, is characterized by two parameters: P/D and W/D. 
This subdivision is necessary 

— to allow a detailed analysis to be made of the distributions of mass, tempera-
ture and pressure within the tube bundle, 

- to define small control volumes within which the thermal-hydraulic properties 
are assumed to be constant, 

— to formulate the differential equation in terms of finite differences, 
- to apply friction factors and Nusselt numbers known from theoretical and 

experimental investigations. 

Subdivision into axial steps is necessary for two reasons: 

— to meet the geometrical and thermal boundary conditions, 
- to obtain the desired axial resolution of computed distributions of tempera-

tures and pressures. 

All subchannel codes calculate solutions to the mass, momentum and energy 
transport equations in turbulent fluid flow. Since the governing equations are very 
complicated, each code makes simplifying assumptions to expedite solutions. In 
some codes only the axial momentum equation is solved; coupling between 
different subchannels is taken into account by the assumption of equal pressure 
drop in all subchannels for each axial step which leads to cross flow between 
subchannels (e.g. MISTRAL II [VI-55 ]). Mixing models take account of momentum 
and energy transport between subchannels. Other codes solve the transverse 
momentum equation. They have to rely upon empirical input for cross flow 
friction factors and cross flow Nusselt numbers (e.g. COBRA-IV [VI-56]). Pheno-
menological models for effects of geometry changes due to wire-wrap spacers are 
applied for flow sweeping (fluid following the wire under the projection of the 
wire wrap) and pumping (fluid forced from subchannel to subchannel by area 
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TABLE VI-7. 

CHAPTER VII 

LIST OF SUBCHANNEL CODES 

Code Origin Purpose Reference 

ARTIS Germany (Fed. Rep.) Grid [VI-5 8] 

CIA Germany (Fed. Rep.) Grid + wire-wrap [VI-59] 

COBRA-IV USA Wire-wrap [VI-56] 

COMMIX USA Grid + wire-wrap [VI-57] 

COTEC USA Wire-wrap [VI-60] 

ENERGY I, II, III USA Wire-wrap [VI-61] 

FLICA France Wire-wrap [VI-62] 

HERA EURATOM Grid + wire-wrap [VI-63] 

MISTRAL II Germany (Fed. Rep.) Grid + wire-wrap [VI-5 5] 

NADIA Belgium Grid + wire-wrap [VI-64] 

SPIRALE Belgium Wire-wrap [VI-64] 

TASNA France Wire-wrap [VI-65] 

WIRCO UK Wire-wrap [VI-66] 

WRAPRT UK Grid + wire-wrap [VI-66] 

TABLE VI—8. LIST OF DISTRIBUTED-PARAMETER CODES 

Code Origin Reference Remarks 

BODYFIT 

FATHOM-360 

THESEE 

VELASCO 

VERA-TERA 

VITESSE 

USA 

USA 

France 

EURATOM 

Germany (Fed. Rep.) 

Netherlands 

[VI-72] 

[VI-67] 

[VI-68] 

[VI-69] 

[VI-70] 

[VI-71 ] 

Developing 
flow and heat transfer 

Only wire-wrap 
central subchannel 

Finite element 

Only velocity 
distribution 

Central and wall 
subchannel 

Finite element 



REACTOR ENGINEERING 3 3 9 

changes due to wire-wrap rotation). All codes use a finite difference scheme for 
the mathematical formulation of the conservation equations. Modern develop-
ments include the porous body formulation (COMMIX [VI-57]). 

Table VI—7 lists the recent codes used for rod bundle subchannel analysis 
which were mentioned in Ref. [Vl-54]. 

V I - 5.1.3. Distributed-parameter analysis 

Distributed-parameter analysis is necessary if the detailed temperature 
distribution along the pin surface is required. The codes used for this purpose 
are listed in Table VI—8. With these codes solutions of the Navier-Stokes 
equations and the energy equation are computed. Turbulence models are 
applied to evaluate the turbulent diffusion terms in the equations. Turbulence 
models used up to now for rod bundle thermal-hydraulics are mixing length or 
eddy viscosity [VI-67 to VI-70], one-equation model (solution of kinetic energy 
equation) [VI-71], or a two-equation model (k-e) [VI-72], 

The distributed-parameter analysis predicts the local velocities, coolant 
and cladding temperatures on a scale much finer than a subchannel. This 
requires increased storage and computational resources. Therefore, this analysis 
is applied to single subchannels or small sectors of a subassembly. 

VI—5.1.4. Hot-spot analysis 

The impact of theoretical and experimental analysis uncertainties, instru-
mentation and control inaccuracies, manufacturing tolerances, material properties 
and correlation uncertainties, and changes of reactor conditions with lifetime must 
be considered in predicting reactor thermal-hydraulic performance. This informa-
tion is necessary to guarantee that proper margins are provided relative to design 
limits and requirements. Effects of the various uncertainties are accounted for in 
the 'hot-channel factors' or 'hot-spot factors' analysis. Such analyses use factors 
relating the nominal value with one corresponding to the most unfavourable condi-
tions possible. 

Two types of uncertainties might influence a particular parameter: direct 
uncertainties, or biases, and random or statistical uncertainties. Direct uncertain-
ties are those that 

— can often be evaluated quite accurately before the reactor is actually built 
and, thus, are not random in nature, 

— directly bias the temperatures (such as local cladding circumferential tempera-
ture variation under the spacer), and 

— are not directly accounted for in design calculations. 

Statistical uncertainties can be described by a probability distribution func-
tion. Examples of such random uncertainties are those related to actual dimensions 
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of manufacturing tolerances such as cladding thickness, fissile fuel content, or 
orifice calibration. 

In the following the most important uncertainties which are subfactors for 
the hot-spot or hot-channel analysis will be briefly discussed. 

Direct subfactors 

— Inlet flow maldistribution. This factor accounts for uncertainties in the 
calculated assembly flow due to the following factors: flow and 
pressure distribution within the inlet plenum caused by internal structures 
and vessel inlet and outlet arrangements; potential accumulation of fabrica-
tion tolerances in the orifice, fuel pin, spacer and wrapper; and primary 
loop flow variations and imbalances. 

— Intra-assembly flow maldistribution. Coolant flow and temperature distri-
butions within the different subchannels are calculated by subchannel 
analysis codes. In these codes various empirical factors model the effects 
of turbulent mixing, diversion cross flow and flow sweeping. The computed 
predictions and experimental data do not agree completely. These uncertain-
ties are taken into account by the intra-assembly flow maldistribution 
subfactor. 

— Cladding circumferential temperature variation. The coolant velocity and 
temperature distribution in the different subchannels is not uniform around 
the fuel rod. The maximum cladding temperature occurs at the minimum 
gaps between the rods and wrapper, respectively. The cladding circumferen-
tial temperature variation depends on the P/D ratio, element power rating, 
coolant and cladding thermal conductivities, and bulk coolant velocity. The 
presence of spacers further skews the circumferential temperature distribution. 

— Power level measurement and control system dead band. This factor repre-
sents the calibration error in core power measurements. An additional 
allowance, called a dead band allowance, is incorporated in the design of 
the control system to prevent excessive exercising of the control rod drives 
for small changes in reactor power. 

Statistical subfactors 

— Coolant properties. This factor represents the effect of uncertainties in the 
specific heat and density of sodium. 

— Subchannel flow area. This reflects the effect of propagated tolerances in 
fuel pin diameter, P/D ratio and pin bowing. 
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— Spacer orientation. This contribution to the hot-channel factor is associated 
with uncertainties in the spacer system orientation, e.g. due to wire flow 
induced by the wire-wrap in subchannels near the wrapper. 

— Film heat transfer coefficient. This uncertainty is determined by an experi-
mental data spread from a selected correlation in the operating range of 
Peclet numbers and the P/D ratio. 

— Cladding thickness and conductivity. This factor includes the uncertainty 
• on cladding conductivity and thickness as determined by the maximum 

deviation of cladding thickness and thermal conductivity of stainless steel 
caused by irradiation effects. 

— Gap conductance. Deviation of gap conductance from the nominal value 
is due to the fabricated gap size variation and uncertainty in the correlation 
for gap conductance. 

— Pellet-cladding eccentricity. An eccentric position of the fuel pellet within 
the cladding will result in an increased heat flux in the area of minimum 
fuel-cladding gap, with consequent increase in temperature rise through 
the coolant film and cladding. This can only occur early in life, before thè 
gap is closed. 

— Fuel thermal conductivity. This factor represents uncertainties in the thermal 
conductivity of mixed-oxide fuel as a function of temperature, fuel density, 
and oxygen to metal content. Another uncertainty is the change in thermal 
conductivity with burnup, which may be caused by plutonium migration. 

— Fissile fuel maldistribution. This factor accounts for the local maximum 
deviation of the plutonium content of an individual pellet from the specified 
content and for the maximum deviation of fissile content per coolant channel 
formed by three fuel elements. 

— Nuclear data. This factor represents uncertainties in the radial, axial, and 
local power peaking factors. It reflects uncertainties in nuclear data and 
nuclear design methods, after adjusting for comparisons with critical 
experiments. 

— Inlet temperature variations. A statistical analysis of the integrated reactor 
and plant system, including primary and secondary sodium and steam systems 
results in an uncertainty in inlet coolant temperature. 

There are several methods reported in the literature [VI-73 to VI-81] for com-
bining uncertainty factors to arrive at the hot-spot or hot-channel factor. Using the 
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TABLE VI—9. 

CHAPTER VII 

LIST OF CODES FOR NON-NOMINAL CONDITIONS 

Code Origin Reference Purpose 

COBRA-IV USA [VI-56] Transients, blockages, 
distortions 

COBRA-WC USA [VI-84] Mixed convection 

COMMIX USA [VI-57] Blockages, mixed 
convection, transients 

CORTRAN USA [VI-85] Transients, mixed 
convection 

DEMO USA [VI-86] Mixed convection 

DISCO UK [VI-87] Distorted bundles 

DISTAV France [VI-88] Distorted bundles 

EXCURSE Japan [VI-89] Transients 

HAMNA UK [VI-66] Mixed convection 

NOTUNG Germany (Fed. Rep.) [Vl-90] Free convection 

SABRE UK [VI-82] Blockages, mixed 
convection 

UZU Japan [VI-83] Blockages 

direct combination (cumulative method) results in the worst condition, while 
using a purely statistical method gives the most favourable result. 

Because of the extremely small probability of coincidence for all the most 
unfavourable effects at the same location and time, a statistical approach is used 
for hot-spot analysis. 

VI—5.1.5. Off-normal conditions 

A number of numerical tools were developed for analysis of non-nominal 
conditions (Table VI—9). Such conditions may occur because of flow blockage 
either at the inlet of a core assembly or by local blockage within assemblies by 
e.g. wire-wrap failure, excessive bowing or swelling. Codes able to treat such 
situations are COBRA-IV [VI-56], COMMIX [VI-57], SABRE [VI-82] and 
UZU [VI-83]. 

Non-nominal conditions also occur in cases of reduction of mass flow 
through assemblies. In such cases the buoyancy force due to heat addition is 
appreciable and its effect is superimposed on the forced convection flow. Thus, 
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the heat transfer mechanism becomes a combination of free and forced convection, 
or mixed convection, a situation which can be computed by COBRA-WC (whole 
core) [VI-84], COMMIX [VI-57], CORTRAN [VI-85], DEMO [VI-86], 
HAMNA [VI-66]. 

Recently distorted geometries are considered to be of importance. At the 
beginning of life the reactor bundles consist of nearly uniformly spaced, straight 
rods supported by a spacer system such as a grid or wire-wrap. The initial 
manufacturing and assembling tolerances may introduce some non-uniformity 
in rod spacing. The manner in which the assembly tolerances are accommodated 
within the bundle affects temperature distribution. 

The effect of initial manufacturing tolerances and thermal bowing on the 
temperature field within a bundle may well be overridden by irradiation-(fast 
neutron spectrum) induced distortions within a bundle. These distortions are 
due to dilation of duct walls and pin diameters caused by voidage swelling, 
irradiation creep, pin and duct wall bowing due to differential swelling (caused 
by a temperature differential across the pin and the duct wall), and pin bundle 
deformation (dispersion, corkscrewing) due to bundle-duct interaction. Because 
of interaction between the various modes of distortions the bundle geometry 
becomes irregular, continually changing in the direction of flow. Thermal-
hydraulic problems then become essentially three-dimensional. Physical modelling 
becomes much more speculative, and mathematical difficulties, which increase 
significantly, are further compounded by the strong link between mechanical 
and thermal calculations. Experimental tests have been performed to evaluate 
the thermal-hydraulic effects induced by different deformation mechanisms 
[VI-91] and to validate theoretical models. Codes developed or under develop-
ment to treat distorted bundles include COBRA-IV [VI-56], DISCO [VI-87] 
and DISTAV [VI-88], 

Finally, a number of methods have been developed for the transient global 
analysis of single assemblies within an LMFBR core. These computational 
methods [VI-56, VI-57, VI-89] subdivide the single assembly being examined into 
a large number of channels and solve the governing equations with prescribed 
boundary and initial conditions to analyse the transient thermal-hydraulic 
field within the assembly. However, the power and flow into the core are pre-
scribed functions of time. 

VI—5.2: EMPIRICAL INPUT 

Empirical input either by experimental data or analytical results is required 
for the codes to obtain reliable computed results. The correlations strongly 
depend on the geometry considered, the spacer concept (grids or wire-wraps) 
and on the Reynolds number range (turbulent or laminar flow and heat transfer). 
Different institutions and/or companies use different correlations depending on 
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FIG. VI-21. Comparison between experimental data and correlation of Rehme for friction 
factors [VI-93 ]. 

their experience and/or on the availability of unpublished experimental data. 
Experimental investigations, therefore, are always necessary on the actual 
geometry for an accurate design. However, some correlations which are widely 
used are mentioned in the following subsections. 

VI—5.2.1. Turbulent flow 

Pressure drop 

Overall friction factors for bare rod bundles arranged in a hexagonal array 
can be taken from Ref.[VI-92]. The correlations are based on a literature survey 
and experimental data over a wide range of geometry parameters (P/D and W/D 
ratio). 

Friction factors of wire-wrapped clusters are calculated by the correlations 
of Rehme [VI-93] and Novendstern [VI-94], the latter being mainly based on the 
experimental data of Refs [VI-93] and [VI-95]. Figure VI-21 displays a compari-
son between experimental friction factors and the correlation of Rehme [VI-93]. 

Subchannel codes require subchannel friction factors as input. Such friction 
factors can be computed using laminar flow predictions for turbulent flow 
[VI-96to VI-98]. For wire-wrapped clusters, flow-split parameters can be computed 
by the method of Ref. [VI-99] and applied in the different subchannels. 
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In bare rod bundles with grid-type spacers the pressure loss due to the flow 
blockage of the spacer grid has to be taken into account [VI-100]. The loss 
coefficients of spacer grids strongly depend on their leading and trailing edges 
[VI-98]. In general, this coefficient has to be determined by experiment for 
proper design. 

Subchannel codes need mixing factors as coupling coefficients between 
different subchannels of bare rod bundles. Correlations of Refs [VI-101, VI-102] 
are used in the codes; the correlations are based on experimental data. If wire-
wraps are used as spacers, mixing coefficients besides turbulent mixing include 
effects of the wire-wrap such as pumping or diversion cross flow and flow 
sweeping [VI-103, VI-104], 

Heat transfer 

The main difference between ordinary fluids and liquid metals - the coolant 
in LMFBRs - is the high thermal conductivity of liquid metals, which is two to 
three orders of magnitude higher than for ordinary fluids. Therefore, the Prandtl 
number of liquid metals is very small: A typical value of the Prandtl number of 
sodium at operation conditions is Pr = 5 X 10"3, whereas for many other coolants 
the Prandtl number is in the range of 0.7 to 10. This is very important for heat 
transfer since for liquid metals heat transport by eddy conduction is negligible for 
Peclet number Pe = Re-Pr for values less than 200. 

As a result of an exhaustive compilation of available experimental data on 
parallel liquid metal flow through rod bundles the following correlations are 
recommended by Kazimi and Carelli [VI-105] for design purposes: 

for 1.15 < P/D < 1.3 and 10 < P e < 500 

Nu - 4.0 + 0.33 (P/D)3-8 (Pe/lOO)0 86 +0 .16 (P/D)5 0 (VI-7) 

for 1.05 < P/D < 1.15 and 150 < P e < 1000 

Nu = [ - 16.15 + 24.96 (P/D) - 8.55 (P/D)2 ] Pe0-3 (VI-8) 

for Pe < 150 

Nu = 4.5 [ -16 .15 + 24.96 (P/D) - 8.55 (P/D)2 ] (VI-9) 

These correlations are reasonably conservative in the range specified. It 
should be noted that there are only very few experimental data for wire-wrapped 
rod bundles. A comparison of predicted and experimental heat transfer results 
is shown in Fig.VI-22. 

The effect of spacers on the temperature distribution was not investigated 
experimentally in detail. For wire-wrapped rod bundles the contact between 
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FIG. VI-22. Comparison of predicted and experimental heat transfer results for P/D = 1.2 
(Source: Ref.[VI-2]). 

the wire and the fuel element increases the local cladding temperature in the 
vicinity of the contact point. This effect is accounted for by an appropriate 
hot-spot factor. For gridded assemblies experimental data show that there is 
either no hot spot [VI-106] or a very small increase in the local cladding tempera-
ture at the contact point [VI-107], which can be taken into account during hot-
channel analysis. 

VI—5.2.2. Laminar flow 

Pressure drop 

In laminar flow, friction factors strongly depend on the geometry of the 
flow channel considered. However, the Navier-Stokes equations can be solved 
for laminar flow without assuming turbulence models. 

Subchannel friction factors have been computed for bare rod bundles over 
a broad range of pitch-to-diameter and wall-to-diameter ratios, respectively 
[VI-98, VI-108], Figure VI-23 shows as an example data of f-Re = K for wall 
subchannels. These data can be used in gridded assemblies with confidence. 
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FIG. VI-23. Pressure drop in wall subchannels for laminar flow (Isovels of f-Re) (Source: 
Ref.[VI-98]). 

For wire-wrapped clusters no analytical data are available. As a first approximation 
flow-split parameters of Hawley [VI-99] may be assumed. 

Friction factors of rod bundles can be computed using the subchannel data 
for gridded assemblies under the assumption of equal pressure drop in all 
subchannels [VI-98]. This method has been recommended by several investigators 
[VI-109, VI-110]. In principle the same method could be applied to wire-wrapped 
clusters. However, since no subchannel friction factors are available for wire-
wrapped rod bundles, the only information on friction factors for laminar flow 
through wire-wrapped bundles stems from few experimental investigations [VI-111]. 
The correlation presented in Ref.[VI-l 11] must be used with caution, since the 
constant asymptotic value of f • Re for low Reynolds numbers is independent of 
the geometrical arrangement, which certainly is not valid. 

Heat transfer 

As far as Nusselt numbers are concerned there is a rather limited range of 
solutions. Nusselt numbers for laminar flow not only depend on the geometry 
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considered (P/D, W/D ratio) but strongly depend on the thermal boundary 
condition, e.g. constant heat flux or constant surface temperature. The con-
clusion of a literature survey [VI-112] stresses the fact that single cell (subchannel) 
calculations are not sufficient to investigate local temperature distributions in 
laminar flow heat transfer, especially at high heat fluxes and low P/D ratios. 
Since very large entrance lengths are required to attain thermally developed 
situations, three-dimensional multicell calculations are necessary. 

VI—6. REACTOR TANK AND MAIN HEAT TRANSPORT SYSTEMS 

VI—6.1. PRINCIPAL DESIGN CONCEPTS: LOOP AND POOL 
[VI-2, VI-4, VI-113, VI-114] 

Two principal design concepts have been used for LMFBRs: the loop and 
the pool type (Fig.VI-24). In the loop concept, the primary pumps and inter-
mediate heat exchangers are located in cells outside the reactor vessel and are 
interconnected through a piping system. The loop concept was chosen for all 
experimental fast test reactors, except EBR-II, and for the prototype LMFBRs 
BN 350, SNR 300, FFTF, CRBR and MONJU. 

The term loop applies to a sequential series of components in the heat 
transport system between the reactor and the turbine, each operating independently 
of the other loops in the system. In a loop system each loop consists of a single 
primary and secondary pump and one or more IHXs and steam generators. 
LMFBR prototype plants normally have three loops, commercial size LMFBRs 
will have four loops. 

In contrast, in the pool concept all primary system components, i.e. the 
reactor core, primary pumps and IHXs, are built into a large pool filled with 
sodium. This concept was used in EBR-II, PFR, PHENIX, SUPER PHENIX and 
BN 600. As with the loop type, the pool concept may also have several coolant 
'loops', each consisting of one primary pump and one or more IHXs. For example, the 
pool-type reactor SUPER PHENIX has four coolant loops with one primary pump 
and two IHXs each. 

Both loop and pool design concepts have a number of particular advantages 
and disadvantages. In the loop concept, maintenance, repair, and in-service 
inspection is simpler since components can be isolated in cells. This feature also 
provides for greater flexibility in making system modifications and major main-
tenance during reactor operation. Less neutron shielding is required to prevent 
activation of the secondary sodium. The structural design of the vessel head is 
simpler than the large roof deck of a pool reactor. Greater difference in vertical 
elevation of the IHX relative to the core enhances natural circulation of a loop 
relative to that of a pool, and the well defined primary coolant flow path allows 
a more reliable prediction of natural circulation for a loop-type LMFBR. Tighter 
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FIG. VI-24. Heat transport systems for the loop and pool design concepts (Source: Ref.[VI-2]). 

coupling (i.e. quicker response to changes) of the steam and secondary sodium 
systems to the primary sodium system due to the smaller mass of sodium in the 
primary system, influences the control and load-following characteristics of the 
overall heat transport and steam system. 

In the pool concept, leakage in the primary system components and piping 
does not result in leakage from the primary system and there may be a lower 
chance that a primary system pipe could be broken. The mass of sodium in the 
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primary system is of the order of three times that of a loop system, thus providing 
a higher heat capacity. This results in a lower temperature rise in off-normal 
transients or a longer time to reach boiling if heat sinks are isolated. The large 
thermal inertia of the pool tends to dampen transient thermal effects in other 
parts of the system. The cover gas system can be simpler, since the only free 
surface needed is the free surface in the tank. 

On the whole, the advantages (and disadvantages) of both concepts roughly 
balance each other out. Only future experience with construction, operation and 
licensing of large LMFBRs perhaps can show if one of the two design concepts is 
more favourable. 

VI—6.2. REACTOR VESSEL 

The principal functions of the reactor vessel/tank are to support the reactor 
core and blanket subassemblies, and, in the case of the pool concept, also the 
pumps and IHXs, to maintain the removal of heat generated in the reactor core 
and blanket under all operating conditions; to form a tight containment for coolant 
and cover gas; and to allow loading and unloading of the core. The reactor 
vessel/tank is part of the primary coolant system. The term 'vessel' normally 
refers to the loop concept, the term 'tank' to the pool concept. 

The reactor vessel in a loop concept is a vertical, cylindrical shell with a 
dome shaped bottom. It has an H/D ratio of around 2.0—2.5. The vessel is hung 
at the top from a support ring and is closed by a rotating top shield system. A 
guard vessel is located outside the reactor vessel to protect against any potential 
loss of sodium from the vessel. 

In the pool concept, the reactor tank is a large pot that surrounds all the 
primary components. It has an H/D ratio of 1.0. As in the loop concept, the reactor 
tank is suspended from the top; a roof/shield deck covers the tank. It is surrounded 
by a safety tank that contains sodium in the event of a leak in the reactor tank. 

VI—6.2.1. SNR 300: A loop design 

Figure VI-25 shows the SNR 300 reactor vessel system. The vessel has a 
diameter of around 7 m, a height of around 15 m and a wall thickness of about 
40 mm. The core, radial blanket and radial shield rest on a core support structure 
(plate, grid or diagrid), which is attached to internal structures of the reactor tank. 
The core barrel provides for passive core restraint. It is arranged above the diagrid 
and around the radial shielding assemblies. An additional inner guard vessel 
separates that part of the sodium flowing through the core, radial blanket and 
material shield from the surrounding sodium pool. Sodium inlet pipes are 
directly connected to the lower plenum of the diagrid. An inlet flow structure 
in the diagrid guides the inlet sodium to the fuel and radial blanket assemblies. 
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FIG. VI-25. Reactor vessel and top shield for the loop-type system: SNR 300 (Source: 
Ref[VI-2], INTERATOM). 

Both the reactor vessel and its outer guard vessel (double tank) are located 
in a reactor cavity, which serves as a primary radiation shield. The upper part 
of the vessel is connected to a vessel support ring which itself is fixed in the steel/ 
concrete structure of the containment. Both coolant inlet and coolant outlet 
pipes are arranged at such levels that sodium loss is prevented. A so-called 
instrumentation plate is located above the core and contains thermocouples 
and several flowmeters to measure the local flow as well as the sodium outlet 
temperature of individual fuel and radial blanket assemblies. 

Storage places for interim fuel storage are arranged outside of the core 
barrel. Hot sodium leaving the core distharges into the upper high temperature 
pool contained by the inner guard vessel. A cover gas layer with a pressure 
slightly above atmospheric separates the upper hot sodium surface from the 
shield structures of the roof or cover of the reactor tank. 

Eccentrically arranged double rotating shield plugs in the cover structure 
permit access to any location of core or blanket assemblies for refuelling 
procedures. 
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CONTROL ROD DRIVES 

NEUTRON MEASUREMENT CELL 

FIG. Vl-26. Reactor tank for the pool-type system: SUPER PHENIX (Source: Ref.[VI-2]j. 

VI—6.2.2. SUPER PHENIX: A pool design 

Figure VI-26 shows the reactor pool of SUPER PHENIX. It has a diameter 
of 21 m, a height of 19.5 m and a wall thickness of 50 mm. The whole tank 
structure is fixed at the roof/shield deck that covers the tank and which itself 
rests on a steel/concrete structure of the containment. The reactor tank is designed 
as a double wall tank (outer safety tank) to prevent any sodium from leaking out 
of the tank. A baffle tank and thermal baffles are located inside the inner reactor 
tank to avoid excessive sodium temperatures developing in the wall of the reactor 
tank. This is accomplished by providing a bypass sodium flow from the inlet 
plenum to the annular space between the baffle tank and the inner reactor tank. 
An additional insulated internal tank structure separates the low temperature, 
core inlet sodium coming from the intermediate heat exchangers and the hot 
core outlet sodium discharged in the upper pool of the reactor tank. It also con-
tains the necessary penetrations for the four primary pumps and the eight IHXs, 
which are suspended from the roof/shield deck within the inner tank. Because 
of the large temperature variations between the roof/deck structure and the 
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sodium pool, flexible joints and seals must accommodate for axial and radial 
expansions of the IHXs and the primary pumps. The primary pumps draw from 
the low temperature pool and discharge through a duct into the lower plenum of 
the diagrid which both supports the core and forms a common flow distribution 
structure for the core fuel, radial blanket and radial shield assemblies. The 
roof/deck structure is separated from the hot sodium surface by a thick cover 
gas layer. The roof structure itself contains a double rotating shield plug system 
with all penetrations for absorber (control) rod guide structures, the core instru-
mentation as well as the penetrations for the fuel transfer machine. It is made 
of a steel web structure filled with special concrete and contains a thermal shield 
at its bottom. Compared with the loop design the roof shield deck structure 
of a pool reactor contains not only the rotating shield plug but also has to support 
all primary circuit components (primary pumps, IHXs). This presents a difficult 
design problem that requires sophisticated thermal and mechanical analysis of 
the whole roof shield/deck system. 

VI—6.2.3. Structural design of the core diagrid and the tank/vessel system 

The double wall tank system together with the roof or vessel cover form 
an essential containment barrier (see Chapter VII). Design considerations on 
the structural integrity of this system, therefore, are an important element in the 
design phase of the various LMFBR projects. Many different design approaches 
have been developed so far for the existing different LMFBR plants. As one 
example, the main important structural design considerations for CDFR shall be 
summarized in this subsection [VI-115, VI-116]. 

Core support design 

The core support system of CDFR comprises the diagrid supported on a 
'strong-back' which transmits the core weight into the primary tank wall and 
hence into the reactor roof. It is a double shell construction, the inner shell 
forming the inlet coolant flow plenum and the outer shell forming the load 
carrying structure. The outer shell carries the core weight by virtue of its 
conical shape through compressive struts which are located on extensions of the 
plenum tie tubes (Fig.VI-27). 

The strong-back is essentially a deck type structure through which the 
core weight is transmitted into the lower end of the primary vessel. The structure 
comprises a large ring beam, which is stiffened by radial webs (Fig.VI-28). 

Both the diagrid and strong-back are located in the low temperature pool 
and thus normally operate at the coolant inlet temperature of about 370°C. 
Stresses under steady state operating conditions can thus be determined following 
the ASME code [VI-117, VI-118]. Cycling loading with variation of the reactor 
power results in a stress range which is only a fraction of the total stress. 
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FIG. VI-27. Core diagrid structure ofCDFR (Source: Ref.[VI-115]j. 

Reactor vessel design 

As the primary vessel wall thickness of 35 mm in the cylindrical section is 
essentially determined by seismic criteria, stresses caused by normal operational 
dead weight loads are very low. However, the vessel will also be subjected to 
temperature differences along its length, from 370°C at its lower part to about 
50°C at its upper connection to the roof. This results in additional low level 
thermal stresses which only change significantly between operating and shutdown 
conditions of the plant. 

R eactor roof design 

A detailed analysis of load induced stresses in the roof, particularly around 
penetrations for the primary pumps and intermediate heat exchangers has to be 
made during the design phase. Finite element computer codes are usually applied 
for the analysis of the stresses and an optimization of the design. Three-dimensional 
heat conduction codes are available for the analysis of the temperature profile in 
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FIG. VI-28. Bottom support 'strong-back'of CDFR (Source: Ref\VI-115\). 

the roof structure and the design of the thermal insulation of the roof. Figure VI-29 
shows how the complete roof of CDFR was modelled for a finite element stress 
analysis [VI-116], Similar computer programs were developed in France [VI-119] 
and in other LMFBR projects. 

VI—6.3. SODIUM PUMPS 
[VI-2, VI-113, VI-114, VI-120] 

Sodium pumps are used in the primary and secondary coolant circuits either 
as mechanical or electromagnetic devices. Electromagnetic pumps have the 
advantage of being hermetically sealed, having no moving parts and hence being 
free from maintenance. They have no free sodium surface and hence can be 
located more conveniently in the piping system. Electromagnetic pumps have 
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FIG. VI-2 9. Finite element model of fast reactor roof of CDFR (Source: Ref. [VI-116]). 

been used in small experimental fast test reactors (EBR-II secondary circuit, 
DFR and SEFOR primary circuit), and are being used in larger LMFBR power 
plants in decay heat removal systems (SNR 300, SUPER PHENIX). 

In primary and secondary sodium systems of large LMFBRs, only mechanical 
pumps are used. They generally are vertical shaft, single-stage, free-surface centri-
fugal units (Fig.VI-30). The centrifugal design has been used because of its 
mechanical simplicity and the suitability of its hydraulic characteristics. The 
impeller is arranged at the bottom of the pump and connected with the motor 
drive by means of a long shaft. The sodium level is below the thermal shield, 
and the argon cover gas is above the sodium. 

Special emphasis was laid on the design of bearings and seals in order to 
prevent any contamination by leakage of the liquid metal or cover gas at joints 
and shaft penetrations. Large sodium pumps normally have oil-lubricated bearings 
and metallic seals at the upper end of the shaft and a hydrostatic sodium-
lubricated bearing at the lower end of the shaft. 
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FIG.VI-30. LMFBR sodium pump (Source: NERATOOM). 

A hollow shaft extends through the cover gas up to the upper part of the 
pump casing where several gas seals and the biological shield are located. As this 
upper part must be operated at less than 100°C, a considerable axial temperature 
gradient must exist between the maximum sodium level with about 400°C (cold 
leg pump) or 550°C (hot leg pump) and the biological shield. This is achieved 
by anti-radiation baffels in the cover gas part of the pump. Considerable design 
care must be devoted to obtain a symmetrical temperature distribution in this 
area to avoid bending of the pump shaft and fretting in the bearings. 
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TABLE VI-10. DESIGN DATA FOR PRIMARY SODIUM PUMPS IN LMFBRs [VI-113, VI-114, VI-121 to VI-125] 

PFR PHENIX FFTF SNR 300 BN 350 MONJU BN 600 SUPER PHENIX 

Reactor type Pool Pool Loop Loop Loop Loop Pool Pool 

No. of primary pumps 3 3 3 3 6a 3 3 4 

Location of pump Cold leg Cold leg Hot leg Hot leg Cold leg Cold leg Cold leg Cold leg 

Pump head (m) 97 76 152 142 110 94 58 75 O » 

Pump capacity (m3/h) 4 740 4 200 3 300 5 300 3 240 6 000 9 350 18 000 "S 
H 

Operating temperature (°C) 430 500 482 542 300 397 380 395 
M 
PB 

Revolutions (min-1 ) 960 900 1 100 960 1 000 800 1 000 500 < 

Net positive suction head (m) 14.7 12.7 12.2 12 16 

Type of impeller 
Double Single Single Single Single Single Double Single 

Type of impeller stage stage stage stage stage stage stage stage 

Cover gas Ar Ar Ar Ar Ar Ar Ar Ar 

Material SS 304 SS 316 SS 1.4988 1X18N9 304 SS SS 316 SS 

a 5 loops operating, 1 loop held in reserve. 
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A special design problem is the location of the pump within the coolant 
circuit. For the pool concept, the primary pump is always located in the low 
temperature pool. For the loop concept, the location of the primary pump can 
be either on the hot leg or the cold leg. In all secondary systems the pump is 
located in the cold leg in order to reach a higher pressure at the secondary side 
of the IHX. 

Placing the primary pump in the low temperature sodium environment of 
the cold leg has advantages concerning the technical lay-out of the pump (e.g. 
seals and bearings). In addition, mechanical stress analysis is much easier as the 
pump casing and internal pump components need only be designed for a tempera-
ture range of 350-400°C. Thermal cycling can largely be avoided as transient 
events initiated by reactor scram or overpower transients are strongly damped by 
the IHX. This pump design, however, requires an IHX design with a low pressure 
drop to avoid cavitation problems at the pump impeller. The cold leg pump 
concept was used in most of the early experimental reactors, and in MONJU 
and BN 350. 

The hot leg pump version has been selected for SNR 300, FFTF and CRBR, 
mainly because of suction requirements and to avoid cavitation. The mechanical 
design of this pump concept must take into account that the pump is operating 
within a temperature range of 550—580°C. Thermal shocks initiated either by 
overpower transients or by reactor scram must be considered. Inelastic analysis 
has to be applied (see subsection VI—6.6). 

The development progress, however, shows that low pressure drop IHX 
designs are feasible, so that cold leg pump locations essentially may be used in 
future LMFBR loop designs. 

Sodium pumps for present LMFBR prototype plants have a capacity of the 
order of 5000 m3 /h. They have been tested extensively in out-of-pile test rigs 
before going into operation at full power of the plant. The capacity of sodium 
pumps for commercial size LMFBRs is of the order of 18 000 m3/h. 

Table VI—10 shows the main design data of LMFBR sodium pumps. Primary 
and secondary sodium pumps must be designed for controllable pump speed, e.g. 
over the whole power range from 5-100%. The lower limit of 5% is particularly 
important for decay heat cooling after reactor core shutdown or scram [VI-121 
to VI-125], 

VI—6.4. INTERMEDIATE HEAT EXCHANGERS 
[VI-2, VI-120] 

The IHX transfers heat from the primary radioactive coolant to the 
secondary non-radioactive coolant while maintaining a physical separation 
(containment barrier) between the two. Design criteria for the IHX 
are - among others — the dynamic pressure loads originating from 
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TABLE V - l 1. MAIN DESIGN CHARACTERISTICS OF INTERMEDIATE HEAT EXCHANGERS [VI-126 to VI-131] 

PFR PHENIX FFTF SNR 300 BN 350 MONJU BN 600 SUPER PHENIX 

Reactor type Pool Pool Loop Loop Loop Loop Pool Pool 

No. of IHXs 6 6 3 9 12 3 6 8 

Power per IHX (MW(th)) 100 94 133 85 100 238 245 375 

No. of tubes 1 809 2 280 1 540 846 3 X 343 3 174 4 974 5 380 

Active heat transfer surface 
(mJ) 

478 443 440 399 560 1 200 1 590 1 318 

Na-temperature (°C) 
- primary inlet/outlet 560/399 560/400 503/360 546/377 500/300 529/397 550/377 542/392 

- secondary inlet/outlet 532/370 550/350 510/366 520/335 453/273 505/325 518/328 525/345 

Tube size (mm) 19 X 1.9 14 X 1.0 22.2 X 1.2 21 X 1.4 28 X 2.0 22.7 X 1.2 16 X 1.4 14 X 1.0 

Active tube length (m) 4.4 5.2 4.4 7.4 7.0 4 6.36 6.5 

Primaby coolant flow path 
Through 
tubes 
b 

a 

b 

a 

b 

a 

b 

Cross 
counterflow 
U-tube 

a 

b 

a 

b 

a 

b 

a In shell around tubes. 
b Straight tube bundle with tube sheet. 
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SECONDARY INLET 

FIG. VI-31. Sectional view of an intermediate heat exchanger (Source: Ref\VI-142\). 
(Reproduced by permission of the American Institute of Chemical Engineers). 
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FIG. VI-32. Intermediate heat exchanger of PHENIX (Source: Ref.[VI-127]). 

possible Na/H20 reactions after tube failure in a steam generator, or from the 
reactor core after a low probability event initiating core destruction (see 
Chapter VII). In both cases the tube walls in the IHX must remain intact. 
Stress and high temperature fatigue analysis must be performed for temperature 
transients originating in the coolant circuits after events such as reactor scram, 
delayed pump shutdown after scram, etc. 

An extensive review of IHX designs for LMFBRs was given by Müller and 
Schnauder in [VI-126], Most IHXs are of a vertical, counterflow, shell and tube 
design with straight tube bundles. The latter are mounted such that differential 
thermal expansion between the tube bundle and the shell becomes possible by 
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allowing the lower tube sheet to float. This requires that the tube bundle is 
supported by the upper tube sheet, whereas the lower tube sheet is only supported 
by the tube bundle itself. 

Table VI-11 gives the main characteristics of different IHX designs. Differences 
exist between IHX designs for loop- and pool-type LMFBRs. 

Figure VI-31 shows a sectional view of an intermediate heat exchanger of a 
loop-type LMFBR. The primary sodium enters via a lateral nozzle and flows 
downwards in staggered flow around the tubes. It then leaves the bundle, enters 
the lower annular space between the jacket and tube sheet and leaves the IHX. 

The secondary sodium enters at the upper nozzle and flows through the 
central tube downward to the floating header. There it enters the tubes of the 
bundle, flows upward and is collected above the upper tube sheet. From there it 
leaves through the secondary sodium outlet nozzle. 

In pool-type reactors the IHX is located in the reactor tank together with 
the primary pump. Figure VI-32 shows a sectional view of the IHX of PHENIX. 
It has an outside diameter of 1.2 m, a length of about 12 m and is suspended 
freely in the primary sodium of the tank from the reactor slab. The primary 
sodium enters the IHX at the upper end crossing the tube bundle and flows down-
ward alongside the tubes. The secondary sodium is introduced through a central 
tube, flows inside the tubes from bottom to top and leaves the IHX through an 
annular space and the outlet nozzle. The central tube for secondary sodium entry 
and the annular space for secondary sodium outlet are separated by a gap filled 
with inert gas for thermal isolation. The PHENIX IHX contains 1180 tubes of 
14 mm diameter and 1 mm wall thickness. The active length of the tube bundle 
is 5.2 m. Figure VI-32 also shows the design provisions to accommodate the thermal 
expansion effects between the 12 m long IHX and the internal tank structures 
of the pool tank [VI-127], 

For large commercial size LMFBRs like SUPER PHENIX four coolant circuits 
with two IHXs per primary circuit were chosen. This leads to a design capacity 
of 375 MW(th) per IHX, an active heat transfer surface of 1318 m2 and 5380 tubes 
of 14 mm diameter and 6.5 m active length (see Table VI—11). 

VI—6.5. STEAM GENERATORS 
[VI-2, VI-132 to VI-134] 

The Steam Generator (SG) transfers heat from the secondary sodium to the 
feedwater, which is preheated, evaporated and superheated to produce high-
temperature steam. Steam generating conditions of large LMFBR power plants 
are in the range of 500°C and up to about 18.5 MPa (185 bar) (SUPER PHENIX). 
SGs are generally regarded as the most critical of all sodium system components 
and design and fabrication of them has to be done with special care. 
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TABLE VI-12. MAIN DESIGN DATA OF LMFBR STEAM GENERATORS [VI-I26, VI-134] 

DESIGN DATA OF THE BN 350 SG 

Characteristics 

Power/unit (MW) 

Units/reactor 

Inlet temperature ( C) 

Outlet temperature (°C) 

Outlet pressure (bar) 

Pressure drop (sec./tert.) 

Tube dimensions (mm) 

Number of tubes per.bundle 

Exchange surface ( m J ) 

Material 

Evaporator 
200 

6 
Secondary Tertiary 
(Sodium) (Water) 

Superheater 
200 
6 

Secondary Tertiary 
(Sodium) (Water) 

416 
273 

158 4 5 3 

416 

0.89 

1.47 

32 X 2 

16 X 1.4 

816 

820 

l K h 2 M 

435 

50 

r> 
8 > 
H M SO < 

16 X 2 

805 

455 

K h l 9 N 9 



DESIGN DATA OF THE PFR SG 

Characteristics 

Power/unit (MW) 

Units/reactor 

Inlet temperature ( C) 

Outlet temperature (°C) 

Outlet pressure (bar) 

Pressure drop (bar) 

Tube dimensions (mm) 

Number of tubes 

Exchange surface (m") 

Material 

Evaporator 

200 

3 

Secondary Tertiary 

(Sodium) (Water) 

Superheater 

200 

3 

Secondary Tertiary 

(Sodium) (Water) 

455 

370 

288 

353 

171 

532 

455 

353 

514 

166 

3.9 

2J- Cr- lMo 

14.3 X 2.2 

890 

316 

Preheater 

200 

3 

Secondary Tertiary 

(Sodium) (Water) 

532 

455 

305 

516 

32 

2.3 

S*» M > 
O 
H O 
fO 
m 
Z 
£ 3 w w 2 2 O 

316 

Os 



TABLE VI -12 (cont.) 

DESIGN DATA OF THE PHENIX SG 

Characteristics Evaporator Superheater Reheater 

Power/units (MW) 119 4 0 29 

Units/reactor 3 3 3 

Secondary Tertiary Secondary Tertiary Secondary Tertiary 

(Sodium) (Water) (Sodium) (Water) (Sodium) (Water) 

Inlet temperature (°C) 475 246 

Outlet temperature (°C) 350 375 

Outlet pressure (bar) 174.9 

Pressure drop (bar) 18.1 

Tube dimensions (mm) 28 X 4 

Number of tubes per unit 7 per module 

Exchange surface per unit (m J ) 320 

Material 2£-Cr-lMo-lNb 

550 375 550 308 

4 7 5 512 4 7 5 512 

168 34.9 

4.7 1.3 

31.8 X 3.6 42 .2 X 2 

12 modules per unit = 84 tubes 

174 222 

Z 10 CNT 18/10 Z 10 CNT 18/10 



DESIGN DATA OF THE SNR SG 

Straight bund le t y p e 

Characteris t ics 

Power /un i t s (MW) 

Uni t s / reac tor 

Evapora tor 

54 .8 

6 
Secondary Ter t iary 

(Sodium) (Water) 

Superhea te r 

30.7 

6 

Secondary Tert iary 

(Sodium) (Water) 

Helical coil t y p e 

Evapora tor Superhea te r 

54.4 3 1 . 1 

3 3 

Secondary Ter t iary Secondary Ter t iary 

(Sod ium) (Water) (Sodium) (Water) 

Inlet t e m p e r a t u r e (°C) 4 5 5 253 5 2 0 357 4 5 2 . 5 253 .9 5 2 0 359 

Out le t t empe ra tu r e (°C) 335 357 4 5 5 5 0 0 334 .8 360 .3 4 5 2 . 5 5 0 0 

Out le t pressure (bar) 185 167 187.6 167 

Pressure d r o p (bar) 3 14.7 

T u b e d imens ions ( m m ) 172 X 2 17.2 X 2.9 26.9 X 2.9 26 .9 X 4 .5 

N u m b e r of t ubes 211 211 77 77 

Exchange surface ( m J ) 240 180 264 2 0 0 

Material 10CrMoNiNb910 10CrMoNiNb910 

» W > 
n H o » 
tu 
Z 
Ci 

w 
w PS M 2 O 

U) 0\ 
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TABLE VI-12 (cont.) 

DESIGN DATA OF THE SUPER PHENIX SG 

SUPER PHENIX 
Once-through SG with 
economizer, evaporator, 
superheater in one unit 

Power per unit (MW) 

Units per reactor 

Inlet temperature (°C) 

Outlet temperature (°C) 

Steam pressure (MPa) 

Steam temperature (°C) 

Tube dimensions (mm) 

No. of tubes 

Total length (m) 

Diameter (m) 

Material 

750 

4 

525 

345 

18.5 

490 

25 X 2.6 

357 

22 

3 
Alloy 800 for tubes 
316 SS for shell and internal 
structures 

An SG consists of an evaporator and a superheater. In some cases also a 
preheater (PFR) or a reheater (PHENIX) is used. Table VI-12 shows the main 
design data of SGs. 

Several designs for SGs have evolved, all having particular advantages and 
disadvantages. A fundamental consideration in each design is the method for 
accommodating thermal expansion. Other areas to be considered in SG design 
are thermal stresses and the thermal shock problem, as well as the question of 
accessibility for periodic (and unexpected) inspection and maintenance. Design 
concepts normally in use are the straight tube, the U-tube and the helical coil 
steam generator. A special design, the so-called hockey stick concept, has been 
developed and tested in the USA for the CRBR. 

Figure VI-33(a) shows the straight tube SG design adopted for SNR 300. 
The straight tube design is the simplest arrangement for an LMFBR steam 
generator. The tubes end in two tube plates which form an integral part of 
the headers. The tube bundle is surrounded by a flow skirt with a perforated 
zone both in the upper and lower parts. The part of the shell below the upper 
tube plate and above the lower tube plate has been extended to form concentric 



REACTOR ENGINEERING 3 6 9 

STRAIGHT TUBE HELICAL-COILED TUBE 

FIG. VI-33. Straight tube and helical-coiled tube steam generators of SNR 300 /Source: 
NERATOOM). 
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FIG. VI-34. Steam generator of SUPER PHENIX (Source: CEA, IAEA). 
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FIG. VI-35. U-tube steam generator concept of PFR (Source: Ref.[VI-128] ). 

headers, which carry the sodium inlet and outlet nozzles. To accommodate dif-
ferences in thermal expansion between the tube bundle and the outer jacket 
an expansion joint has been provided. BN 600 and SNR 300, partially, are 
equipped with straight tube steam generators. Figure VI-33(b) shows a cutaway 
view of the helical coil steam generator of SNR 300, Fig.VI-34 a steam generator 
of SUPER PHENIX. 

The helical coil concept may be adopted in various forms. The advantage 
of the large diameter helical design is its extremely good space utilization and 
good heat transfer properties. Its compact form, however, could make post 
sodium-water reaction inspection more difficult. This problem is aggravated by 
the complication of the tail pipes which have to convey the steam and water 
from the shell penetration to the helical coils. 
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The tube bundle accommodates a central displacement tube and is surrounded 
by a flow skirt. The individual layers of tube coils are wound in opposite direc-
tions. The helical coil SG design does not use tube plates. Below the vessel a 
torus-shaped header is provided where the exchanger tubes are branched off and 
routed through the bottom of the vessel via appropriate thermal sleeves. 
Similarly, the tubes leave the upper cover of the vessel and end in a vertical 
drum header. Individual tube coils can be plugged from outside. The sodium 
enters the upper vessel at the side, spreads over the tube bundle and flows down-
wards on the shell side. The water enters the torus-shaped header from the 
bottom, flows upwards through the heat exchanger, is converted into steam 
and collects again in the upper drum header, where it is fed to the superheater 
using similar flow arrangements. 

Helical coil tube steam generators are used in one of the three SNR 300 
loops, in MONJU and SUPER PHENIX [VI-134], 

The U-tube concept (Fig.VI-35) is similar in many respects to the straight 
tube concept. The differential thermal expansion problem of the straight tubes 
is more easily accommodated, thus removing the need for bellows or sliding seals. 
The U-shaped elements also lead to a shorter vessel. The enclosing shell may be 
an enveloping U-shaped shell where the tubes are arranged in a U-stack, and a large 
cylindrical shell where the tubes are arranged around an annular baffle with the 
inlet legs on one side of the baffle and the outlets on the other side. U-tube 
steam generators have been installed in PFR. 

The materials used for different SGs are indicated in Table VI—12. Present 
trends are discussed in subsection V—3.3. 

LMFBR steam generators have been tested extensively both in large out-of-
pile test circuits up to several 10 MW(th), e.g. in the USA, France, the DeBeNe 
project, and Japan, and in reactor experiments such as BOR 60. Furthermore, 
much experience has been accumulated with the operation of the prototype 
LMFBR power plants PHENIX, PFR and BN 350 (see e.g. Refs [VI-135, VI-136] 
and Chapter III). 

VI—6.6. HIGH TEMPERATURE STRESS AND STRAIN ANALYSIS 

LMFBR primary coolant circuit components (pipings, pumps, IHXs) are 
characterized by low pressure loads under normal operation, but relatively high 
temperature stresses due to large temperature differences. Under normal operation 
high pressure stresses will only occur in steam generators (17 MPa (170 bar) 
pressure in SG tubes). Short-term accidental pressure loads may occur in primary, 
secondary and tertiary coolant circuit components as a consequence of sodium-
water reactions in SGs or of dynamic pressure developing in the reactor tank in 
the course of a core melt. 



REACTOR ENGINEERING 3 7 3 

The stresses and strains have to be evaluated for all circuit components in 
the light of material characteristics. At relatively low temperatures comprehensive 
background information is offered by the ASME code, Section III [VI-117] and 
Section VIII, Div. 2 [VI-118], and by the Nuclear Piping Code [VI-137], At 
material temperatures in excess of some 430°C (austenitic steels), creep effects 
have to be taken into account and inelastic analysis must be applied. This is 
necessary, since at such elevated temperatures creep effects may lead to intolerably 
high deformations or even to rupture. Moreover, the fatigue behaviour must be 
analysed and time dependent failure modes must be considered. For this purpose, 
in addition to the number and size of anticipated load changes, also the cycle 
durations and hold times of individual load cycles must be taken into account. 

Final regulations for such stress analysis at elevated temperatures do not exist 
as yet. Recommendations are available with ASME Code Case N-47 which is 
based on the structure and definitions of Section III and of Div. 2 of Section VIII 
the ASME Code [VI-117, VI-118]. One of the essential differences for a stress 
analysis according to Code Case N-47 is that in addition to load stress limits, 
also specific strain and deformation limits must be observed for normal, upset 
and emergency conditions. The plastic deformations actually occurring must be 
computed quantitatively. Calculated local plastic deformations yield the aggregate 
deformation which must lie within the limits defined in the design specification 
of the component. Comprehensive experimental data for the materials used 
must be available for this analysis (see subsection V-3 .3 ) [VI-138 to VI-144]. 

VI—7. REFUELLING EQUIPMENT 
[VI-2, VI-4] 

The loading and unloading of fuel, radial blanket and absorber elements 
is done with special refuelling machines from the top of the reactor vessel. In 
contrast to LWRs, refuelling of LMFBRs is done without removing the head of 
the reactor vessel. This technique is called 'under plug refuelling'. The plant is 
shut down during this refuelling procedure; the sodium temperature in the 
reactor tank is about 200°C. All control and shutdown rods are decoupled from 
their guide structures and rest in the reactor core. The cover-gas pressure is 
decreased to atmospheric pressure. 

All LMFBRs have a rotating plug system at the top of the reactor vessel 
(Fig.VI-36). It consists of an eccentric arrangement of up to three smaller 
rotating plugs which can be moved against each other. By means of the rotating 
plug system all positions of the honeycomb core structure can be reached by 
the in-vessel handling machine. 

Figure VI-37, as an example, schematically shows the sequence of steps of 
the loading and unloading of spent fuel elements from a pool-type (PHENIX) 
and a loop-type (SNR 300) LMFBR. 
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FIG. VI-36. Reactor closure head system (Source: Ref.[VI-4] ). 

In the case of SNR 300 (Fig.VI-37(a)), fresh fuel assemblies go first into 
the new fuel store and from there via a transfer position into the sodium cooled 
fuel store. Then the fuel transfer machine takes the assembly and brings it into 
a transfer position. Finally, the in-vessel handling machine places the assembly 
into its position, after the rotating shield plugs have been moved over the empty 
core position. Spent fuel assemblies are taken out of the core and are transferred 
to an in-vessel storage position by the reverse procedure. From there they are 
taken over by the fuel transfer machine and transported to the sodium cooled 
fuel store. They will remain there until their decay heat has sufficiently 
decreased for further cleaning, dismantling and transport procedures (see 
subsection VIII—3) [VI-145], 

In the case of PHENIX (Fig.VI-37 (b), (c)) fuel elements arrive in the new 
element flask and are loaded through an insertion channel into a sodium filled 
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FIG. VI-37. Flow of new and spent fuel assemblies in SNR 300 (a) and PHENIX (b) and (c) 
(Copyright information: INTERATOM GmbH, 1984). 
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FIG. VI-38. CDFR fuel handling system fSource: Ref. [ VI-149]). 

storage drum. From there they are taken over by the loading lock and are 
transported into the reactor tank. There, a transfer arm takes them over and 
loads them into their core position after the rotating shield plug has been rotated. 
Spent fuel elements are first loaded with the transfer arm from their core position 
into an internal storage position. After sufficient decay time the transfer arm 
transports them to the unloading lock which transfers them to the sodium filled 
storage drum. The decay power of a spent fuel element will have decreased to 
about 5 kW by then. After additional decay time they are taken out and are 
disassembled in a nitrogen filled hot cell. The fuel rods are loaded in a shielding 
cask and transported to the reprocessing plant. The remaining parts of the 
assemblies (feet and duct walls) are transported to a waste conditioning facility 
[VI-146]. 
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SUPER PHENIX has a refuelling system similar to PHENIX. However, 
instead of one it has two eccentric rotating shield plugs. PFR has only one 
rotating plug, but a so-called pantograph system within the reactor tank for 
refuelling procedures. FFTF has three fuel transfer machines, each of them 
covering a 120° section of the core [VI-146 to VI-148]. Figure VI-38 shows 
the schematics of the refuelling system of CDFR explaining the fuel handling 
procedure from the internal storage to the reactor and vice versa [VI-149]. 

VI-8. AUXILIARY SYSTEMS 

In addition to the main sodium cooling circuits a number of auxiliary 
circuits are necessary in an LMFBR plant. 

- Sodium purification systems. [VI-150 to VI-152], The primary and 
secondary circuit sodium must be continuously purified to impurities 
such as 

oxygen < 5 ppm, 
hydrogen < 0.5 ppm, 
carbon < 1 0 ppm. 

Such low impurity levels are necessary to minimize corrosion and mass 
transport effects and to avoid sodium plugging while flowing through 
small holes in the core or coolant circuits. 

Purification is achieved by operating cold traps and plugging meters in 
a bypass of the main circuits (see subsection VI—8.1) [VI-153]. 

- Sodium storage and drain tanks. Before startup of the plant, the sodium 
is delivered from a chemical factory and filled into sodium storage tanks. 
From these tanks the sodium is filled into the coolant circuits by either 
operating small electromagnetic sodium pumps or by increasing the cover-
gas pressure in these tanks and thereby pushing the sodium up into the 
coolant circuits located at higher levels. In case that the main circuit 
components (pumps, IHXs or SGs) have to be taken out of operation and 
maintained, the sodium can be drained into these tanks. The storage tanks 
then have the function of drain tanks. 

- Electrical preheaters for pipes and tanks. As sodium will solidify at tempera-
tures less than 98°C, electrical heaters on the outer surface of sodium tanks 
and pipes are used to heat up the sodium. During shutdown periods after 
power operation, however, sufficient heat is generated by the afterheat of 
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the core and by the friction losses of the centrifugal pumps. In such 
situations sodium can also be kept at sufficiently high temperature without 
preheating. For large volumes, such as reactor vessels whose preheating 
needs are limited to the first filling in sodium, the preheating by gas may 
be advantageous. 

— Cover gas systems and purification. Argon and in some cases also helium 
are used at present as cover gas in LMFBRs. Impurities such as oxygen, hydro-
gen, nitrogen, and carbon in the cover gas shall not exceed certain upper 
limits. Therefore, the impurity level is continuously verified by gas chromato-
graphy. If the impurity level exceeds the upper limits, or if the cover gas 
contains too high a content of gaseous fission products, it can be purified by 
filling in clean argon and releasing the waste argon into a cover gas waste tank. 
There, any radioactivity can decay and after sufficient time the waste argon 
can be released into the environment after having been passed through 
charcoal filters. 

— Sodium vapour traps. The cover gas in the reactor tank will always contain 
a small amount of sodium vapour. Because of temperature gradients con-
vective flow patterns will develop in the cover gas and in the lower part of 
the shield plug and rotating plug system. As a consequence, sodium vapour 
can lead to solidified sodium deposits in colder and narrow gaps of the shield 
plug system. To avoid these sodium deposits, sodium vapour traps have been 
developed which are operated in a cover gas bypass flow and keep the sodium 
vapour content at a sufficiently low level [VI-154], 

VI—8.1. SODIUM PURIFICATION AND IMPURITY MONITORING 
SYSTEMS 
[VI-2, VI-120] 

The principal objective of the purification system is to maintain the coolant 
relatively free from chemical and radioactive contaminants. The function of the 
impurity monitoring system is to measure the existing amount of contamination. 
Several elements contained in core structural materials are continuously dissolved 
by the liquid sodium. In addition, oxygen, usually as sodium oxide, carbon, 
hydrogen and nitrogen are always present too. Table VI-13 gives a listing of 
possible contaminants. 

Different equipment is used for purification and for control procedures; 
the most important items are: 

— Filters: can be used for gross purification between the tank and the sodium 
system. Usually stainless steel micro filters are used and sodium is cooled 
below the oxide saturation temperature to remove precipitated solids. 
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TABLE VI-13. CONTAMINANTS MONITORED BY A TYPICAL 
SODIUM PURIFICATION SYSTEM [VI-2] 

Boron Manganese" 

Carbon Molybdenum 

Caesium" Nickel 
Chlorine Nitrogen 
Chromium Oxygen" 
Hydrogen Plutonium3 

Iodine3 Tritium 
Iron Uranium 
Lithium 

a More important contaminants. 

Problems arise from the tendency of the filters to plug. Therefore removable 
filters should be designed to allow for periodic cleaning. 

— Cold traps: this is the most commonly used device for removing impurities. 
Cold traps are crystallizers or precipitating chambers, connected to a bypass 
line of the main circuit. In this bypass the temperature is kept significantly 
below the saturation temperature of sodium oxide or other impurities (below 
150°C). Requirements for construction are: the cold trap must provide 
sufficient surface area for grain growth of the material being removed. It 
must have sufficient capacity for the volume of expected impurities and 
sufficient residence time for precipitation. Cold traps are designed to operate 
with either natural or with forced circulation. An interesting feature in some 
cold trap systems is the economizer. This is a heat exchanger in which the hot 
sodium entering into the trap is cooled by reheating the cold sodium leaving 
the trap prior to its return to the main stream. Figure VI-39 shows a 
typical sodium cold trap. 

- Hot traps: the purpose is to getter contaminants which are not or only partly 
removed by cold traps, i.e. oxygen and carbon. Oxygen hot traps use the 
selective absorption of oxygen on a high temperature Zr surface. This 
gettering process is temperature dependent; typical operating conditions of 
oxygen hot traps are between 700-900°C. The carbon hot traps are similar 
to the oxide type; the main difference is the packing material, which is stain-
less steel. Operating temperatures of carbon hot traps are in the range of 
900—1050°C. 
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— Plugging indicators: are used for the determination of the oxygen content 
in the coolant. It is an in-line device with which the saturation temperature 
can be determined by lowering the sodium temperature until sodium oxide 
is precipitated and plugs the flowrate by a break. The principle of the 
function can be seen from Fig.Vl-40. Oxygen contents ranging from 10 to 
200 ppm can be determined by this device. 

VI—9. IN-SERVICE INSPECTION 

The main objective of in-service inspection is to minimize reactor outage and 
repair costs and assist in avoiding situations leading to major accidents. Sodium 
as LMFBR coolant is opaque and always at temperatures between 180—550°C. 
This makes in-service inspection difficult. Nevertheless, similar to current practice 
in LWRs, essential components of LMFBRs are inspected in-service; above all 
the reactor tank, but also pumps, heat exchangers etc. Much research and develop-
ment is still going on in this field. No international consensus has developed yet 
on in-service inspection plans for LMFBRs. R&D work going on in different 
countries was presented in two IAEA-IWGFR specialists meetings at Bensberg, 
Federal Republic of Germany, in 1976 and in 1980 [VI-155, VI-156], 

Particular attention has to be devoted already during design and fabrication 
of components to ease their later in-service inspection. To mention one example: 
design provisions have to be made to carry an ultrasonic probe along the reactor 
tank wall for routine inspection against flaws or cracks. 

Problems arise with in-service inspection of reactor tank internals. In particu-
lar, in-service inspection of the core support plate, the in-vessel inlet pipe or the 
radial core constraints is extremely difficult. 

VI—9.1. DEVELOPMENT OF INSPECTION METHODS 

Remotely controlled inspection systems for the reactor tank and other 
components are under study in all countries. Basically two main examination 
techniques are used: TV cameras and ultrasonic testing probes. Different types 
of inspection devices are under development: 

— chain devices and manipulators (e.g. in SNR 300) 
- two-degree motion transporters (e.g. in SUPER PHENIX). 

Conventional single-probe ultrasonic techniques in weld testing as applied 
in LWRs are not applicable to austenitic material welds of LMFBRs. In austenitic 
steels increased scatter echoes from the austenitic weld metal cause too low a 
signal to noise ratio. Therefore, new ultrasonic inspection methods had to be 
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developed. There is general agreement at present that longitudinal waves are pre-
ferred for ultrasonic testing, at least for thick weld sections. Several countries 
tend to emphasize the use Of some form of focussing of the ultrasonic waves, in 
order to reduce the amount of noise caused by the weld microstructurè. Appro-
priate weld structures can considerably increase the effectiveness of ultrasonic 
examination. But the examination of transverse flaws and of sodium filled surface 
cracks still poses difficulties and needs further investigation. An additional very 
difficult task is the examination of austenitic-ferritic transition welds. 

VI—9.2. IN-SERVICE INSPECTION OF THE TANK 

In-service inspection of the LMFBR tank system will be done in all future 
commercial size LMFBRs. By way of example two design solutions will be 
described: the MIR system for SUPER PHENIX and chain-rail system for 
SNR 300. 

VI—9.2.1. SUPER PHENIX 
[VI-157] 

In SUPER PHENIX, in-service inspection of the reactor tank will take place 
during fuel handling operations. The temperature condition will then be 180°C 
at the main pool tank and 130°C at the outer safety tank. The space between the 
tanks is filled with nitrogen. The tanks hang from the slab which has 12 man-holes 
of oval shape (0.7 X 0.44 m) through which the in-service inspection vehicle 
(MIR — Machine d'Inspections pour Réacteurs rapides) can be inserted. The 
distance between both tanks will be some 600 mm at hot temperature conditions. 
The MIR system includes: 

— the vehicle carrying the ultrasonic and visual testing equipment, 
— a winch and shot assembly preventing any damage to the thermal barrier, 
— a computer assisted control system. 

The MIR vehicle consists of two steering traction wheels resting on the tank 
wall to be examined and two lever arms applying pressure on the opposite tank 
wall by means of a spring mechanism. The overall dimensions of the vehicle are: 
1.8 m length, 0.56 m width; its weight is about 250 kg (Fig.VI-41). 

The inspection devices on board the vehicle are: 

— TV cameras for weld examination, guidance of the vehicle in the interval 
between the tanks and for general viewing of the environment, 

— an ultrasonic testing device using focussed probes adopted to the material, 
plate thickness and welds to be examined. 
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The winch continuously controls and minimizes the traction force and torque 
exerted on the vehicle by the cable. It is located about 6 m above the upper part 
of the slab. In the event of emergency it can extract the vehicle from the interval 
between the tanks (Fig.VI-42). 

Control of the MIR system is achieved by a hierarchized computer system. 
A microprocessor carries out elementary orders and checks their performance at 
the motors of the vehicle. For weld examination longitudinal waves at an incident 
angle of 45° are applied. The ultrasonic energy is focussed in a cylinder of about 
5 mm diameter. 

VI—9.2.2. SNR 300 
[VI-158, VI-159] 

For inspection of the reactor tank outer surface a system of twelve vertical 
rail tracks was developed, on which a hollow chain with guide wheels and special 
examination vehicles on top is driven into the gap between reactor tank and guard 
vessel (Fig.VI-43). Inspection methods are the visual examination of surfaces by 
TV cameras and the volumetric testing of welds by ultrasonic probes. The ambient 
temperature in the nitrogen filled gap between the tanks is expected to be 
250°C [VI-158]. 

The following design provisions were made for important components in 
SNR 300: the inner containment cells with primary circuits will be accessible 
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FIG. VI-42. Winch and shoot assembly (Source: Ref\VI-157\). 



REACTOR ENGINEERING 3 8 5 

FIG. VI-43. Concept of coupling fluid circuit (Source: Ref. [ VI-158] ). 

with special equipment. Part of the components can be maintained or exchanged 
by remote handling. Examples for remote handling are: 

— a pump impeller or an IHX tube can be exchanged without access to the 
primary containment cells, 

— all valves and their drive mechanisms are situated in separated valve cells 
and the valve drive rods are remotely exchangeable, 

— instrumentation, e.g. thermocouples, sodium level indicators etc. are 
remotely exchangeable. 

The accessibility of the primary containment cells is possible with cabins 
operating on tracks at the ceiling of the cells. The cabins can be used for in-service 
inspection and maintenance. Master slave manipulators and power manipulators 
are provided for difficult operations and for handling of heavy tools if needed 
[VI-159]. 
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VI—9.3. UNDER-SODIUM VIEWING SYSTEMS 
[VI-1-5 5 ] 

Under-sodium viewing and ranging systems have been developed to produce 
pictures of objects immersed in 5 m of liquid sodium in the reactor tank. The 
system operates in two modes: viewing and ranging. Scanning is accomplished 
by rotating a scanner arm that is positioned above the object to generate ultra-
sonic beams that are directed vertically downward. Typical viewing distances are 
5 to 30 cm. Objects in sodium may be precisely located at distances up to 5 m 
by operating the system in the ranging mode. The following capabilities were 
demonstrated: 

— core component identification, location and orientation can be determined 
by forming pictures of coded notches, 

— adjustments in the position of in-vessel mechanisms can be monitored, 
— the relative elevation of adjacent subassemblies can be determined to within 

0.06 cm, 
— objects up to 5 m from the scanner can be located to within ± 0.5% of the 

actual scanner to object distance, 
— the combination of ranging and imaging capabilities can assist in the location 

and retrieval of foreign objects or out of position components in the reactor 
tank. 

Under-sodium viewing systems have been developed mainly in the 
USA (FFTF), in France (PHENIX, SUPER PHENIX) and in the UK [VI-155 to 
VI-159], A rather detailed description of the status of under-sodium viewing at 
PFR is given by McKnight and Burton [VI-160]. 

VI—9.4. TELEVISION AND PERISCOPE INSPECTION METHODS 

Remotely operated TV camera systems have been developed for continuous 
TV viewing and with the ability to provide high resolution photographs. They 
were applied to inspect the core of PFR. Miniature cameras have also been 
developed to inspect the superheater tubes in PFR from the outside and evaporator 
tubes from the inside. 

Periscopes and horoscopes were extensively used in RAPSODIE and PHENIX. 
Good image resolutions were obtained at temperatures up to 150°C during inspec-
tion of different components [VI-155]. 

VI—9.5. ACOUSTIC MONITORING TECHNIQUES 

Continuous acoustic monitoring gives a quick assessment of the conditions 
of a system. It may be applied to the following topics: acoustic emission analysis, 
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sodium boiling detection in the core, cavitation problems, leak detection in steam 
generators and loose part detection. Research and development in this field is 
still in progress [VI-155], 

REFERENCES 

[VI-1 ] KESSLER, G., "Breeder reactors with a fast neutron spectrum", Nuclear Fission 
Reactors, Chapter 5, Springer-Verlag, Vienna and New York (1983) 102-134 . 

[VI-2] WALTAR, A.E., REYNOLDS, A.B., Fast Breeder Reactors, Pergamon Press, New 
York (1981); see especially: Chapter 8: "Fuel pin and assembly design", Chapter 9: 
"Fuel pin thermal performance", Chapter 12: "Reactor plant systems". 

[VI-3] JUDD, A.M., Fast Breeder Reactors, Pergamon Press, New York (1981). 
[VI-4] TONG, Y.S., et al., Thermal analysis of liquid metal fast breeder reactors, Nucl. Sei. 

Technol. Ser., American Nuclear Society (1978). 
[VI-5] WIRTZ, K., Lectures on Fast Reactors, Kernforschungszentrum Karlsruhe GmbH, 

Universität Karlsruhe ( 1973). 
[VI-6] AUBERT, M., et al., "Temperature conditions in an LMFBR power plant from primary 

sodium to steam circuits", Optimization of Sodium-Cooled Fast Reactors (Proc. Int. 
Conf. London, 1977), British Nuclear Energy Society, London (1978) 3 0 5 - 3 1 0 . 

[VI-7] PHILPOTT, E.F., et al., "The effect of steam cycle conditions upon the economics 
and design of a sodium cooled fast reactor", ibid., pp.333—348. 

[VI-8] An Evaluation of Four Design Studies of a 1000 MWe Ceramic Fueled Fast Breeder 
Reactor, U.S. Atomic Energy Commission, Washington, DC, Rep. COO-279 (1964). 

[VI-9] Breeding, Economics and Safety in Large Fast Power Reactors (Proc. Conf. Argonne, 
1963), Argonne Natl Lab. Rep. ANL-6792 (1963). 

[VI-10] Fast Reactor Technology (Proc. Natl Top. Mtg Detroit, 1965), American Nuclear 
Society Rep. ANS-100 (1965). 

[VI-11] Safety, Fuels and Core Design in Large Fast Power Reactors (Proc. Conf. Argonne, 
1965), Argonne Natl Lab. Rep. ANL-7120 (1965). 

[VI-12] Sodium Technology and Large Fast Reactor Design (Proc. Int. Conf. Argonne, 1968), 
Argonne Natl Lab. Rep. ANL-7520, Parts I, II (1968). 

[VI-13] NEILL, G.V., JOHNSON, D.P., COROPT: A Computer Program for Finding Optimum 
LMFBR Mixed-Oxide Fuel Cores, General Electric Co., Sunnyvale, CA, Rep. 
GEFR-00006 (1977). 

[VI-14] HEUSENER, G., Optimierung natriumgekühlter schneller Brutreaktoren mit Methoden 
der nichtlinearen Programmierung, Kernforschungszentrum Karlsruhe GmbH 
Rep. KFK-1238 (July 1970). 

[VI-15] HEINECKE, J., "BRUST - ein einfaches Programm zur vollständigen Kernauslegung 
von natriumgekühlten Brutreaktoren", Reaktortagung 1973, Deutsches Atomforum, 
Bonn (1973) 59 -62 . 

[VI-16] BAILY, W.E., et al., "Thermal conductivity of uranium plutonium oxide fuels", 
Plutonium Fuels Technology (Proc. Int. Symp. Scottsdale, AZ, 1967), Nucl. Metall., 
Metall. Soc. AIME 13 (1968) 293 -308 . 

[VI-17] SCHMIDT, H.E., Consideration on the Thermal Conductivity of Mixed Oxides with 
Different Stoichiometries at High Temperatures, European Institute for Transuranium 
Elements, Progress Report No.l 1 (Jan./June 1971), Commission of the European 
Communities, Report No.2833 (1972); 
see also: SCHMIDT, H.E., Die Wärmeleitfähigkeit von Uran- und Uran/Plutonium-
Mischoxyd bei hohen Temperaturen, High Temp. - High Pressures 3 (1971) 3 4 5 - 3 5 3 . 



3 8 8 CHAPTER VII 

[VI-18] WASHINGTON, A.B.G., Preferred Values for the Thermal Conductivity of Sintered 
Uranium Fuel for Fast Reactor Use, TRG-REPORT-2236 (Sep. 1973). 

[VI-19] YAMAGUCHI, T., et al., Measurements of Thermal Conductivity for(U0.7,Puo.3)Oj.x 

Fuels, PNCT-831-80-01 ( 1 9 8 3 ) 1 1 - 2 1 . 
[VI-20] CHAWLA, T.C., et al., Thermophysical properties of mixed oxide fuel and stainless 

steel type 316 for use in transition phase analysis, Nucl. Eng. Des. 67 (1981) 57 -74 . 
[VI-21] MARTIN, D.G., A Re-appraisal of the Thermal Conductivity of U0 2 and Mixed 

(U,Pu) Oxide Fuels, J. Nucl. Mater. 110(1982) 7 3 - 9 4 . 
[VI-22] BAKER, R.B., Calibration of a Fuel to Cladding Gap Conductive Model for Fast 

Reactor Fuel Pins, Hanford Engineering Development Lab., Richland, WA, Rep. 
HEDL-TME-77-86 (1978). 

[VI-23] LORD, D.J., WEBSTER, E.B., "Reactor physics experience on the Prototype Fast 
Reactor", Fast Reactor Physics 1979 (Proc. Symp. Aix-en-Provence, 1979), Vol.1, 
IAEA, Vienna (1980) 411 -427 . 

[VI-24] BILLONE, M.C., et al., LIFE-III Fuel Element Performance Code, ERDA-77-56 
(July 1977). 

[VI-25] PATEL, M.R., TWOD-2, Two-Dimensional Finite Element Fuel Pin Analysis Code, 
GEFR-00442 (Mar. 1979). 

[VI-26] WORDSWORTH, J., IAMBUS-1, A digital computer code for the design, inpiie per-
formance prediction and post irradiation analysis of arbitrary fuel rods, Nucl. Eng. 
Des. 31 (1974) 309-336 . 

[VI-27] Van VLIET, J., "Mixed oxide thermal behavior at BOL: Comethe III-J models and 
impact on power to melt", Theoretical Modelling of LMFBR Fuel Pin Behaviour 
(Proc. IAEA/IWGFR Specialists' Meeting Fontenay-aux-Roses, 1979), IWGFR/31, 
IAEA, Vienna (1979) 3 2 - 4 3 . 

[VI-28] MARBACH, G., "The VULKIN code used for evaluation of the cladding tubes 
performance", ibid., p. 17. 

[VI-29] GUERIN, Y., "Description of the code TUREN", ibid., p.28. 
[VI-30] WILLMORE, D., MATHEWS, J.R., "FRUMP - A physically based fuel model", 

Fast Breeder Reactor Fuel Performance (Proc. Int. Conf. Monterey, CA, 1979), 
American Nuclear Society, La Grange Park, IL (1979) 665—674. 

[VI-31] KATSURAGARWA, M., et al., "An overview of fuel modeling studies in Japan", 
Theoretical Modelling of LMFBR Fuel Pin Behaviour (Proc. IAEA/IWGFR Specialists' 
Meeting Fontenay-aux-Roses, 1979), IWGFR/31, IAEA, Vienna (1979) 6 4 - 7 4 . 

[VI-32] WEHMANN, U., "SNR 2 Auslegung, Status, Trends und Methoden", Schnellbrüter-
physik und nukleare Kernauslegung, Kernforschungszentrum Karlsruhe GmbH 
Rep. KFK-3543 (1983) 167-190 . 

[VI-33] BRINDLEY, K.W., et al., "Recent studies for CDFR", Fast Reactor Physics 1979 
(Proc. Symp. Aix-en-Provence, 1979), Vol.2, IAEA, Vienna (1980) 327 -344 . 

[VI-34] OTAKE, I., et al., "Physics aspects of a demonstration fast breeder reactor", ibid., 
pp. 179-190 . 

[VI-35] JEGU, J., et al., "Etudes neutroniques des coeurs de 1500 MW(e)", ibid., pp.233-244. 
[VI-36] GIACOMETTI, C., et al., "Caractéristiques neutroniques du réacteur SUPERPHENIX 1 

de Creys-Malville", ibid., Vol.1, 3 - 1 8 . 
[VI-37] KUCZERA, D.A., MOHR, D., BOW-V: A CDC 3600 Program to Calculate the 

Equilibrium Configurations of a Thermally Bowed Reactor Core, Argonne Natl Lab. 
Rep. ANL/EBR-014 (1970). 

[VI-38] SUTHERLAND, W.H., AXICRP: Finite element computer code for creep analysis 
of plane stress, plane strain and axisymmetric bodies, Nucl. Eng. Des. 11 (1970) 
269-285 . 



REFERENCES 3 8 9 

CHA, B.K., McLENON, G.A., "NUBOW-2D Inelastic: a computer program for the 
bowing history of a reactor core", Trans. Am. Nucl. Soc. 27 (1977) 756 -757 . 
LAPERT, G., et al., STRAW-2, A Computer Program for the Stress and Strain 
Analysis of Hexagonal Wrapper Tubes, Belgonucléaire, Brussels, Reps BN-7409-01 
and BN-7901-03 (1978). 

Clinch River Breeder Reactor Plant Project 1977; Technical Progress Report, 
CRBRP-ARD-0211 (1977). 
KALINOWSKI, J.E., SWENSON, D.V., "Nonlinear analysis of the CRBR core 
restraint system", High Temperature Structural Design Technology of LMFBRs 
(Proc. IAEA/IWGFR Specialists' Meeting Champion, PA, 1976), IAEA, Vienna, 
IWGFR/11 (1976) 8 6 - 1 0 3 . 

HOANG, Y.S., Struktur-, Ausdehnungs- und Verbiegungseffekte im schnellen Reaktor, 
Kernforschungszentrum Karlsruhe GmbH Rep. KFK-539 (Teü I—III), EUR-3951d 
(Jan. 1967). 
MOUGNIOT, J.C., et al , "Gains de régénération des réacteurs rapides à combustible 
oxyde et à réfrigérant sodium", Nuclear Energy Maturity (Proc. Europ. Nucl. Conf. 
Paris, 1975), Vol.4, Pergamon Press, Oxford (1976) 133-139 . 
WEHMANN, U., et al., "Design aspects and problems of heterogeneous cores for 
SNR 2", Fast Reactor Physics 1979 (Proc. Symp. Aix-en-Provence, 1979), Vol.2, 
IAEA, Vienna (1980) 103-114 . 
BARTHOLD, W.P., et al., "Core design and optimization of high-performance, 
low-sodium-void, 1000 MW(e) heterogeneous oxide LMFBR cores", ibid., pp.135—164. 
CABRILLAT, J.C., "Optimisation des coeurs rapides de puissance de type heterogène 
radial", ibid., pp.207-232. 

TSUTSUMI, K., et al., "Study of large heterogeneous reactors", ibid., pp.247-263. 
SZTARK, H., et al., "Considérations ayant présidé au choix de configurations 
géométriques de coeurs rapides de grande puissance", ibid., pp.315—325. 
DICKSON, P.W., DONCALS, R.A., Heterogeneous core designs for liquid metal fast 
breeder reactors, Adv. Nucl. Sei. Technol. 12 (1980) 33. 

Design Features Affecting a Dynamic Behaviour of Fast Reactor Cores (Proc. IAEA/ 
IWGFR Specialists' Meeting Rome, 1981), IAEA, Vienna, IWGFR/39 (1981). 
ROYL, P., et al., "Unterschiede im Verlauf hypothetischer Kühlmitteldurchsatz-
störfälle beim Übergang vom SNR 300 zu großen Brutreaktoren mit homogener und 
heterogener Kernanordnung", Jahrestagung Kerntechnik 1983, Deutsches Atom-
forum, Bonn (1983) 227 -230 . 
KHAN, E.U., LMFBR In-Core Thermal-Hydraulics: The State of the Art and U.S. 
Research and Development Needs, Pacific Northwest Labs Rep. PNL-3337, UC-32 
(1980). 
Thermodynamics of Fast Breeder Reactor Fuel Subassemblies under Nominal and 
Non-Nominal Operating Conditions (IAEA/IWGFR Specialists' Meeting Karlsruhe, 
1979), IAEA, Vienna, IWGFR/29 (1979). 
BAUMANN, W., MISTRAL-II, Thermohydraulischer Mischströmalgorithmus für 
Stabbündel, Kernforschungszentrum Karlsruhe GmbH Rep. KFK-1605 (1972). 
WHEELER, C.L., et al., COBRA-IV-1 : An Interim Version of COBRA for Thermal-
Hydraulic Analysis of Rod Bundle Nuclear Fuel Elements and Cores, Batelle Pacific 
Northwest Labs Rep. BNWL-1962 (1976). 
SHA, W.T., et al., COMMIX-1: A Three-Dimensional Transient Single-Phase Com-
ponent Computer Program for Thermal-Hydraulic Analysis, Argonne Natl Lab. Rep. 
ANL-77-96, NUREG/CR-0785 (1978). 



3 9 0 

[VI-58] 

[VI-59] 

[VI-60] 

[VI-61] 

[VI-62] 

[VI-63] 

[VI-64] 

[VI-65] 

[VI-66] 

[VI-67] 

[VI-68] 

[VI-69] 

[VI-70] 

[VI-71] 

[VI-72] 

[VI-73] 

[VI-74] 

[VI-75] 

CHAPTER VII 

STRAUB, G., Berechnung der Temperatur- und Geschwindigkeitsfelder in parallel 
angeströmten Brennstabbündeln schneller natriumgekühlter Brutreaktoren, 
Dissertation, Institut für Kernenergetik, Techn. Universität Stuttgart, IKE-5-202 (1976). 
WEBER, G., CORNET, G., "Thermohydraulic characteristics of SNR-fuel elements", 
Thermodynamics of Fast Breeder Reactor Fuel Subassemblies under Nominal and 
Non-Nominal Operating Conditions (IAEA/IWGFR Specialists' Meeting Karlsruhe, 
1979), IAEA, Vienna, IWGFR/29 (1979) 202-214 . 
NOVENDSTERN, E.H., Mixing model for wire wrap fuel assemblies, Trans. Am. 
Nucl. Soc. 15 (1972) 866-867 . 
KHAN, E.U., et al., A porous body model for predicting temperature distribution in 
wire wrapped fuel rod assemblies, Nucl. Eng. Des. 35 (1975) 1 - 1 2 . 
FAJEAU, M., Programme FLICA - Etude Thermodynamique d'un Réacteur ou 
d'une Boucle d'Essai, Rep. CEA-R-3716 (1969). 
NI J SING, R., EIFLER, W., HERA-1 A, Heat Transfer in Rod Assemblies, Euratom 
Rep. EUR-4905e (1973). 
CORNET, G., BN-Contribution to the Report of the KTG-Seminar "Thermo- und 
fluiddynamische Unterkanalanalyse", Kernforschungszentrum Karlsruhe GmbH 
Rep. KFK 2232 (1975) 7 0 - 7 7 . 
SKOK, J., "Mixing of the fluid due to helical wires on fuel pins in a triangular array", 
Progress in Heat Mass Transfer, Vol.7: Heat Transfer in Liquid Metals, Pergamon 
Press, Oxford and New York (1973) 251-262 . 
McAREAVEY, C.G., BETTS, C., "A review of theoretical and experimental studies 
underlying the thermal-hydraulic design of fast reactor fuel elements", Thermo-
dynamics of Fast Breeder Reactor Fuel Subassemblies under Nominal and Non-Nominal 
Operating Conditions (IAEA/IWGFR Specialists' Meeting Karlsruhe, 1979), IAEA, 
Vienna, IWGFR/29 (1979) 7 - 2 2 . 
CHUANG, M.C., et al., Three-dimensional thermal hydraulic analysis of wire wrapped 
rods in liquid-metal fast breeder reactor core assemblies, Nucl. Sei. Eng. 64 (1977) 
244-257 . 
KHAIRALLAH, A., et al., "Status of thermohydraulic studies of wire-wrapped 
bundles", Thermodynamics of Fast Breeder Reactor Fuel Subassemblies under 
Nominal and Non-Nominal Operating Conditions (IAEA/IWGFR Specialists' Meeting 
Karlsruhe, 1979), IAEA, Vienna, IWGFR/29 (1979) 23 -29 . 
EIFLER, W., NIJSING, R., VELASCOE - Velocity Field in Asymmetric Rod 
Configurations, Euratom Rep. EUR-4950e (1973). 
MEYDER, R., Turbulent velocity and temperature distribution in the central sub-
channel of rod bundles, Nucl. Eng. Des. 35 (1975) 181-189. 
SLAGTER, W., et al., "Theoretical investigations on thermal-hydraulics of fast 
reactor fuel rod bundles", Nuclear Reactor Thermal-Hydraulics (Proc. ANS/ASME/NRC 
Int. Top. Mtg Saratoga Springs, NY, 1980), Vol.3, NUREG/CP-0014 (1980) 2126. 
CHEN, B.C.-J., SHA, W.T., et al., BODYFIT-IFE: A Computer Code for Three-
Dimensional Steady-State/Transient Single-Phase Rod-Bundle Thermal-Hydraulic 
Analysis, Argonne Natl Lab. Rep. ANL-80-127 (1980), NUREG/CR-1874 (1980). 
AMENDOLA, A., Statistical evaluation of the maximum temperatures in reactor 
cores, Nucl. Sei. Eng. 41 (1970) 343 -350 . 
HOFMANN, F., Summary of the Main Results of the Different Hot Spot Factor 
Calculations, IAEA, Vienna (1975). 
DOETSCHMANN, K., AMENDOLA, A., THECA - Ein Programmsystem zur 
dreidimensionalen thermohydraulischen Auslegung schneller Reaktorkerne, Kern-
forschungszentrum Karlsruhe GmbH Rep. KFK-2372 (1977). 



REFERENCES 391 

[VI-76] LeTOURNEAU, B.W., GRIMBLE, R.E., Engineering hot channel factors for nuclear 
reactor design, Nucl. Sei. Eng. 1 (1956) 359 -369 . 

[VI-77] RUDE, P.A., NELSON, A.C., Jr., Statistical analysis of hot channel factors, Nucl. 
Sei. Eng. 7 (1960) 156-161 . 

[VI-78] FRIEDLAND, A.J., Liquid metal heat transfer in nuclear power reactors, Chem. Eng. 
Prog., Symp. Ser. 60 51 (1964) 137. 

[VI-79] CHELEMER, H., TONG, L.S., Engineering hot channel factors for open-lattice cores, 
Nucleonics 20 9 ( 1962) 6 8 - 7 3 . 

[VI-80] AMENDOLA, A., Advanced Statistical Hot Spot Analysis, Kernforschungszentrum 
Karlsruhe GmbH Rep. KFK-843, EUR-3979 (1968). 

[VI-81] AMENDOLA, A., Hot spot expectation in nuclear reactor core thermal design, Nucl. 
Sei. Eng. 49 (1972) 106-108; 
see also: AMENDOLA, A., "Reliable core thermal design", Principles of Hot-Channel 
Factor Calculations for Fast Reactors (Panel Meeting Karlsruhe, 1973), IAEA, 
Vienna, IAEA-TECDOC-166 (1974). 

[VI-82] POTTER, R., SABRE 1 (Amendment 2). A Computer Program for the Calculation 
of Three Dimensional Flows in Rod Clusters, UKAEA Atomic Energy Establishment, 
Winfrith, Rep. AEEW-R-1057 (1978). 

[VI-83] MIYAGUCHI, K., "Analysis of the flow and temperature fields in locally blocked 
LMFBR fuel subassemblies", Thermodynamics of Fast Breeder Reactor Fuel Sub-
assemblies under Nominal and Non-Nominal Operating Conditions (IAEA/IWGFR 
Specialists' Meeting Karlsruhe, 1979), IAEA, Vienna, IWGFR/29 (1979) 152-163. 

[VI-84] GEORGE, T.L., et al., A modified version of COBRA for whole core LMFBR 
transient analysis, Trans. Am. Nucl. Soc. 32 (1979) 531—532. 

[VI-85] KHAN, E.U., et al., The CORTRAN code for whole-core LMFBR transient thermal-
hydraulic analysis, Trans. Am. Nucl. Soc. 32 (1979) 537-539 . 

[VI-86] BATENBURG, A., LUFFEY, F.C., "Dynamic simulation of LMFBR demonstration 
plant", Modeling and Simulation (Proc. 6th Annu. Conf. Pittsburgh, PA, 1975), 
Univ. of Pittsburgh (1975) 583-587 . 

[VI-87] McAREAVEY, G., "Thermal hydraulics of distorted LMFBR fuel subassemblies", 
Thermal Hydraulics in LMFBR Rod Bundles (2nd PAHR Spec. Mtg Rome, 1982). 

[VI-88] LETEINTURIER, D., CARTIER, L., "Theoretical and experimental investigations 
of the thermohydraulics of deformed wire-wrapped bundles in nominal flow 
conditions", Thermodynamics of Fast Breeder Reactor Fuel Subassemblies under 
Nominal and Non-Nominal Operating Conditions (IAEA/IWGFR Specialists' Meeting 
Karlsruhe, 1979), IAEA, Vienna, IWGFR/29 (1979) 254 -261 . 

[VI-89] SAITO, S., EXCURSE: A Computing Programme for Analysis of Core Transient 
Behavior in a Sodium Cooled Fast Reactor", Japan Atomic Energy Research 
Institute Rep. JAERI-M-7280 (1977). 

[VI-90] TIMMERMANN, F., VOSSEBRECKER, H., "SNR emergency cooling heat transfer 
calculations on in-tank natural circulation with blanket backflow", Engineering of 
Fast Reactors for Safe and Reliable Operation (Proc. Int. Conf. Karlsruhe, 1972), 
Vol. 1, Gesellschaft für Kernforschung Karlsruhe (1973) 322 -335 . 

[VI-91] FALZETTI, L., et al., "Steady-state thermohydraulic studies in seven-pin bundle 
out-of-pile experiments: nominal and distorted geometry tests", Thermodynamics 
of Fast Breeder Reactor Fuel Subassemblies under Nominal and Non-Nominal 
Operating Conditions (IAEA/IWGFR Specialists' Meeting Karlsruhe, 1979), IAEA, 
Vienna, IWGFR/29 ( 1979) 261 - 2 7 0 ; 
see also: MIYAGUCHI, K., TAKAHASHI, J., "Thermal-hydraulic experiments with 
simulated LMFBR subassemblies under nominal and non-nominal operating 
conditions", ibid., pp.58—75; 



92] 

93] 

94] 

95] 

96] 

97] 

98] 

99] 

00] 

01] 

02] 

03] 

04] 

05] 

06] 

07] 

08] 

09] 

CHAPTER VI 

and: HOFFMANN, H., et al., "Status of the LMFBR thermo- and fluid-dynamic 
activities at KfK", ibid., pp.82-106. 
REHME, K., Pressure drop performance of rod bundles in hexagonal arrangements, 
Int. J. Heat Mass Transfer 15(1972) 2499-2517 . 
REHME, K., Pressure drop correlations for fuel element spacers, Nucl. Technol. 17 
(1973) 15-23 . 
NOVENDSTERN, E.H., Turbulent flow pressure drop model for fuel rod assemblies 
utilizing a helical wire wrap spacer system, Nucl. Eng. Des. 22 (1972) 19-27 . 
REIHMANN, T.C., An Experimental Study of Pressure Drop in Wire-Wrapped Fuel 
Assemblies, Battelle Pacific Northwest Labs Rep. BNWL-1207 (1969). 
REHME, K., Simple method of predicting friction factors of turbulent flow in 
non-circular channels, Int. J. Heat Mass Transfer 16 (1973) 933 -950 . 
ROBINSON, D.P., Subchannel Friction Factors for Rod Bundles: Laminar Flow 
Predictions and Their Applications to Turbulent Flow, UKAEA Atomic Energy 
Establishment, Winfrith, Rep. AEEW-M-1656 (1979). 

REHME, K., TRIPPE, G., Pressure drop and velocity distribution in rod bundles with 
spacer grids, Nucl. Eng. Des. 62 (1980) 349 -359 . 
HAWLEY, J.T., et al., "Subchannel and bundle friction factors and flow split para-
meters for laminar transition and turbulent longitudinal flows in wire wrap spaced 
hexagonal arrays", Nuclear Reactor Thermal-Hydraulics (Proc. ANS/ASME/NRC 
Int. Top. Mtg Saratoga Springs, NY, 1980), Vol.3, NUREG/CP-0014 (1980) 
1766-1788. 
REHME, K., Pressure drop of spacer grids in smooth and roughened rod bundles, 
Nucl. Technol. 33 (1977) 314 -317 . 
RAPIER, A.C., Turbulent Mixing in a Fluid Flowing in a Passage of Constant Cross-
section, Rep. TRG-1417(W) (1967). 
INGESSON, L., HEDBERG, S., "Heat transfer between subchannels in a rod 
bundle", Heat Transfer (4th Int. Conf. Paris-Versailles, 1970), Vol.3, Elsevier, 
Amsterdam ( 1970) Paper FC 7.11. 
TODREAS, N.E., TURI, J.A., Interchannel mixing in wire wrapped liquid metal 
fast reactor fuel assemblies, Nucl. Technol. 13 (1972) 3 6 - 5 2 . 
GINSBERG, T., Forced flow interchannel mixing model for fuel rod assemblies 
utilizing a helical wire wrap spacer system, Nucl. Eng. Des. 22 (1972) 2 8 - 4 2 . 
KAZIMI, M.S., CARELLI, M.D., "Heat transfer correlations for analysis of 
CRBRP assemblies", Westinghouse Electric Corp., USDOE, Rep. CRBRP-ARD-
0034(1976) . 
ENGEL, F.C., BISHOP, A.A., "Experimental determination of local heat transfer 
coefficients in an annular sodium flow passage at and near a flow obstruction", 
Liquid-Metal Heat Transfer and Fluid Dynamics (ASME Annu. Winter Mtg 
New York, 1970), American Society of Mechanical Engineers ( 1970) 5 0 - 5 7 . 
MÖLLER, R., TSCHÖKE, H., Steady-state, local temperature fields with turbulent 
liquid sodium flow in nominal and disturbed bundle geometries with spacer 
grids, Nucl. Eng. Des. 62 (1970) 6 9 - 8 0 . 
SHAH, R.K., LONDON, A.L., Laminar Flow Convection in Ducts, A Source Book 
for Compact Heat Exchanger Analytical Data, Advances in Heat Transfer, 
Supplement 1, Academic Press, New York (1978). 
ULLRICH, R., Analyse der ausgebildeten Laminarströmung in längsangeströmten, 
endlichen, hexagonalen Stabbündeln, Dissertation, Institut für Kerntechnik, 
Technische Universität Berlin, TUBIK-36 (1974). 



REFERENCES 3 9 3 

JOHANNSEN, K., "Longitudinal flow over tube bundles", Low Reynolds Number 
Flow Heat Exchangers (KAKAC, S., SHAH, R.K., BERGLES, A.E., Eds), 
Hemisphere, New York (1983). 
ENGEL, F.C., et al., Laminar, transition and turbulent parallel flow pressure drop 
across wire-wrap spaced rod bundles, Nucl. Sei. Eng. 69 (1979) 290 -296 . 
JOHANNSEN, K., "Heat exchangers having longitudinal flow over tubes or rods", 
Low Reynolds Number Flow Heat Exchangers (KAKAC, S., SHAH, R.K., 
BERGLES, A.E., Eds), Hemisphere, New York (1983). 
Design, Construction and Operating Experience of Demonstration LMFBRs 
(Proc. Int. Symp. Bologna, 1978), IAEA, Vienna (1978). 
Liquid Metal Technology in Energy Production (Proc. 2nd Int. Conf. Richland, 
WA, 1980), American Nuclear Society and USDOE, CONF-800401-P1 (1980). 
HOLMES, J.A.G., "The role of structural integrity in LMFBR safety", The LMFBR 
Safety (Proc. Top. Mtg Lyon, 1982), Vol.1, European Nuclear Society, American 
Nuclear Society, Paris (1982) 4 7 5 - 4 9 1 . 
LAWTON, W.T., "Structural design criteria in the context of strength, shiftness and 
fatigue", Engineering of Fast Reactors for Safe and Reliable Operation (Proc. Int. 
Conf. Karlsruhe, 1972), Kernforschungszentrum Karlsruhe GmbH (1973) 
116-131 . 
ASME Boiler and Pressure Vessel Code, Nuclear Plant Components, Section III 
(1974). 
ASME Boiler and Pressure Vessel Code, Alternate Rules for Pressure Vessels, Div.2, 
Section VIII ( 1974). 
JEANPIERRE, F., et al., "CEASEMT system of finite element computer programs", 
High Temperature Structural Design Technology of LMFBRs (Proc. IAEA/IWGFR 
Specialists' Meeting Champion, PA, 1976), IAEA, Vienna, IWGFR/11 (1976) 
7 5 - 8 0 . 
CHASE, W.L., "Heat-transport systems", Fast Reactor Technology: Plant Design, 
Chapter 4, MIT Press, Cambridge, MA (1966) 121. 
FAKKEL, R.H., et al., Testing a sodium pump, Nucl. Eng. Int. 16 (1971) 
1006-1008. 
HALL, J., FFTF Pump Seal Final Test Report, Liquid Metal Engineering Center 
Rep. LMEC 7 5 - 1 1 (Sep. 1975). 
Cavitation in Sodium and Studies of Analogy with Water as Compared to Sodium 
(Proc. IAEA/IWGFR Specialists' Meeting Cadarache, 1976), IAEA, Vienna, 
IWGFR/9 (1976). 
JENNINGS, T.E., BROWN, R.J., Operational Experience with a 6000 gal/min 
Centrifugal Pump in Sodium at 400°C, UKAEA Rep. TRG-REPORT-1400 (R). 
HISPANO-SUIZA, Sodium pumps for PHENIX, Nucl. Eng. Int. 16 (1971) 
1002-1004. 
MÜLLER, R.A., SCHNAUDER, H., The evolution of heat exchanger design for 
sodium cooled reactors, At. Energy Rev. 13 2 (1975) 215 -323 . 
CONTE, F., et al., "The intermediate heat exchanger leaks on Phenix plant and 
their repair", Optimization of Sodium-Cooled Fast Reactors (Proc. Int. Conf. 
London, 1977), British Nuclear Energy Society, London (1978) 291-296 . 
PFR - A special feature on the British prototype fast breeder reactor, Nucl. 
Eng. Int. 16(1971) 6 2 9 - 6 5 0 . 
DE HAAS VAN DORSSER, A.H., MAUSBECK, H., "SNR coolant system com-
ponents", Advanced Nuclear Energy Systems (Int. Conf. Chatham Center, 
Pittsburgh, PA, 1976). 



3 9 4 CHAPTER VII 

[VI-130] AMOROSI, A., et al., An Overview of Pool-Type LMFBRs: General Characteristics, 
Argonne Natl Lab. Rep. ANL-76-61 (1976). 

[VI-131] APPLEBY, E.R., Compilation of Data and Descriptions for United States and 
Foreign Liquid Metal Fast Breeder Reactors, Hanford Engineering Development 
Lab., Richland, WA, Rep. HEDL-TME-75-12 (1975). 

[VI-132] BENNETT, J.C., Steam generators for liquid metal cooled fast reactors, Nucl. Eng. 
Int. 17 (1972) 548-555 . 

[VI-133] Steam Generators for LMFBRs (Proc. IAEA/IWGFR Study Group Meeting 
Bensberg, FRG, 1974), IAEA, Vienna, IWGFR/1 (1975). 

[VI-134] ROBIN, M.G., Careful attention to detail was necessary in developing the SUPER-
PHENIX steam generators, Nucl. Eng. Int. 22 (May 1977) 4 6 - 4 8 . 

[VI-135] JACKSON, R.F., PFR steam generator experience, Atom 330 (April 1984) 5 - 1 2 . 
[VI-136] BRIERLY, G., HAYDEN, O., PFR superheater and reheater replacement and 

evaporator repair, Atom 331 (May 1984) 11-14 . 
[VI-137] Nuclear Power Piping, USAS B 31.7 - 1969, American Society for Metals (1969). 
[VI-138] High Temperature Structural Design Technology of LMFBRs (Proc. IAEA/IWGFR 

Specialists' Meeting Champion, PA, 1976), IAEA, Vienna, IWGFR/11 (1976). 
[VI-13 9] Demonstration of Structural Integrity Under Normal and Faulted Conditions 

(Proc. IAEA/IWGFR Specialists' Meeting Chester, UK, 1980), IAEA, Vienna, 
IWGFR/36 (1981). 

[VI-140] Properties of Primary Circuit Structural Materials Including Environmental Effects 
(Proc. IAEA/IWGFR Specialists' Meeting Bergisch Gladbach, FRG, 1977), IAEA, 
Vienna, IWGFR/22 (1977). 

[VI-141] BRINKMAN, C.R., et al., Mechanical Properties of LMFBR Primary Piping 
Materials, Oak Ridge Natl Lab. Rep. ORNL-5199 (1976). 

[VI-142] COFFIN, L., et al., Time-Dependent Fatigue of Structural Alloys, A General 
Assessment, Oak Ridge Natl Lab. Rep. ORNL-5073 (1977). 

[VI-143] O'DONNEL, W.J., POROWSKI, T.S., "Development of inelastic design criteria and 
codes", Structural Mechanics in Reactor Technology (Trans. 5th Int. Conf. Berlin 
(West), 1979), North-Holland, Amsterdam (1979) Paper L6/1. 

[VI-144] NOEL, R., et al., "Status of the French design and construction rules applicable to 
fast reactors", Structural Mechanics in Reactor Technology (Trans. 6th Int. Conf. 
Paris, 1981), North-Holland, Amsterdam (1981) Paper E5/2; 
see also: ROCHE, R.L., MOULIN, D., ibid., Paper E5/1, and KISTENMACHER, G., 
ibid., Paper E6/2. 

[VI-145] BABILAS, C., et al., "Tests carried out for the SNR 300 handling and the influence 
of test results in view to design of handling equipment", Nuclear Energy Maturity 
(Proc. Europ. Nucl. Conf. Paris, 1975), Vol.2, Pergamon Press, Oxford (1976) 
4 4 5 - 4 6 0 . 

[VI-146] BENOIST, E., et al., "Fuel and special handling of PHENIX reactor - preliminary 
and operational tests", Fast Reactor Power Stations (Proc. Int. Conf. London, 1974), 
British Nuclear Energy Society, London (1974) 5 7 7 - 5 8 4 . 

[VI-147] HUNT, C.R., et al., "Fuel handling and other in-reactor mechanisms in PFR", 
ibid., pp.585-595. 

[VI-148] KINZER, J.E., "Fast flux test facility in-vessel handling machine", IEEE-ASME 
Joint Power Generation Conference, Sep. 1974. 

[VI-149] BROADLEY, D., BRINDLEY, K.W., "Incidents and accidents considered in the 
safety analysis of CDFR", The LMFBR Safety (Proc. Top. Mtg Lyon, 1982), 
Vol.2, European Nuclear Society, American Nuclear Society, Paris (1982) 
3 4 3 - 3 5 1 . 



REFERENCES 3 9 5 

[VI-150] HUNTER, R.H., BALLIF, I.L., "Purity requirements and control with certain 
impurity levels", Sodium Impurity Measurements and Control (Proc. IAEA/IWGFR 
Specialists' Meeting Cadarache, 1972), IAEA, Vienna. 

[VI-151 ] HINZE, R.B., Liquid Metal Handbook, Chapter 6: Purification (1968). 
[VI-152] HAUBOLD, N., et al., "Sodium purity surveillance of the SNR 300", Sodium 

Impurity Measurements and Control (Proc. IAEA/IWGFR Specialists' Meeting 
Cadarache, 1972), IAEA, Vienna. 

[VI-153] LAUBEN, G.N., PACKLESS, Cold Trap Evaluation, Atomics International, 
Canoga Park, CA, Rep. NAA-SR-MEMO-TDER-9920 (1964). 

[VI-154] JANSING, W., et al., "Operational experience on sodium deposits in the KNK 
reactor and the RSB-test facility", Cavitation in Sodium and Studies of Analogy with 
Water as Compared to Sodium (Proc. IAEA/IWGFR Specialists' Meeting Cadarache, 
1976), IAEA, Vienna, IWGFR/9 (1976). 

[VI-155] In-Service Inspection and Monitoring of LMFBRs (Proc. IAEA/IWGFR Specialists' 
Meeting Bensberg, FRG, 1976), IAEA, Vienna, IWGFR/10 (1976). 

[VI-156] In-Service Inspection and Monitoring of LMFBRs (Proc. IAEA/IWGFR Specialists' 
Meeting Bensberg, FRG, 1980), IAEA, Vienna, IWGFR/35 ( 1980). 

[VI-157] ASTY, M., et al., "Superphenix 1: in-service inspection of main and safety tanks 
weldments", ibid., pp.34—40. 

[VI-158] HÖLLER, K., et al., "Activities with regard to research and development of 
techniques for SNR-300 reactor vessel in-service inspection procedures", ibid., 
pp.40—52. 

[VI-159] HAHN, G., HOEFT, E., "Presentation of accessibility equipment for primary 
pipings, IHX, pumps and manipulator tests", ibid., pp.53—65. 

[VI-160] McKNIGHT, J.A., BURTON, E.J., Under sodium viewer, Atom 326 (Dec. 1983) 
266-270 . 





Chapter VII 

LMFBR SAFETY 

VTI—1. INTRODUCTION 

The potential of accidental release of radioactive material exists for any 
nuclear reactor system. During the past few decades a major effort has been 
expended by the nuclear industry, national laboratories, licensing organizations, 
etc., to ensure a safe operation (availability) of nuclear power reactors and to 
protect the public and the environment. For nuclear reactors a very careful 
safety approach has been adopted from conceptual design through the licensing 
process and long-term operation of the reactors. This safety awareness is 
unprecedented if compared to other areas of human technological endeavour. 

For LMFBRs there were a number of safety concerns which influenced fast 
reactor licensing and safety analysis considerably. Two major concerns were: 

— in the event of coolant loss (by boiling or gas intrusion) large LMFBR cores 
show a significant reactivity increase, 

— in the event of fuel compaction LMFBR cores show an even greater reactivity 
increase. 

Both properties are in contrast to the behaviour of thermal reactor systems. 
Whereas the early concern about rapid coolant boiling following high superheat 
of sodium was soon resolved, the two above-mentioned major concerns have 
influenced LMFBR design and accident analysis till today. 

LMFBRs use a low pressure sodium system and the maximum sodium 
temperatures are chosen to stay far below the sodium boiling point (see Chapter VI). 
Sodium as a coolant has extremely good heat transfer and natural convection 
conditions. This ensures good decay heat removal even under accident conditions. 
In addition, two independent fast acting shutdown systems are adopted in more 
recent designs to make failure of nuclear shutdown very improbable. As a 
consequence, the probability of core meltdown accidents is extremely small. 

Accident analyses — and also licensing considerations - for LMFBRs focussed 
historically on severe but rather improbable accidents, which were so remote in 
their probability of occurrence that they were correctly termed hypothetical 
accidents. More complete risk analyses performed for LMFBRs in recent years 
have shown that there is no significant difference between their risks and those of 
thermal reactors (LWRs and Thorium fuelled High Temperature gas cooled Reactors 
(THTRs)). In addition, the risk from LMFBRs compares favourably with other 
societal risks from potentially large catastrophes (such as aircraft crashes, dam 
failures, etc.). A more comprehensive discussion can be found in Refs [VII-1, VTI-2]. 
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Chapter VII will be structured in the following way: In subsection VII-2 
the safety design and development concept for LMFBRs will be discussed. In 
subsection VII-3 some new trends with respect to safety criteria and safety goals 
will be reviewed. The following subsection VII—4 considers the 'protected' 
transients (accidents) in some detail, where 'protected' implies that the Plant 
Protection System (PPS) operates successfully. Unprotected transients (accidents) 
are analysed and discussed in subsection VII—5 ; this subsection includes also a 
discussion of post-accident heat removal. In subsection VII—6 inherent safety 
features of LMFBRs are briefly reviewed. Subsection VII—7 is concerned with 
external events such as floods, tornadoes, explosions, aircraft crashes and earth-
quakes. Finally, risk analysis for LMFBRs is discussed in subsection VII—8 using 
as an example the recent risk study for the SNR 300. In addition, the risk of 
the SNR 300 is compared in this subsection with the calculated risk for a modern 
pressurized light water reactor. 

In Chapter 7 the SNR 300 - a 300 MW(e) loop-type LMFBR - is mentioned 
more often as an example than other reactors, because the authors are most 
familiar with this reactor. The reader of this Chapter should be aware that some 
safety-related design solutions and arguments quoted for the SNR 300 do not 
apply directly to all other fast reactors. On the other hand, it is hoped that the 
most important safety problems, safety analyses, and technical design solutions 
are adequately covered for different types of LMFBRs. 

VII-2. SAFETY DESIGN AND DEVELOPMENT CONCEPT 

Fast breeder reactors have been designed in several countries and safe 
operation of prototype LMFBRs has been demonstrated in several cases over 
more than 10 years (see Chapter III). Despite this performance record, there 
persists a widespread public opinion that LMFBRs have serious safety problems. 
This opinion stems largely from early simplifying calculations leading to large 
thermal and mechanical energy releases as a consequence of large positive 
reactivity ramp rates. One must be aware that such large reactivity insertions 
result from conservatively postulated accident initiators. During the last twenty 
years much progress has been made by studying realistic accident initiators and 
the resulting accident progression. This procedure has resulted in much smaller 
thermal and mechanical energy releases from these hypothetical accidents, thereby 
influencing LMFBR design in a much more rational way. In addition - as was 
already mentioned in subsection VII-1 - risk analyses performed for LMFBRs 
showed that there is no significant difference in the overall risk, when compared 
with those of light water reactors. 

It will be shown in this Chapter that LMFBR development and design utilizes 
a comprehensive and careful approach to protect the public from accidental 
releases of radioactivity. The presentation is based on several articles presented 
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FIG. VII-1. Barrier concept of LMFBRs (Source: KfK). 

during international meetings on fast reactor safety technology in Chicago (1976) 
[VII-3], Seattle (1979) [VII-4] and Lyon (1982) [VII-5] - see especially 
Refs [V1I-6 to VII-11] and books on fast breeder reactors [VIM, VII-2, VII-12 to 
VII-15, VII-70]. 

VII-2.1. MULTI-BARRIER CONCEPT 

For LMFBRs, as for all other reactors, the potential for radioactivity release 
to the atmosphere exists, but there are numerous natural and engineered barriers 
to inhibit such release. These different physical barriers will be briefly described 
(Fig.VII-1): 

(1) The fuel matrix, normally a pellet of ceramic material, has a considerable 
capability for retaining gaseous and non-gaseous fission products and actinides 
which are produced during operational irradiation. 

(2) These fuel pellets are surrounded by a gas-tight steel cladding which is the 
second barrier for the radioactive material produced within the fuel. 

(3) The sodium coolant has a remarkable capability to act as a natural barrier 
(e.g. chemical affinity to certain fission products) to the release of significant 
radioactive products. 

(4) The primary system (tank and primary circuits) represent a gas-tight barrier 
for the radioactive products including the activated primary sodium. 
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(5) Several reactors, e.g. SNR 300 and SUPER PHENIX-1, have an additional 
inner containment, surrounding the primary circuit, which constitutes another 
barrier against the release of radioactive materials. 

(6) The external containment is normally the last barrier for the radioactive 
products. (SNR 300 has even an additional steel shell with a gap between the 
concrete external containment wall and the steel shell which is used for 
reventing.) 

It is obvious that these different physical barriers provide a remarkable 
protection against releases of radioactive products into the atmosphere even under 
various accident conditions. 

VII-2.2. LINES OF DEFENCE, LINES OF ASSURANCE 

The above-mentioned barriers for the release of radioactive products are very 
important but they are not the only means of keeping an LMFBR under stable 
and safe conditions and protecting the public against release of radioactivity. 
Safety design and development of LMFBRs have utilized several Lines Of Defence 
(LOD) which can be characterized as follows: 

(1) Basic safety design 
(2) Accident prevention 
(3) Limitation of core damage 
(4) Limitation of damage propagation (maintain containment integrity) 
(5) Attenuation of radioactivity release. 

These five lines of defence are closely related to the four Lines Of Assurance 
(LOA) as defined by the United States Department of Energy [VII-8]; following 
Smidt [VII-6], line of assurance 1 (LOA 1) was split into basic safety design and 
accident prevention. It should be mentioned that the lines of assurance approach 
has also been used to structure the safety research and development programme. 
The different lines of defence are now described and discussed in more detail. 

VII-2.2.1. Basic safety design 

This includes an inherently safe design (strong negative power coefficient, 
negative bowing coefficient, low positive sodium void coefficient), fail-safe 
characteristics, in-service inspectability of important safety components, quality 
assurance during design, construction and operation of the plant. In addition, the 
design should fulfil the requirements of redundancy and diversity.1 For example, 
the core support structures (see Chapter VI) should be designed in such a way 
that the probability of their failure is negligible. 

1 These expressions will be explained in subsection VII -4 .6 . 
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In summary, a good basic safety design is crucial for avoiding accident 
situations during operation of the plant. 

VII—2.2.2. Accident prevention 

Core damage may occur if either the shutdown systems or the decay heat 
removal systems fail. These systems are of great importance for accident 
prevention and should be described in some detail. As an example, the SNR 300 
is used here. However, any other LMFBR has similar capabilities. 

Shutdown systems (plant protection systems) 

More recent LMFBR designs have two independent reactivity shutdown 
systems. As an example, for SNR 300 the primary shutdown system drops 
absorber rods into the core while the secondary shutdown system pulls flexible 
absorber chains into the core from below (see Fig.VII-9). Both systems have 
diverse electronic channels. The magnetic releases are direct and indirect, 
respectively (see subsection VII—4.1). These two diversely and independently 
acting reactivity shutdown systems have a sufficiently high reliability (unavailability 
of less than 10"7 per demand). For commercial size LMFBRs this high degree of 
reliability for reactivity shutdown systems will be satisfactory [VII-5, VII-16]. 
It should be mentioned here, that the diversity and independence of the plant 
safety systems could be even further improved by employing more inherent 
unlatching mechanisms triggered by abnormalities of the core coolant flow 
(e.g. temperature) or power (see subsections VII—4.4 and VII—7). 

Decay heat removal systems 

Decay heat removal can be relatively easily accomplished in the low pressure 
LMFBR system (see subsections VII-4.7 and VII-6 , and also Fig.VII-10). Three 
or four main heat removal chains (transporting heat through the primary circuit, 
heat exchanger, secondary circuit, steam generator, steam circuit to a condenser) 
and special decay heat removal systems (completely independent of the main heat 
removal chains) provide for safe decay heat removal. In addition, a diverse 
emergency decay heat removal system is provided by a sodium-air emergency 
core cooling system. With these redundant and diverse decay heat removal 
capabilities an unavailability of decay heat removal after a steam generator 
failure of less than 10"6 per demand is attained. Together with the fact 
that the steam generator failure rate is estimated to be less than 1 per 
year, one obtains a probability of decay heat removal breakdown of less than 
10"6 per reactor year [VII-17 to VII-19]. Safety analysis for SNR 300 showed 
that even the complete loss of all active systems for decay heat removal would 
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not lead to core damages. The decay heat would be transferred to the sodium 
and will penetrate through the insulation of the still intact primary coolant pipes 
into the inner containment. The temperatures in the core would reach a maximum 
of about 740°C after a time period of 60 hours [VII-19, VII-20]. Similar results 
were reported for PFR [VII-21], PHENIX [VII-22], and will be valid also for 
SUPER PHENIX [VII-23]. 

Before moving on to a discussion of the subsequent lines of defence, it 
should be mentioned that the main reliance is on defence lines (1) and (2). This 
relieves lines (3) to (5), where a significant improvement is increasingly more 
difficult to achieve. 

VII-2.2.3. Limitation of core damage 

If several safety systems have failed and an accident with possible core 
damage has been initiated it is important to analyse what damage to the core will 
result and what design measures could limit this damage. At present, it is not 
possible to perform a realistic accident analysis with high precision. Instead, two 
types of calculations are usually performed: 

(1) best estimate calculations are done using best estimates for model assumptions 
and parameters, 

(2) limiting case calculations are done by using pessimistic assumptions which 
reflect the currently existing uncertainties. 

For example, the limiting case calculations for an unprotected loss-of-flow 
accident of the SNR 300 result in considerable thermal energy releases, equivalent 
to approximately 100 MJ isentropic expansion energy of the two-phase fuel if 
expanded to the 70 m3 cover gas volume (instead of the 370 MJ design value). 
Best estimate calculations give much less energy release or an unenergetic behaviour 
[VII-24 to VII-26]. 

At present, the two different approaches mentioned above give significantly 
different results. But the worldwide effort in better understanding and modelling 
the most important phenomena confirms relatively low energy release values even 
for the limiting case calculations. Several other important results have been 
achieved over the past years by experiments and theoretical analyses for 
demonstration type reactors: 

(a) energetic sodium vapour explosions (i.e. very rapid heat transfer between 
hot fuel and sodium) are extremely unlikely under reactor conditions (see 
subsection VII-5.6), 

(b) energetic recriticalities are mitigated by dispersive phenomena (see sub-
section VII—5.2), 

(c) fast local fault propagation has a very low probability of occurrence, but it 
cannot yet be completely excluded. 
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All these findings need further verification for commercial-size LMFBRs; 
they indicate, however, that defence line (3) (see subsection VII—2.2) will be 
effective and energetic events will be extremely improbable. In subsection VII—5 
more details will be discussed. Here only some targets for future safety R&D 
programmes are mentioned: 

— improve and verify analytical methods so that best estimate results and 
limiting case results are closer together, 

— design for low void coefficients of LMFBR cores, 
— design short, large cross-section fuel element heads for easy penetration of 

molten core masses, 
— develop and analyse advantages and disadvantages of annular pellet fuel rods 

(which hopefully avoid energetic transients for the primary power excursion). 

VII—2.2.4. Limitation of damage propagation 

In case a serious accident has progressed and generated a considerable amount 
of thermal energy (melting and partial vaporization of the core), the primary 
system is mechanically loaded by pressure transients. Some years ago it was the 
accepted procedure to calculate this mechanical energy by an isentropic expansion 
of the hot two-phase fuel up to the cover gas volume of the reactor vessel. In 
recent years the SIMMER Code has been applied to this problem taking the 
in-vessel structures into account [VII-27, VII-28]. These studies showed that the 
in-vessel structures have an important effect in decreasing the mechanical load on 
the reactor vessel and roof by approximately an order of magnitude if compared 
with the isentropic fuel work potential (isentropic expansion to the cover gas 
volume). This is very encouraging. 

Other, more recent, studies [VII-19, VII-25] show a widespread distribution 
of core material on in-vessel structures at the end of core disruption. This 
distributed core material is neutronically subcritical and chances are very good 
that it can be permanently cooled within the reactor tank (see subsection VII— 5.7). 

Future targets for safety R&D programmes are: 

- SIMMER analysis for transformation of thermal into mechanical energy 
should be verified by experiments; the possible presence of sodium in the 
core region at the end of the nuclear excursion and the role of the upper core 
and in-vessel structures need more attention, 

- the capability of in-vessel structures for permanent cooling of core debris 
should be optimized by design, 

- the buildup of quasi-stationary pressures in the reactor vessel requires further 
analysis and possibly appropriate countermeasures. 
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VII—2.2.5. Attenuation of radioactivity release 

If one assumes that the primary system has failed and radioactive materials 
have entered the inner and/or the outer containment, then the basic questions 
are whether and at what time will the outer containment release radioactive 
material (controlled or by failure) and what are the properties (amount, content, 
energy, etc.) of the radioactive source term. The inner and/or outer containment 
design can influence this release pattern considerably. 

On the other hand, the processes mitigating the release pattern have been 
studied by experiments and theoretical analysis. Theoretical models to describe 
these phenomena are included into computer codes (see Appendix). At present, 
these analytical tools are used for limiting case calculations (by using pessimistic 
model and parameter assumptions) which reflect the remaining uncertainties. 

Safety design targets and aims for safety R&D programmes are therefore: 

— the inner, inertized containment (loop-type LMFBR) should prevent a 
radioactivity release by passive means for at least 30—100 hours, 

— concrete structures should be avoided in areas where core melt is deposited 
or they should be constructed in such a way that no considerable steam 
or hydrogen release is possible, 

— simple passive measures should be provided to take up heat and to avoid 
pressure buildup, 

— the analytical methods need further development and verification by 
experiments in order to perform a realistic analysis with sufficient accuracy. 

In summary, it can be stated that the five lines of defence constitute an 
impressive safety design and development approach, which provides safety margins 
even in unforeseen accident situations. 

VII—2.3. DEFENCE IN DEPTH, CLASSIFICATION OF ACCIDENTS 

A basic safety philosophy has long existed for LMFBRs that in addition to 
the physical barriers (see subsection VII—2.1), appropriately engineered features 
should be incorporated into the system to provide defence in depth. For such 
an approach it is common practice to establish a relationship between the antici-
pated frequency of occurrence for various accidents versus the damage severity 
levels which could be accepted for each event. It is obvious that such a relationship 
should indicate very little or no damage to the reactor system for high frequency 
events, whereas higher levels of damage could be tolerated for low frequency events. 
The reactor designer has the challenging task to ensure that the appropriate 
engineering features, e.g. the plant protection system and the decay heat removal 
system, are available to provide the appropriate system characteristic. 
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FIG. VII-2. Defence in depth approach for LMFBR systems (Source: Refs [VII-29, VII-30]). 

Figure VII-2 illustrates such a relationship, as first proposed in 1967 by 
Simpson et al. [VII-29] and viewed in another way by Kintner [VII-30]. 

The first level requires safety consciousness to be placed at the highest priority 
in all phases of design, construction, and operation of the reactor. It includes a 
comprehensive and detailed safety assessment of all major plant systems, including 
vigorous quality assurance and safety checks to ensure that the plant is built and 
operated as intended. Because of the certainty of such operational transients or 
incidents (due to anticipated events or faults), it is important that the useful life-
time of the plant is not impaired by their occurrence. 

For the second level it is recognized that a single unlikely fault (e.g. pump 
failure) might occur on a very infrequent basis during the expected lifetime of the 
reactor. Hence, a highly reliable plant protection system is designed to arrest any 
such incident and limit the core (plant) damage to an acceptable level. 

For the third level major incidents are considered which, although never 
expected to occur, are mechanistically possible. In performing analyses of the 
consequences of all these events, with feedback on the design, one adds a safety 
margin to the design even for very unlikely and even unforeseen events, thereby 
providing additional protection to the public. 

Beyond the third level there lies the domain of accidents with an extremely 
small probability of occurrence but with consequences normally larger in magnitude. 
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TABLE VII-1 . IMPORTANT EXAMPLES FOR THE DIFFERENT CLASSES 
OF INCIDENTS AND ACCIDENTS [ VII-31 ] 

Classes 

Operational transients and incidents 
(expected frequently to occur during 
normal course of operation and 
maintenance) 

Minor incidents 
(may individually occur one or more 
times during the lifetime of the plant) 

Major incidents (not expected to 
occur — but included in the design 
basis to provide additional margins 
for ensuring no undue risk to the health 
and safety of the public) 

Hypothetical accidents (extremely 
small probability of occurrence; 
important for risk analysis of the plant) 

Examples 

Startup, normal shutdown, scrams, standby, 
load following; cladding defect within 
technical specifications; refuelling 

Tripping of Na-pumps; failure of all off-site 
power; tripping of turbine generator set; 
inadvertent control rod withdrawal 

Pipe rupture with shutdown; large Na-fire; 
large Na-water reaction; rupture of radwaste 
system tank 

Unprotected loss of flow; unprotected 
reactivity addition; failure of decay heat 
removal; coolant loss (below emergency level) 

For these accidents at least several low probability failures must take place in 
sequence or simultaneously. Because of the extremely low probability of occurrence, 
these accidents are often referred to as incredible or hypothetical events, even 
though they may be mechanistically possible. These accidents should not determine 
plant design, but it appears to be a matter of prudence to provide by some design 
measures a reasonable limitation of their consequences, as has been outlined during 
the lines of defence discussion. 

In Table VII -1 a few important examples for the different classes of incidents 
and accidents are presented (see also Fig.VII-2). 

The defence-in-depth approach, as described above, provides the general 
philosophy for safety design and development. But the reactor designers and safety 
analysts need some more specific guidance regarding (1) the treatment of specific 
accidents, and (2) the specifications of equipment requirements in order to achieve 
the safety margins desired in the overall plant design. 

As an example of satisfying these needs, what has been done in the United 
States of America will be described. Similar solutions have been undertaken in 
other countries. 

For the first need, the United States Nuclear Regulatory Commission (USNRC) 
has provided a categorization [VII-31 ] of accident types which must be considered 
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in an Environmental Impact Statement (Table VII—2). For the second need some 
standards have been developed under the sponsorship of the American Nuclear 
Society (for details see Ref. [VII-32]). 

The concept of a Design Basis Accident (DBA) has been frequently used in 
reactor licensing procedures. The DBA is used to determine the design of the 
plant and it is normally defined as an accident that leads to the most severe 
consequences of all accidents considered credible. It is obvious that considerable 
debate as to what constitutes such an accident has ensued: First, the limit of 
credibility does not have universal acceptance; second, a single accident might not 
be suitable to determine the plant design. With respect to the first point it appears 
logical to identify the limit of credibility with the upper limit of level 3 accidents 
(major accidents) in Fig. VII-2. With respect to the second point, several DBAs 
could be introduced and one could try to find a good compromise in the event of 
conflicting design requirements from different accidents. Needless to say that 
these remarks do not really solve the conceptual problems of the DBA approach. 
In subsection VII -3 some new trends in safety criteria and safety goals will be 
briefly discussed. 

VII—2.4. OPERATIONAL TRANSIENT AND ACCIDENT ANALYSIS 
APPROACHES 

Operational transients, minor and major incidents, and also hypothetical 
accidents require careful analysis for a safe design and operation of an LMFBR, 
including sufficient protection of the environment and of the public. In this 
subsection the notation 'accident' includes also the incidents and operational 
transients. 

There are at present three accident analysis approaches employed that can 
be characterized as being 

( 1 ) mechanistic, 
(2) probabilistic, 
(3) phenomenological. 

In the past, most of the emphasis was placed on the mechanistic approach, 
but over the last few years it has been recognized that the other two approaches 
are quite useful for a well balanced accident analysis approach, i.e. these different 
approaches supplement each other. 

VII-2.4.1. Mechanistic approach 

The mechanistic approach is conceptually straightforward. This approach 
treats the transient (accident) from the (postulated) inception all the way through 



TABLE VII-2. CLASSIFICATION OF POSTULATED ACCIDENTS FOR ENVIRONMENTAL 
IMPACT STATEMENT [VII-1] 

Description LWR examples LMFBR examples 

1. Trivial incidents Small spills; Small leaks outside containment Single seal failures; Minor sodium leaks 

2. Small releases Spills, leaks and pipe breaks IHTS valve, seal leaks; Condensate storage 
tank valve leak; Turbine trip/steam venting 

3. Radwaste system failures Equipment failure; Release of waste storage 
tank contents 

RAPS/CAPS valve leaks; RAPS surge tank 
failure; Cover gas diversion to CAPS; 
Liquid tank leaks 

4. Events that release radioactivity into 
the primary system 

Fuel failures during normal operation; Transients 
outside expected range of variables 

Fuel failures during normal operations; 
Transients outside expected range of 
variables 

5. Events that release radioactivity into 
the secondary system 

Class 4 and heat exchanger and SG leak Class 4 and heat exchanger leak 

6. Refuelling accidents inside contain-
ment 

Drop of fuel element; Drop of heavy object onto fuel; 
Mechanical malfunction or loss of cooling in 
transfer tube 

Drop of fuel element; Crane impact on 
head; Inadvertent floor valve opening; 
Leak in fuel transfer cell/chamber 

7. Accidents to spent fuel outside 
containment 

Drop of fuel element; Drop of heavy object onto 
fuel; Drop of shielding cask, loss of cooling 
to cask; Transportation incident on site 

Shipping cask drop; EVST/FHC system 
leaks; Loss of forced cooling to EVST 

8. Accident initiation events considered 
in design-basis evaluation in the 
Safety Analysis Report 

Reactivity transient; Rupture of primary piping; 
Flow decrease; Steam-line break 

SG leaks; Na-water reaction; Fuel failure 
propagation; Rupture of primary piping; 
Pump failure or reactivity transient (with 
PPS operating)3 

9. Hypothetical sequences of failures 
more severe than Class 8 

Successive failures of multiple barriers normally 
provided and maintained 

Successive failures of multiple barriers 
normally provided and maintained 

" Such events with PPS failure have often been assessed to establish the safety margin in the containment design and the long-term decay heat 
removal capability. 

CAPS = Cell Atmosphere Processing System FHC = Fuel Handling Cell RAPS = Radioactive Argon Processing System 
EVST = Ex;Vessel Storage Tank (in spent fuel) IHTS = Intermediate Heat Transport System (purifies contaminated core gas) 

SG = Steam Generator 
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the operational reaction of the plant, the various material motions and component 
failure sequences including all sorts of feedback phenomena until the system has 
reached a final state (for example a steady-state condition). For operational 
transients and incidents the mechanistic approach is almost exclusively used, but 
it has also been applied intensively to more severe incidents and accidents. This 
approach usually involves computer solutions of large sets of ordinary and/or 
partial differential equations derived from conservation laws. Experiments are 
used to verify the theoretical procedure applied for the different phenomena or 
they are used to derive correlations for component failures (e.g. fuel pin failure 
criteria). 

The mechanistic approach is attractive because it forces the analyst and the 
experimenter to determine the accident sequence in detail and it allows the 
performance of sensitivity analysis to determine the areas of greatest uncertainty. 

Numerous computer codes have been developed and applied successfully 
during recent years [VII-33] (see also Appendix). The application of these 
methods has led to a much better understanding of the interaction of different 
phenomena, including the discovery of new, potentially severe progressions, but 
overall it has led to a reduced containment requirement by eliminating rather 
conservative estimates of the past. 

The basic disadvantage of this approach is the necessity to develop, maintain 
and continually improve complex computer code systems. In addition, it is 
extremely difficult to develop reliable numerical techniques for the later accident 
phases of hypothetical accidents where integral material movement and phase 
changes occur in three dimensions. 

VII-2.4.2. Probabilistic approach 

The probabilistic approach has some similarity with the mechanistic approach 
by tracking accident sequences, but it takes into account that the accident 
progression is dependent on component failures and on uncertainties of phenomena 
and models, which introduce a probabilistic element. In other words, the probabi-
listic approach uses probability distribution functions to describe failure behaviour 
or uncertainties of parameters and by these (discretized) features the accident 
progression shows some branching. In this way consequence calculations need to 
be done for many branches and at the same time bookkeeping of the probabilities 
needs to be done. This makes a drastic simplification of the mechanistic models 
used absolutely necessary. For example, the SAS code [VII-34] has been used 
extensively to analyse unprotected accident sequences mechanistically; however, 
it is a very time-consuming code and a greatly simplified version, PARSEC [VII-35], 
had to be written for use in probabilistic studies. With PARSEC, accident spectra 
useful for probabilistic predictions have been obtained [VII-36], 

The disadvantages for this approach are that the distribution functions for 
numerous parameter uncertainties are not well known, that failure rates 
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(especially low failure rates) are not available, and that simplified consequence 
models need to be newly developed (if at all possible!) for the later phases of 
hypothetical accidents. 

VII—2.4.3. Phenomenological approach 

This approach is based on the assumption that accident sequences are 
dominated by a few key physical phenomena which can be observed in simple 
model experiments and can be understood by simple models. The phenomeno-
logical approach is indeed very attractive for rather severe accidents, because it 
could avoid the development of large computer codes needed for the two other 
approaches. For example, the reasoning goes as follows: Consequences of an 
accident to the public could only occur if the integrity of the primary system is 
lost after meltdown of the core. If one could show by simple phenomenological 
arguments for key phenomena (e.g. secondary excursions and fuel-coolant 
interactions) that the necessary mechanical energy for primary system break 
cannot be generated, the problem of protecting the public is solved. 

This phenomenological approach has indeed been applied by Fauske [VII-37] 
in order to solve the recriticality problem for boiling steel pools and to prove that 
very rapid heat transfer between hot fuel and sodium (also called energetic Fuel 
Coolant Interaction - energetic FCI) is extremely unlikely under reactor conditions. 
The arguments by Fauske are most stimulating and, despite the fact that these 
two problems have not been solved by the phenomenological approach, Fauske 
has added another dimension to accident analysis. Now it is well recognized that 
the mechanistic approach and the phenomenological approach are complementary 
to each other [VII-38], 

The principal difficulty of the phenomenological approach is that very often 
necessary details or complex interaction of several phenomena (e.g. neutronic 
feedback) are not addressed, that the feedback with the reactor designer is limited, 
and that sensitivity studies with respect to accident sequence uncertainties cannot 
be performed. 

VII-3. NEW TRENDS IN SAFETY CRITERIA AND SAFETY GOALS 

As has been pointed out before, core destructive accidents have a very low 
probability of occurrence for a well-designed reactor (e.g. PHENIX, PFR, FFTF, 
SNR 300 etc.). Therefore they are usually also called Hypothetical Core 
Destructive Accidents (HCDAs). HCDAs have played a major role in LMFBR 
licensing procedures. Strictly speaking HCDAs were not considered design basis 
accidents, but the design of some LMFBRs (e.g. FFTF, SNR 300) was strongly 
influenced by them. In these cases reactor design was very much determined by 
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rather hypothetical events and it became questionable whether the safety related 
design was really well balanced with respect to the entire spectrum of possible 
incidents and accidents and also with respect to the construction cost of the plant. 

VII-3.1. NEW SAFETY CONCEPTS 

In view of the above considerations, it was proposed to develop new safety 
criteria and to discuss these proposals during international workshops. A first 
workshop was organized in Naperville (USA) by the US utility consortium COMO 
(Consolidated Management Office for the LMFBR) during November 1982. In 
1983, the French CEA invited all countries with a strong LMFBR programme to 
attend a second workshop on Safety Criteria and Options in Fast Breeder Reactor 
Design. All of these countries, except the USSR, accepted the invitation. 
The meeting was attended by representatives of utility companies, reactor builders 
and research laboratories. The French (utility: EdF, reactor builder: NOVATOME 
and research laboratories: CEA) presented a new concept on safety criteria and 
goals for SUPER PHENIX-2 which had already obtained the preliminary consent 
of the French regulatory agencies. Because all the proposals by the various other 
delegations were less well harmonized with the corresponding regulatory âgencies, 
some of the major ideas of the French proposal are presented here. 

The concept is based on the requirement that an LMFBR should achieve at 
least the same level of safety (measured in risk due to accidents) as a PWR of the 
same power and construction date. 

The accidents are divided into three categories: 

(1) Design Basis Accidents (DBAs), 
(2) Beyond Design Basis Accidents (BDBAs), 
(3) Accidents contributing to the 'residual risk'. 

These categories are explained schematically in Fig.VII-3. 
The DBAs are divided into four well-known classes: 

(I) NORMAL: Normal operational transients (frequency > 1 per 
reactor-year), 

(II) UPSET: Incidents of moderate frequency (frequency 1 to 
ICI-2 per reactor-year), 

(III) EMERGENCY: Infrequent incidents (frequency 10~2 to 10"4 per 
reactor-year), 

(IV) FAULTED: limiting faults (frequency 10~4 to 10"6 per reactor-year). 

These DBAs are taken into account for plant design according to the 
'defence in depth' concept (see subsection VII-2.3). All DBAs are assumed 
to have a frequency of occurrence greater than or equal to 10~6 per reactor-year 
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FIG. VII-3. Classification of accidents. 

and their consequences should be less than 0.15 Sv (15 rem) (whole-body dose) 
at the site boundary. 

The BDB As should have a frequency of occurrence of less than 10-6 per 
reactor-year and greater than or equal to 10~7 per reactor-year. The consequences 
should be less than 0.25 Sv (25 rem) (whole-body dose) at a distance of 10 km 
from the site for a time period of 30 days after the accident occurred. 

The accidents of the third category, with a frequency of occurrence less 
than 10"7 per reactor-year, are not analysed with respect to their consequences 
but are considered as part of the residual risk. 

In Table VII—3 major DBAs are summarized. The most important BDBAs 
are listed in Table VII—4. This latter table does not contain the more classical 
core destructive accidents, for example: 

— unprotected loss of flow, 
— total loss of decay heat removal, 
— loss of primary sodium, 
— failure of core support structure, 

because there is a considerable inherent safety potential (see subsections VII-4.7 
and VII-6) available in large commercial size LMFBRs such as SUPER PHENIX 
and CDFR, and because there are convincing reasons that the annual frequency 
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TABLE VII—3. MAJOR DESIGN BASIS ACCIDENTS 

4 1 3 

Primary vessel leakage 

Loss of main heat transport loops 

Pipe rupture inside primary vessel 

Primary pump seizure 

Subassembly accident (maximum credible blockage) 

Sodium fires 

Sodium-water reaction in a steam generator (double ended pipe rupture) 

Load drops 

External events (earthquakes and airplane crashes) 

TABLE VII—4. MAJOR BEYOND DESIGN BASIS ACCIDENTS 

Total instantaneous blockage of a subassembly (chosen as a boundary case of many types 
of blockages) 

Total loss of electric power supply with scram (demonstration that there is time to 
protect the various structures) 

Sodium fire on the reactor deck 

Unconfined sodium-water reaction (protection against sabotage) 

Sodium-water reaction with multiple ruptures of steam generator pipes 

of these events is less than 10~7 per reactor-year. Therefore, these events are 
considered part of the residual risk. 

In practice it is almost impossible to fix the limits between different classes and 
categories on a purely probabilistic basis. Instead, the Lines of Defence (LOD) 
concept is used (see subsection VII-2.2). Two types of LOD are distinguished: 

— type A LOD, i.e. a strong line of defence such as a barrier or safety 
grade system with a failure rate of about 10"3 per year and 
per event or demand, 

— type B LOD, i.e. an average line of defence such as a not completely 
safety grade system or component designed without 
conservative margins — with a failure rate of about 1CT1 per 
year and per event or demand. 
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Criteria for accident classification can now be formulated (technical judgement 
and good sense must be involved): 

- accidents which are protected by at least two type A LOD are considered 
beyond design basis, 

— accidents which are protected by at least two type A LOD and in addition by 
one type B LOD are considered part of the residual risk. 

For a BDBA it must be analysed whether it is protected by at least one 
additional type B LOD: 

- If this is the case, then the accident is considered as part of the residual risk 
and consequences are not further analysed. 

— If this is not the case, then the consequences of the accident must be analysed. 
The analysis should be done without conservative margins, without super-
posing other situations such as earthquakes or loss of AC power, with the use 
of best estimate values for uncertain parameters and by taking into account 
internal emergency plans of the plant. If the outcome of this analysis shows 
that the consequence (at a distance of 10 km from the site and for a time 
period of 30 days after the accident occurred) is less than or equal to 
0.25 Sv (25 rem), then nothing needs to be done. If the consequence is 
larger than 0.25 Sv (25 rem), then the design of the plant must be modified. 
Two types of backfitting are foreseen in this case: 

(1) reinforcing the prevention features to decrease the frequency of 
occurrence to a value less than 10~7 per reactor-year, i.e. the accident 
can be considered as part of the residual risk, 

(2) improving the containment so that the consequence limits mentioned 
above are met. 

It should be stressed that the BDBAs are especially important for plant site 
acceptance and for elaboration of external intervention plans (possibly evacuation 
of the population). 

This new French concept relies on the assumption that LMFBRs are 
designed and constructed in such a way that the classical HCDAs have a frequency 
of occurrence less than 10 - 7 per reactor-year and that they can be considered as 
part of the residual risk. In other words, HCDAs would not influence plant 
design. 

The French regulatory agencies basically agreed with this approach, but 
they considered it as a matter of prudence to provide additional plant design 
measures for protection against HCDAs. The main reasons are as follows: It is 
difficult to present a really comprehensive list of HCDA initiators and it is 
difficult to demonstrate these low frequencies of occurrence. Therefore the 
following compromise was adopted in accordance with the defence-in-depth 
concept. 
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Without referring to specific accident scenarios, additional measures for an 
LMFBR plant were requested: 

— reinforcement of the reactor roof (rotating plugs and deck) to sustain at 
least 3 bars of overpressure; this implicitly requires fixing the rotating plugs 
to the outside part of the roof (deck), 

— reinforcement of the reactor roof — i.e. optimization within the adopted 
technology — for withstanding dynamic loadings (mechanical energy releases), 

— installation of a molten core material retention device internal to the tank. 

At the subsequent meeting in Paris (May 1983) there was an important 
consensus among the representatives of different nations: HCDAs ought to be 
moved into the residual risk category by proper plant design. However, there was 
also concern about the question: Are we, or are we not, far from a 'cliff edge'? 
This means: Is there an HCD A with a frequency of occurrence — say of a few 
10 - 8 per reactor-year — leading to dramatic consequences? This question has 
led some regulatory or licensing agencies, and may lead additional ones in the 
foreseeable future, to request or carry out HCD A analyses possibly within a risk 
assessment. 

VII—3.2. QUANTIFICATION OF SAFETY GOALS 

Besides, and partly in accordance with, the new French concept discussed 
in subsection VII—3.1, there is at present a worldwide effort under way to quantify 
in a rational way safety goals for nuclear power plants. 

The first proposal to define safety goals for nuclear power plants on a 
probabilistic basis can be attributed to Farmer [VII-40], He defined limit lines 
for risk in a 131I emission/annual frequency diagram (Fig.VII-4). It was already 
recognized by Farmer that one should not use limit lines which correspond to a 
constant product of annual frequency and consequence. Farmer adopted an 
'averse' risk limit line (with an asymptotic slope o f - 1 . 5 in the log/log diagram) 
which shows a more dramatic decrease of annual frequencies for increasing 
consequences in the high consequence regime. Below the limit line is the 
admissible region and above the limit line is the inadmissible region. 

For years there was a controversy with respect to an appropriate inter-
pretation of the Farmer risk limit line. The main difficulty arises if this limit 
line is used to distinguish between admissible and inadmissible single accidents. 
In this case the limit line cannot adequately account for accumulated risks of 
various accidents, or — in other words — it cannot adequately account for an 
overall risk. This point and part of the controversy has been clarified recently in a 
paper by Cox and Baybutt [VII-41 ]. In this paper the principles for an adequately 
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defined limit line for risk are outlined. These principles cover the following 
aspects: 

(1) the overall or total risk should be adequately limited, 
(2) accidents or categories of accidents with unusually high relative risks 

represent imbalances of safety design and they should be clearly located 
in the inadmissible region. Those events are priority items for risk reduction 
efforts, 

(3) the rate of accident frequency decrease with increasing accident consequences 
should be higher for large consequences (risk aversion), 

(4) high frequency, low consequence events should be adequately limited to 
protect the plant personnel. 

Cox and Baybutt propose a cumulative complementary frequency distribution 
limit line, which fulfils all of these aspects mentioned above (for more details see 
Ref. [VII-41 ]). A schematic type of such a limit line is shown in Fig.VII-5. As 
consequences the whole-body doses for late injuries (fatalities) are used. For a 
certain dose value D the value F gives the annual frequency of a dose greater than 
or equal to D. The results of a risk study should be displayed in the same way 
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FIG. VII-5. Proposed type of cumulative complementary frequency distribution (CCFD) limit 
line. (Individual whole-body dose for 50 years at the worst location outside the power plant.) 
(Source: KfK). 

(as a cumulative complementary frequency distribution) and compared with the 
limit line. If the latter curve is located below the limit line, the safety goal is met. 
Uncertainties of the risk study can also be taken into account within this approach. 

This safety goal concept should not be considered as the only criterion for 
safety decisions. It can only supplement other safety evaluation criteria. But as 
a probabilistic approach it has a clear and sound theoretical basis. It should also 
be considered that this and other concepts for safety goals are still under 
discussion. References [VII-39, VII-42] give a good overview on the status of 
this worldwide effort and discussion. 

VII-4. PROTECTED TRANSIENT CONDITIONS OF THE LMFBR PLANT 

VII-4.1. PLANT PROTECTION SYSTEM 

As already explained in subsection VII-2 the plant protection system 
initiates the rapid and safe shutdown of the plant in the event of abnormal 
transient conditions. In addition it assures the safe afterheat removal from the 
core to the environment over a sufficiently long time period. Abnormal transient 
conditions can develop if the balance between heat generation in the core and 
heat removal by the cooling systems is disturbed. This may occur either as a 
consequence of a positive reactivity input with a resultant power transient in the 
core at constant coolant flow conditions, as a consequence of coolant flow 
disturbances in the whole core, or as a consequence of local blockages in a fuel 
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subassembly at steady-state power. The PPS monitors and processes the informa-
tion of all signals relevant to the safety of the plant and triggers the respective 
safety actions. It comprises all installations of data acquisition and data processing, 
logic gatings and control interfaces including their supply of energy. For reasons 
of diversity and high reliability LMFBRs currently under construction 2 , 
e.g. SNR 300, SUPER PHENIX etc., are equipped with two spatially and 
functionally independent PPSs [VIM6, VII-18, VII-43], 

The two independent PPSs trigger: 

- two independent reactivity shutdown systems, 
- the different independent decay heat removal systems, 
- the closure of containment valves (containment isolation), 
- the assurance of energy supply for the functioning of the PPS and related 

safety systems after a complete loss of regular off-site and on-site power supply. 

In addition to their diverse design one of the two independent PPSs is to 
some extent protected against external events and installed in an auxiliary control 
building. 

VII—4.2. DESIGN CRITERIA FOR THE PPS AND RELATED SAFETY 
SYSTEMS 

In defining the design criteria for the PPS and the related safety systems it is 
necessary to analyse and determine the different transient conditions for which 
the PPS must respond in order to protect the plant from severe damage. Accident 
conditions beyond the boundaries of these design criteria are very improbable 
(see Fig.VII-2 and subsections VII—2.2 and VII-2.3). Such improbable accident 
conditions will be counteracted by containment design measures and are treated 
as unprotected transients in subsection VII-5. 

In analysing the conceivable spectrum of transient and accident conditions 
it is found that an imbalance in heat generation to heat removal is of primary 
concern. Consequently the focus must be on malfunctions which could lead to 
overheating (positive reactivity insertion) and undercooling (impairment of heat 
removal). 

VII—4.2.1. Mechanisms for positive reactivity insertions 

In principle positive reactivity incidents may be generated by changes of the 
material composition in the core or by changes of the geometry of the core, 

2 
This is not generally valid for all LMFBR prototype reactors built and operated so far, 

since the safety philosophy of having two fully independent PPSs developed from the early 
prototype LMFBRs to the prototype demonstration and commercial size plants currently under 
construction. 
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TABLE VII—5. POTENTIAL REACTIVITY WORTHS INVOLVED IN THE 
ANALYSIS OF POSITIVE REACTIVITY INSERTION MECHANISMS 

SNR 300 SUPER PHENIX 

Fuel subassembly reactivity worth in a 
central core position 

« 1 $ < 1 $ 

Reactivity worth of one absorber 
assembly of the control, shim or 
shutdown systems 

- 1.5 $ - 1.8 S 

Uncontrolled control rod withdrawal < 1 S/s < 1 $/s 

Maximum possible reactivity worth for 
sodium boiling within the core 

+ 3 $ + 5 $ 

Reactivity difference from zero to 
full power 

3 $ 3.5 $ 

Burnup reactivity for one burnup cycle 6.5 $ 
(50 000 MW-d/t) 

9.5 $ 
(70 000 MW-d/t) 

i.e. by movements of fuel, absorber, and coolant or by the addition of moderator 
material. 

Positive reactivity input into the core could arise when control rods are 
inadvertently withdrawn. The analysis of the maximum speed designed for 
control rod movements and an assessment of the different interlocks for the 
prevention of inadvertent movement of several control assemblies lead to the 
overall result that in the worst case of combinations of errors the maximum con-
ceivable positive reactivity insertion rate remains well below 1 $/s. Other positive 
reactivity insertion mechanisms could evolve from a fuel subassembly meltdown, 
from axial fuel subassembly movement as a consequence of loss of hydraulic 
hold-down, from radial displacement of fuel subassemblies as a consequence of 
bridging effects within the core clamping system, from sodium voiding, and from 
the entering of cold sodium or oil into the core. 

Table VII—5 gives an impression of the reactivities involved in such an 
analysis for LMFBR cores. As a result of more detailed assessment, it is generally 
concluded that the PPS and related safety shutdown systems must be designed 
such that they can successfully counteract [VII-44, VII-45]: 

- positive reactivity insertions with a total value of several $, and 
— positive reactivity ramps with rates between about 1 - 3 $/s, which could 

exceed several $ in total. 
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TABLE VII—6. TECHNICAL DATA FOR SNR 300 REACTIVITY SHUTDOWN 
SYSTEMS [VII-46] 
(1 $ corresponds to approximately 3 X 10~3 (Ak/k) for the SNR 300) 

Ist Shutdown 
system 

2nd Shutdown 
system 

Number of absorber assemblies 

Stroke 

Scram time (full stroke) 

Maximum scram velocity 

Control velocity 

Total reactivity 

Absorber material 

9 

830 mm 

700 ms 

1800 mm/s 

0.7/1.53 mm/s 

23.9 $ 

1050 mm 

700 ms 

2100 mm/s 

10.5 $ 

B4C 

VII—4.2.2. Design criteria of the PPS and related shutdown systems 

The total negative reactivity worth to be designed in one of the independent 
reactivity shutdown systems consists of the maximum conceivable positive 
reactivity insertion during accident conditions, and of the negative reactivity step 
necessary to bring the reactor core from full power to zero power and subcritical 
state. This necessitates overcoming the negative power coefficient and the coolant 
as well as the structural reactivity coefficients, when shutting down from full to 
zero power and down to coolant temperatures of about 200°C. In addition, the 
core should be kept subcritical at several $ negative reactivity. Detailed studies 
already performed in the 1960s showed that the reaction speed of the PPS and of 
the shutdown systems is sufficient if the delay time between the monitoring of a 
reactivity incident and the triggering of the shutdown system is in the range of 
200 ms. The speed of the shutdown absorber rods must be in the range of about 
2 m/s which leads to a full shutdown of the core in about 1 s. The speed of 
control rod movements can be in the range of one to several cm/s or 10~2 $/s. 
This is achieved by similar electronic and mechanical equipment as used in LWRs. 
The absorber subassemblies can fall into the core by gravity or may additionally 
be accelerated by springs. Table VII-6 indicates, by way of example, the 
technical data for the two independent SNR 300 reactivity shutdown systems. 
In addition, Table VII—7 indicates the main nuclear design data of the reactivity 
shutdown systems for RAPSODIE, PHENIX and SUPER PHENIX. Table VII -7 
also provides a comparison of the evolution of reactivity shutdown systems from 
early test reactors to commercial size LMFBRs [VII-46]. 
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TABLE VII—7. COMPARISON OF MAIN CONCEPTUAL DATA OF 
REACTIVITY SHUTDOWN SYSTEMS FOR RAPSODIE, PHENIX AND 
SUPERPHENIX [VII-16, VII-46] 

Number of 

absorber 
assemblies 

Function Reactivity 

10~5 Ak/k 

per absorber 

Total 

RAPSODIE 6 Safety 

Shimming 

Power control 
2000 12 000 

PHENIX 6 Safety 
Shimming 
Power control 

1400 8500 

SUPER 

PHENIX 
1st shutdown 
system SCP 1:10 
2nd shutdown 
system SCP2-.11 

Safety 

Shimming 

Power control 

550 
463 

5 500 
5 100 

10 600 

Complementary 
shutdown system 
(SAC):3 Safety 400 1200 

SCP = Système de Contrôle de Puissance. 

SAC= Système d'arrêt Complémentaire. 

The above design criteria and technical data for control and reactivity shut-
down systems of LMFBRs are valid despite the fact that LMFBR cores, when 
compared with thermal reactor cores, have a lower fraction of delayed neutrons, 
j3eff, and a shorter prompt neutron lifetime, leff (by several orders of magnitude). 
This has been extensively analysed in the literature [VII-1, VII-7, VII-13 to 
VII-15, VIM3, VII-47], 

VII—4.2.3. Mechanisms leading to impairment of heat removal 

Severe slow down or loss of coolant flow in the primary loop leads to core 
coolant temperature increase at steady state power with insufficient fuel cooling 
or even sodium boiling in the core; this needs an immediate reaction of the PPS, 
i.e. triggering the reactor shutdown systems. Such a slow down (or loss) of 
primary coolant flow may be initiated by loss of electrical power to the pumps, 
mechanical failure of one of the pumps or by a pipe break in the primary loop. 
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TABLE VII-8. INCIDENTS LEADING TO IMPAIRMENT 
OF HEAT REMOVAL 

PRIMARY LOOPS 

Loss of off-site electrical power 
Loss of off-site and emergency diesel electric power 
Loss of electric power to one primary pump 
Continuous flow reduction by control valve malfunction 
Mechanical failure of one primary pump 
Major leak (pipe break) in one primary loop 

SECONDARY LOOPS 

Loss of electrical power to one secondary pump 
Mechanical failure of one secondary pump 
Major leak (pipe break) in one secondary loop 

TERTIARY LOOPS (water steam loops) 
Feedwater pump failure 
Feedwater line rupture 
Steam line rupture 
Inadvertent opening of steam generator outlet relief valve 
Rupture of steam generator tubes with subsequent Na-HjO reaction 

Similar incidents in the secondary sodium loop would lead to an increase of the 
coolant inlet temperature of the core as a consequence of impairment of heat 
removal in the intermediate heat exchangers. Again a reaction of the PPS, 
i.e. triggering the reactor shutdown systems, is needed. Failures in the tertiary 
steam loops tend to result in less severe consequences to the reactor core, since 
the core inlet coolant temperature would increase only after a certain delay time. 
However, feedwater pump failures could rapidly lead to drying out of evaporators 
and steam generators, if the plant is not shut down in time. Table VII—8 gives a 
list of incidents leading to impairment of heat removal. These incidents must be 
investigated in detail as part of the safety analysis of LMFBRs. 

VII—4.3. INSTRUMENTATION AND MONITORING OF THE PPS 

The upper boundary of the reactor core and the reactor tank as well as the 
primary, secondary and tertiary coolant circuits contain specific instrumentation 
as part of the PPS for the surveillance of operating characteristics and the 
continuous monitoring of any deviation from steady state conditions. All 
readings are continuously processed and compared against preset levels. If the 
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1 Neutron flux measurement 9 Sodium leak and radiation monitors 
2 Sodium entry temperature 10 Sodium leak in reactor tank 
3 Sodium outlet temperature 11 Entry temperature of IHX 
<. Core sodium outlet temperature 12 Sodium flow and pressure in secondary circuit 
5 Delayed neutron monitors 13 H¡-detectors for Na-H,0 reactions in steam 
6 Sodium level detectors in reactor tank generators 
7 Sodium flow and pressure in primary piping H Steam circuit instrumentation 
8 Sodium impurity measurements 15 Cover gas monitors 

FIG. VII-6. Simplified scheme for instrumentation of a loop-type LMFBR (Source: KfK). 

preset levels are exceeded, the PPS triggers the different actions, as described in 
subsection VII—4.1. Much of the instrumentation of LMFBRs is common to all 
reactors. However, the presence of liquid metal leads to the development of some 
special instrumentation which will be described below. Figure VII-6 shows a 
simplified scheme for the most important instrumentation of an LMFBR. 

VII—4.3.1. Measurement of power level 

The power level is detected through measurements of the neutron flux. As 
soon as a certain preset power level, e.g. 112%, of nominal power is exceeded a 
trigger signal is set to the shutdown system. Two out of three circuits are used 
to cover the whole power range from zero to full power. This power range is 
subdivided into three overlapping monitoring ranges: 

— low power range (BF3 counters), 
— intermediate power (235U fission chambers), 
— power range up to full load (compensated ion chambers). 
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Electric signals from these detectors are proportional to the reactor power. 
Apart from their use in the PPS, these signals also feed a data logging system 
and provide annunciator trips in the control room for out of limit conditions. 

The three power ranges are also equipped with reactor period meters in two-
out-of-three logic. In addition, most LMFBRs contain so-called reactimeters -
again in two-out-of-three logic — which use the flux signals and their previous 
histories to determine reactivity changes by means of inverse kinetics methods. 
They produce a scram signal if certain preset positive reactivity limits are exceeded 
[VII-12, VII-43, VII-46], 

VII—4.3.2. Temperature measurement 

The temperature of the sodium in the core and the primary and secondary 
circuits is measured by thermocouples (Cr-Alumel or Ni-Cr) and Resistance 
Temperature Detectors (RTD). The latter are very accurate and reliable detectors. 
They are also used as a redundant and diverse instrumentation for the determina-
tion of the reactor power via the sodium flow and temperature difference 
measurements between the inlet and outlet of the core. Both thermocouples 
and RTDs have proved to be reliable instruments during many years of LMFBR 
operation. Quick response thermocouples (steel-sodium) with time constants of a 
few milliseconds have been developed in recent years. By use of temperature noise 
methods and noise correlation techniques they can also be applied to determine 
the sodium velocity in pipes [VII-12, VII-43]. 

VII—4.3.3. Sodium flow measurement 

For the sodium flow measurement in the primary and secondary circuit both 
the standard Venturi flowmeter and magnetic flowmeters are used. The Venturi 
flowmeter is highly accurate but suffers from an often too slow response time 
for use in the PPS. The magnetic flowmeter, on the other hand, tends to be less 

, accurate but has a rapid response time. When the two are used in series, the 
Venturi meter can be used to provide in place calibration of the magnetic flow-
meter. Eddy current flowmeters were especially developed in recent years for 
the measurement of the coolant flow at the outlet of core fuel subassemblies 
[VII-12, VII-43, VII-48, VII-49], 

VII-4.3.4. Pressure measurement 

The pressure of liquid sodium is measured by instruments which transmit 
pressure via a diaphragm to a NaK column. The NaK column pressure can then 
be measured via a Bourdon unit. Acoustic sensors and pressure transducers 
(Li-niobate crystals and capacitor microphones) have been developed in recent 
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years to measure and analyse the acoustic noise spectrum of the reactor core 
or other components in order to detect any anomalies [VII-12, VII-43, VII-50]. 

VII—4.3.5. Sodium level detection 

The level of sodium in the reactor tank, in the IHX and other major tanks 
or components must be continuously monitored. Within the reactor tank it 
must be assured that the sodium level is not decreasing below a certain minimum. 
Induction level probes have proved to be very reliable detectors. They are used 
either to continuously measure the level over a certain range or they are applied 
only as upper or lower limit detectors [VII-12]. 

VII—4.3.6. Sodium leak and aerosol detection 

Sodium leaks can be detected by contact type sensors consisting of two 
electrodes extended to a location where leaking sodium may be expected to 
collect. Special wire bead sensors, made of conductor and insulator pieces, were 
developed for sodium leak detection in the insulation around sodium pipes (see 
subsections VII—4.11 and VII—4.12). The presence of sodium shorts out the 
electrode gap and produces a signal [VII-12, VII-51]. 

Sodium smoke detectors simply detect the presence of sodium aerosols, when 
sodium is leaking into an area where it comes into contact with air. Such a smoke 
detector utilizes the principle that the air is made conductive by means of alpha 
particles from a small radium source. When a voltage is applied across the 
detector chamber, a small current flows. Sodium aerosols penetrating into the 
detector chamber also become ionized. But they move more slowly owing to 
their larger size and therefore reduce the current [VII-12]. 

VII—4.3.7. Fuel failure detection 

Gaseous fission products such as the noble gases xenon and krypton will 
escape from defective fuel rods. These gaseous fission products require minutes 
to reach the cover gas plenum where they can be detected by cover-gas monitors. 
Many of the fission product isotopes emit gamma rays, which can be detected 
by germanium detectors along with high resolution gamma spectrometers. The 
time for fuel failure detection by cover gas monitoring is of the order of minutes 
[VII-12, VII-50]. 

If the sodium can enter defective fuel rods, these will start swelling as a 
result of the generation of uranate and plutonate. The cladding may rupture and 
the free fuel surface may contact the sodium. On the other hand, the fuel cladding 
may also fail directly due to excessive mechanical or thermal stresses. In both 
cases fission products will get into the sodium as a result of recoil processes or the 
fuel particles themselves will enter the sodium. 137I and 87Br will easily dissolve 
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1 Reactor tank 
2 Dip plate 
3 Core 
4 Core shield tank 
5 Neutron f lux chamber 
6 E-M-pump 

Signals: 

I . Primary flow 1 
I I . Control rod posi t ion 

I I I . Flow in sodium 
co l lec t ing system 

IV. Core neutron f lux 

7 Neutron shielding 
8 y-shielding (lead) 
9 Moderator (polyethylene) 

10 Micro-therm iso la t ion 
11 Biological shield 

V. Signal of neutron f lux ^ 
VI. Signal of delayed neutrons ^ 
V I I . Delayed neutrons 

N 

FIG. VI 1-7. View of delayed neutron detector (DND) (Source: KfK). 

in sodium or will form chemical compounds and will be carried along in the primary 
coolant circuit. The iodine and bromine emit delayed neutrons which can be 
measured by sensitive fission chambers in the bypass of the primary circuit 
(Delayed Neutron Detector (DND), see Fig.VII-7). The response time between 
fuel rod failure and the detection in the delayed neutron detector is a function of 
the coolant transport time and is in the range of about 20—30 seconds. This is 
sufficiently rapid for a decision to shut the reactor down in time [VII-52, VII-53]. 

For delayed neutron detection sodium can be collected either from the main 
sodium stream, from several angular sectors above the core (SNR 300), or even 
from each core fuel subassembly outlet (PFR, PHENIX). 

VII—4.3.8. Hydrogen detection after failure of a steam generator tube 

Minor leaks in steam generators are detected by hydrogen detectors using 
nickel membrane systems. The hydrogen stems from a Na/H 20 reaction after 
failure of a high pressure steam tube in sodium environment. The response time 
of these hydrogen detectors is a function of the leak size and the transport time 
of hydrogen from the reaction zone to the detector. It will be of the order of 
minutes for small leaks. Medium and large size leaks with ensuing sodium-water 
reactions are detected by pressure sensors. The destruction of rupture discs in 
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TABLE VII—9. SCRAM SIGNALS FOR ACTUATING REACTIVITY 
SHUTDOWN SYSTEMS IN THE FFTF [VII-1, VII-46] 

Primary shutdown system Secondary shutdown system 

(1) Power range high neutron flux (1) Flux/total flow 
setting 

(2) Power range low neutron flux (2) Flux-increasing delayed flux 
setting 

(3) High startup flux (3) Flux-decreasing delayed flux 

(4) Flux-decreasing delayed flux (4) Low primary loop flow 

(5) Flux-increasing delayed flux (5) High primary loop flow 

(6) Flux/loop pressure (6) Low secondary flow 

(7) IHX primary outlet temperature (7) Loss of off-site power 

(8) Reactor vessel coolant level (8) Reactor outlet plenum temperature 

(9) Flux/closed loop flow (9) Closed loop outlet temperature 

(10) Closed loop IHX primary outlet (10) Experiment-associated trip function 
temperature 

(11) Experiment-associated trip functions (11) Flux/closed loop flow 

(12) Pressure permissive (12) High closed loop flow 

(13) Manual trip (13) Power permissive 

(14) Manual trip 

the case of large size leaks and the inrush of sodium into the pressure suppression 
lines is detected by sodium contact sensors [VII-51, VII-54] (see also Chapter VI). 

VII—4.4. SCRAM SIGNALS FOR ACTUATING REACTIVITY SHUTDOWN 
SYSTEMS 

The PPS will trigger the reactivity shutdown systems only if certain criteria 
for scram signals are fulfilled or certain limits are exceeded. Before these conditions 
occur, a detection and diagnosis system (e.g. the 3DC system in SUPER PHENIX 
[IV-51 ]) processes all signals and provides the necessary information to the 
operator to make a diagnosis of developing incidents. This permits the incident 
to be controlled in many cases without shutdown, thus avoiding mechanical 
stresses in the plant. In many cases power production can be continued at a lower 
power level, thus preserving a high load factor of the power plant. 

In those cases where certain criteria for scram are fulfilled or certain limits for 
scram are exceeded, rapid shutdown is initiated. As an example, Table VII-9 
indicates the criteria for scram in FFTF. 
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In addition to the temperature measurements at the core inlet and outlet 
nozzles, thermocouples are located also at the outlet of fuel elements. The objective 
of these measurements is twofold. On the one hand these temperature signals 
allow an extensive temperature mapping over the core and radial blanket; on the 
other hand, they allow the detection of cooling anomalies which may develop 
within a fuel subassembly as a function of time. The number of thermocouples 
(TC) per fuel subassembly and their connection to the safety system is still treated 
somewhat differently within the different projects [VII-48, VII-49, VII-55 to VII-57]. 

For PHENIX and SUPER PHENIX, thermocouples are located at the sub-
assembly outlet and connected to the safety shutdown systems. The high amount 
of data processing is done by digital computers [VII-55, VII-56]. 

For SNR 300 and CDFR four TCs are placed at the outlets of each of the fuel 
subassemblies. While it is still planned for CDFR to connect these TCs to the safety 
trips, this is not the case for SNR 300. There the TCs are only surveyed by a 
process computer and the relevant information is transmitted to the operator 
[VII-18, VII-57]. 

Such differences are based on a different assessment of the potential for a 
partial meltdown of fuel subassemblies following the development of a coolant 
flow blockage and local sodium boiling within these subassemblies (see subsection 
VII—4.8). 

Noise analysis of neutron flux signals, vibration signals, acoustic signals, and 
temperature signals are also processed and analysed (e.g. the ANABEL system at 
SUPER PHENIX). These detection methods assist the operator in monitoring 
and diagnosing developing faults at an early stage [VII-56]. 

VII—4.5. REACTIVITY SHUTDOWN SYSTEMS 

After a short description of the main design criteria in subsection VII—4.2 
the reactivity shutdown systems for SUPER PHENIX and SNR 300 will be 
discussed in more detail [VII-16, VII-18, VII-58], Other LMFBRs have similar 
reactivity shutdown systems [VII-43, VTI-59], 

For SUPER PHENIX control and safety shutdown are ensured by 24 absorber 
assemblies located in the core as shown in Fig.VII-8. The first safety shutdown 
system SCP1 comprises 10 absorber assemblies, whereas the second safety shutdown 
system SPC2 consists of 11 absorber assemblies (see Table VII—7). Axial move-
ment of the absorber assemblies is performed by two different kinds of mechanisms 
with different design details. Each absorber assembly consists of 31 absorber rods 
with a length of 130 cm. The absorber rods are clad with stainless steel and spaced 
by a helical wire. They contain B4C pellets which are highly enriched (90%) in 
10 B. The absorber rod bundle moves axially inside an absorber box which is . 
externally identical to a fuel element. The drive shaft connects the assembly with 
the drive mechanism which is placed on the vessel cover and includes the clutch. 
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% 193 Fuel assemblies, zone 1 
^ 171 Fuel assemblies, zone 2 
® 21 Principal contro l rods 
O 3 Aux i l ia ry control rods 
O 233 Ferti le assemblies 

© 3 Neutron guides 
# 197 Steel assemblies 
O 1076 PNL assemblies 
# 6 Debugging positions for zone 1 assemblies 
® 6 Debugging positions for zone 2 assemblies 

FIG. VII-8. Core cross-section of SUPER PHENIX with absorber assemblies of the first and 
second backup safety shutdown system (Source: NOVATOME). 

Scram is ac tua t ed by in t e r rup t ing the electrical supply . The absorbing e lements 
d r o p in to the core by gravity. 

The absorber rods of the first and second s h u t d o w n system have the f u n c t i o n 
of power con t ro l , reactivity shim (balance of bu rnup ) , and safety s h u t d o w n . 
Eight absorber assemblies are suff ic ient t o shut the reac tor d o w n t o zero power 
at an average t empe ra tu r e of the sodium of 4 0 0 ° C ( h o t shu tdown) . 

An addi t iona l b a c k u p reactivi ty s h u t d o w n system (SAC) consists of three 
absorber assemblies of simpler design t h a n the o t h e r t w o s h u t d o w n systems. 
Each absorber assembly consists of three pa r t s l inked wi th each o t h e r by spherical 
couplings t o ensure d rop of the absorber e l emen t s even in the case of m a j o r 
d e f o r m a t i o n of the core. I t is held above the core by an e lec t romagne t ic coupling. 
In the event of a scram, the electr ic supply t o the e lec t romagne t ic coupl ing is 
s topped and the absorbing e lements d rop in to the core. T h e inser t ion of the three 
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FIG. VII-9. Schematic of the SNR 300 reactivity shutdown systems (Source: Ref. [VII-46]). 

assemblies of the SAC leads to shutdown of SUPER PHENIX with the sodium 
temperature at 400°C (hot shutdown). 

Figure VII-9 shows the design principle of the two independent reactivity 
shutdown systems of SNR 300. The primary shutdown system drops absorber rods 
into the core. The secondary shutdown system pulls a flexible absorber chain into 
the core from below. Both systems are actuated by diverse electronic channels. 
The primary shutdown system is released by interrupting the electrical supply to 
the electromagnetic coupling. This is followed by a drop of the release tube which 
allows the balls of the scram coupling to move outwards and release the scram rod, 
which falls down, and the absorber connected to the scram rod drops into the core. 
There is a shockless hydraulic damping system below the sodium level within the 
reactor tank. 

The absorber of the second shutdown system is a chain consisting of six links, 
the last three of which are absorber bundles. They are located in the region below 
the core and are pulled up by means of an acceleration spring. The spring is kept 
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under load in the standby position by means of the armature and the scram 
magnet. When actuating the shutdown system, the electrical circuit has to be 
interrupted. The damping system is comparable to that of the first shutdown 
system. To reach the standby position, the spring is put into tension by raising 
the magnet by means of a driving mechanism. After closing the electrical circuit 
of the scram magnet, the absorber is brought back into position below the core. 

For refuelling and other operations the absorbers are decoupled and the 
aligning tubes lifted. The rotating plug can then be operated. An extensive 
review of the shutdown systems of most LMFBRs was reported by OECD/CSNI 
[VII-46]. 

Other concepts of diverse design for an additional (backup) reactivity shut-
down system have been proposed in recent years [VII-43, VII-60]: 

— the concept of hydraulically suspended absorber balls. The coolant flow in 
a special assembly filled with absorber balls would provide sufficient force 
to support the absorber balls hydraulically above the top of the core. Should 
a reduction of the primary coolant flow occur, the balls would fall into the 
core and provide reactivity shutdown, 

— the concept of hydraulically suspended absorber assemblies. Similar to the 
concept of absorber balls, a concept of hydraulically supported absorber 
assemblies was proposed, 

— Curie point temperature operated shutdown devices. These operate on the 
principle that materials loose their magnetic condition once a certain 
temperature (typically above 550°C) is attained. Using this concept control 
assemblies could be released to drop into the core after a certain coolant 
temperature is reached. 

VII—4.6. REDUNDANCY AND DIVERSITY OF SAFETY SYSTEMS 

Both the reactivity shutdown system and the afterheat removal system must 
have a high reliability (see subsection VII—2.2.2). This is accomplished by 
applying the principles of diversity and redundancy. Diversity means that 
different principles for design and functioning are applied. This is especially 
important for avoiding common cause (mode) failures [VII-2]. Redundancy 
implies that multiple systems exist, each fully capable of providing the required 
safety functions. 

For the reactivity shutdown system these principles are applied as described 
above. The probability of failure on demand of one of the shutdown systems 
was estimated to be between 10 - 4 and 10"5 per demand. With two redundant 
and diverse shutdown systems, as described above, and taking into account some 
probability for common cause failures, it was estimated that the unavailability of 
present LMFBR reactivity shutdown systems is < 10~6 per year (assuming 
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normal: ut i l izes plant components used during normol 
operat ions and rejects heat to main condenser 
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air dump heat exchanger 

FIG. VII-10. Principles of decay heat removal (Source: KfK}. 
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10 scrams per year). For the decay heat removal systems a similarly low 
unavailability (< 10'6 per year) is required [VII-5, VII-17, VII-18, VII-43, VII-46, 
VII-58, VII-59, VII-61, VII-62], 

It should be noted, however, that the probability for radioactivity releases 
from the containment and the probability that this released radioactivity 
eventually will cause public fatalities, will be considerably lower. If, e.g., 

10 - x is the conditional probability that PPS failure leads to significant radio-
activity release from the containment, and 

10~y is the conditional probability that released radiation from the contain-
ment will cause a public fatality, 

then the probability of fatalities [VII-43, VII-63] is < lO^6**"1^. 
This is several orders of magnitude less than 10 - 6 as could be shown by risk 

analysis for CRBR and SNR 300 (see subsection VII-8). 

VII—4.7. DECAY HEAT REMOVAL SYSTEMS 
[VII-22, VII-23, VII-62 to VII-70] 

The other major part of the PPS is the Decay Heat Removal System (DHRS). 
Even after the reactor core is shut down there is still substantial heat generation 
by radioactive decay. The main reason for the requirement of high reliability 
for the DHRS is the fact that a total failure of decay heat removal could cause 
sodium to be evaporated in the core and render the core incapable of being cooled. 

Decay heat removal can be guaranteed in various ways. Figure VII-10(a) 
shows the removal of decay heat by the normal coolant circuits (primary circuit -»• 
secondary circuit steam circuit), feeding the steam not to the turbine, but to 
the main condenser. The condensed water is recycled. This solution assumes 
that at least one heat removal circuit out of three or four remains undamaged and 
that the heat can be transported by natural convection from the core to the 
condenser. This is feasible because of the good natural convection capability of 
sodium and has been demonstrated in several prototype LMFBRs (SEFOR, 
PHENIX, PFR etc.) [VII-21, VII-66, VII-69, VII-70]. 

Figure VII-10(b) shows the possibility of decay heat removal by an auxiliary 
condenser connected directly to the steam generators with separate feedwater 
supply. This solution is independent of the main feedwater supply and the main 
condenser. It again assumes at least one circuit to be undamaged. 

Figure VII-lO(c) shows the decay heat removal by Na or NaK filled 
emergency coolers with air cooled heat exchangers. The emergency coolers are 
directly installed in the reactor tank and are independent of the main circuits. 
They are able to dissipate the decay heat to air coolers by natural convection. 
As an example, this design solution is applied in PFR, SNR 300, and SUPER 
PHENIX. 
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FIG.VII-ll. PHENIX safety tank - ultimate emergency cooling system (Source: CEA). 

Figure VII-11 shows the decay heat removal system of PHENIX. The decay 
heat is transferred by radiation from the double wall reactor tank to a third, 
so-called safety tank which has a water filled tube coil system on its outer surface. 
This solution is also completely independent of the main circuits. 

Most LMFBRs have a combination of the concepts described above. In 
SNR 300, for instance, three different concepts are applied to ensure that the 
failure rate in the event of a steam generator failure is less than 10"6 per initiation. 
In the event of a reactor shutdown, steam is fed in a first step into the condenser 
by way of a turbine bypass for about 1 hour. Afterwards the special decay heat 
removal system takes over. This special decay heat removal system is connected 
to each of the three circuits (redundancy) by way of special emergency power 
and feed water supplies. In addition, should this special decay heat removal 
system fail, an emergency cooling system with six NaK-filled emergency coolers 
immersed in the reactor tank is able to remove the decay heat. The emergency 
coolers transport the heat to aircoolers outside of the plant. The six emergency 
coolers are designed for twice the capacity of the decay heat generated [VII-62]. 

The decay heat removal system for SUPER PHENIX includes sodium-to-air 
heat exchangers on the secondary loops plus four backup emergency sodium 
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FIG. VII-12. SUPER PHENIX decay heat removal system (Source: NO VA TOME). 

cooling circuits as decay heat removal systems. Each backup system includes an 
immersion cooler in the reactor tank, a closed sodium loop, and a sodium-to-air 
heat exchanger (Fig.VII-12). In addition, the safety tank around the double 
walled pool tank is cooled by water pipes as in PHENIX. Figure VII-13 shows 
this vessel cavity cooling circuit and the arrangement of the four backup 
emergency cooling circuits in the SUPER PHENIX containment. Figure VII-14 
explains the design of the decay heat removal system which is connected to the 
secondary circuits of SUPER PHENIX [7-23], 

Demonstration of the safe decay heat removal is part of any commissioning 
programme of LMFBRs. During repair and maintenance a plant must be 
operated with at least two circuits. This means that a four circuit plant with one 
coolant circuit under repair and one coolant circuit under maintenance can still 
operate. Should the third coolant circuit fail, the fourth coolant circuit would 
be available for decay heat removal. 

The emergency power and feedwater supplies must be protected from 
external impacts (tornadoes, floods, aircraft crashes etc.). For SNR 300 this 
led to the requirement that the emergency power diesel systems, the feedwater 
inlets and the emergency control room have to be especially protected against 
external events [VII-18, VII-62]. 

Natural circulation experiments for the removal of the decay heat performed 
at PFR showed.an excellent behaviour of the plant [VII-21] (see subsection III—8.2). 
Similar experiments were performed at PHENIX, SEFOR and at FFTF [VII-69]. 
An extensive review of experimental and theoretical data on decay heat removal 
and natural convection in LMFBRs was published by Agrawal and Guppy [VII-70]. 
Sophisticated computer codes, e.g. IANUS [VII-72], SASSYS [VII-73], SSCL 
[VII-74] or COMMIX-1A [VII-75] and out-pile experiments are used to predict 
the natural convection flow within the reactor tank. Figure VII-15 shows the 
complicated flow pattern within the reactor tank of SUPER PHENIX [VII-70,VII-76]. 
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FIG. VII-13. SUPER PHENIX emergency sodium cooling circuits and vessel cavity cooling 
circuit fSource: Ref. [VII-23]A 

VII—4.8. LOCAL FAULT PROPAGATION 

The question whether there exists a realistic potential for coolant blockages 
in a fuel subassembly with subsequent rapid propagation into significant damage 
of the LMFBR core and subsequent intolerable impairment of the reactivity 
shutdown or decay heat removal capability, has been subject of considerable 
research over a number of years. 

Among the large number of possible local fault initiators and mechanisms 
which have been investigated during the past years, however, only a few have 
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t 

FIG. VII-14. Main secondary sodium circuits and steam generators together with the decay 
heat removal system (Source: NOVATOME). 

FIG. VII-15. Circulation flow in the SUPER PHENIX reactor tank (Source: Ref. [VII-70];. 
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FIG. VII-16. Local fault propagation and related detection possibilities (Source: KfK). 

been identified to have the potential for local fault propagation (Fig.VII-16). 
Considerable research effort has been devoted to the following phenomena: local 
blockage formation, local boiling, clad dryout, melting including fission gas effects, 
mechanical and thermal damage propagation in the core [VII-77 to VII-81]. 

Local blockages are of particular importance for several reasons: the tight 
package of the fuel rods in the fuel subassembly, the high power density and the 
possibility of particulate matter being swept into the assembly either from 
randomly defected fuel rods or from the primary system. In blockage formation 
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FIG. VII-17. Dimensional relations between Mol 7C bundle and SNR 300 fuel subassembly 
(Source: KfK). 

experiments for fuel assemblies with grid spacers, it was observed that the critical 
particle size is 0.9—1 millimetre. Below this critical particle size no blockages 
were found at all. If particles above the critical size are available in the coolant 
stream, then they are deposited at the next down flow spacer grid initiating 
possibly the formation of a coherent blockage growing by preference in the radial 
direction. Particulate matter from the primary circuit, large enough in size to 
form blockages, therefore will be retained at the first grid in the lower axial 
blanket without any local temperature effect. Particle blockages at grids in the 
core region can only be formed by fuel particles above the critical size, e.g. after 
fuel rod failure and fuel washout. Smaller size particles from the primary 
circuit may contribute to the blockage only after and in connection with 
significant fuel rod failures (extensive fuel rod swelling by urano-plutonate 
formation after clad rupture) (Fig.VII-17). Fission gas release from a failing 
fuel rod does not impair the cooling of neighbouring fuel rods. It may lead to 
earlier local boiling onset and dryout, if the fission gas is released from a failing 
fuel rod behind a tight blockage. However, generally one has to assume a certain 
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porosity of blockages and a small coolant flow going through the porous blockage. 
In these cases a large margin between onset of boiling and clad dryout exists and 
the fission gas does not have these effects [VII-77, VII-80, VII-82 to VII-87]. 

Experimental investigation of local porous blockages and propagation 
phenomena in 37 pin bundles (in-pile programme MOL 7C) showed no damage 
propagation. Inherent self-limitation of the fault was observed, in spite of severe 
damage of more than six fuel pins of the bundles including complete clad melting, 
partial fuel melting and the formation of a secondary blockage at the downstream 
spacer grid. In all in-pile blockage experiments, significant signals were observed 
at delayed neutron monitors (see subsection VII—4.3.7) associated with the 
development of the local damage [VII-77, VII-79, VII-88 to VII-93]. An assess-
ment of these results and their application to SNR 300 showed that an automatic 
trip of the safety systems is possible after a time delay of 28 seconds due to the 
transportation time of the sodium from the core to the delayed neutron monitors 
[VII-77]. 

No significant difference is to be expected between these experimental 
results and similar blockage conditions in LMFBR fuel assemblies with wire spacers. 

Energetic FCIs are today believed to be extremely unlikely. Many research 
activities have been devoted to these concerns during the past years. No FCIs have 
been observed in experiments under local fault conditions. Nevertheless, their 
possible impact on the core structure has been investigated theoretically and 
experimentally by explosion experiments in 1:1 scale core mockups. The results 
show that the reactivity shutdown and the decay heat removal function cannot be 
impaired. In the worst case one shutdown absorber assembly could be affected. 
Even under pessimistic assumptions the fuel movement derived from deformations 
would cause positive reactivity inputs well below 1 $ [VII-77, VTI-94 to VII-96], 

Another possibility for fault propagation would be the melting through of 
hot fuel from one subassembly to another (thermal propagation). Investigations 
show that a crust of solid fuel could form at the duct of the fuel assembly. The 
radial heat transport would be high enough that the wall would melt and sodium 
boiling and dryout would occur in the gap between two adjacent fuel assembly 
ducts, As a consequence, melting of the adjacent wall of the next fuel assembly 
would begin. But in any case such radial melt-through would be a slow process 
which could be detected by the core instrumentation [VII-77 to VII-79]. 

As a conclusion it can be summarized that, if local blockages would be 
formed at all, the rate of blockage growth would be very low. The transition 
between local boiling to developing bulk boiling as a consequence of a sufficiently 
large local blockage in a fuel assembly would be of the order of hours to days, if 
it would occur at all. The in-pile local blockage experiments, MOL 7C, have 
shown that a fast propagation of local faults (pin failures, local blockage, and 
local fuel melting) into a whole subassembly fault will not occur [VII-77, VII-79]. 
Similar experimental results where obtained from the FEFPL experiments at 
Idaho [VII-92, VII-93]. As local blockages within the core region of a fuel 
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element are always interconnected with fuel pin failures they can be discovered 
by delayed neutron detection already in the early phase of development. The 
transport times for delayed neutron emitters from the failed fuel to the detectors 
is of the order of some 20 to 30 seconds [VII-52, VII-90, VII-97]. 

As already mentioned in subsection VII—4.3, there is, as yet, no internationally 
agreed philosophy for core instrumentation and its connection to the safety trips 
to address the subject of local blockages. As an example, the different solutions 
applied within the European LMFBR projects are described: 

— For SNR 300, it was decided to install a dry thermocouple probe in each core 
fuel assembly outlet and in a few breeder assemblies. The thermocouples 
(Ni-Cr/Ni) have a response time of about 1.5 seconds. The thermocouple 
signal is processed by two independent process computers. If a high value is 
registered or if deviations are picked up, an alarm is given in the control room. 
It is then a requirement for the operators to take action within 30 minutes. 
There is no fast acting automatic trip provided in this case [VII-77], 

— In PEC reactor, each fuel element is monitored by two thermocouples located 
at the top of the fuel assembly. Coolant temperature is also monitored. The 
control logic is 2 out of 2 and provides alarm and reactor trip signals. Two 
independent systems of data acquisition and elaboration are provided, one 
for each thermocouple. Dedicated equipment handles the following 
four algorithms: excess inlet-outlet temperature increase (AT), positive 
temperature time derivative, similar group excess AT, and maximum cladding 
excess temperature. 

— For SUPER PHENIX, each core subassembly has two dry pocket thermo-
couples connected to each of the two safety circuits, respectively, and there 
is an automatic trip if either a mean absolute temperature threshold is 
attained or if the outlet temperature rises by about 15°C above the average 
of a chosen matched group of other assemblies. 

— In PHENIX, which has the same core instrumentation and signal processing 
by two independent process computers, there have been no trips due to 
hardware failure in 10 years of operation. 

— For SUPER PHENIX-2, the aim is to simplify, integrate and decentralize the 
SUPER PHENIX-1 system to improve costs, reliability and effectiveness. 

— For CDFR (UK), it is proposed that each core subassembly should have 
four thermocouples connected to the safety circuits. These thermocouples 
are co-axial, sodium immersed, with a very fast thermal response (50 milli-
seconds). The thermocouple outputs are multiplexed to reduce cabling on 
the reactor top and the data handling, trip algorithms and vote algorithms 
are performed using a fail-safe microprocessor system. This system uses 
hard-wired test inputs to avoid the problem of software reliability. The 
trip algorithms are high absolute temperature, rate of temperature rise, and 
departure from median of a small group. Voting is based on 3-out-of-4 logic. 
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In all European LMFBRs (SNR 300, PEC, PHENIX, SUPER PHENIX, PFR, 
CDFR) the DND device is of great importance for the detection of local faults in 
subassemblies. Therefore the DND measurements will be used to shut down the 
reactor automatically. 

The DND trip levels are linked to both safety and operational aspects. On 
the operational side, the strategy on early removal of defective subassemblies will 
be influenced by safety consideràtions and by the contamination level which could 
be accepted for operation and for the maintenance and repair concept of the 
reactor and its components [VII-5, VII-50]. Subject to these constraints, there is 
an economic incentive to leave failed fuel in operation as long as possible [VII-53], 

For SUPER PHENIX-1 it is intended to localize the defected subassembly 
and remove it from the reactor immediately to the external storage vessel. For 
SUPER PHENIX-2 the defective subassembly will be transferred immediately to 
the internal storage positions within the reactor vessel. The argument for a quick 
withdrawal of the defective subassembly is the potential for washout of plutonium 
from defective pins. 

In recent years the potential of local fault propagation in radial breeder sub-
assemblies has been discussed in some detail. The difficulties are: 

— for local faults in radial blanket subassemblies the DND system is less sensitive 
than for those in core fuel subassemblies; 

— the installation of thermocouples in each radial blanket subassembly outlet 
has not been planned for present-day LMFBRs. 

The detection of fault propagation in radial blanket subassemblies at present 
depends mainly on acoustic methods (stable boiling events). 

For local fault propagation detection in radial blanket elements, at present 
there exists no internationally agreed philosophy for instrumentation and its 
connection to safety trips. The suggested reliance for radial blanket subassemblies 
on acoustic methods and on relatively insensitive delayed neutron signals appears 
to be well balanced if compared with the methods for fuel subassemblies as long 
as fast mechanical propagation can be excluded. More experimental studies and a 
risk assessment of fault propagation in radial blanket subassemblies should be 
performed. 

Finally, it should be mentioned that careful design measures are applied to 
avoid insertion of a fuel subassembly in the position of a radial blanket subassembly. 

VII—4.9. PROTECTION DURING REFUELLING 

LMFBRs are usually shut down each year for refuelling. There are two main 
safety considerations during refuelling. The first is to ensure that the fuel 
elements are actually loaded in the positions foreseen, so that there is no danger 
that fuel subassemblies of the outer core zone with higher enrichment are subjected 
to the higher neutron flux of the inner core zone. The second concern is that the 
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reactor is not made critical during refuelling, while all absorber rods are decoupled 
from their drive or actuating mechanisms. 

The first problem can be reduced by computer control of all refuelling 
operations. The second problem requires the measurement of the subcriticality 
of the core. Accurate measurement of the subcriticality would also detect any 
loading errors as soon as they are made. Inadvertent loading to near criticality is 
easily detected by count rate measurements. But the accurate measuremeht of the 
subcriticality is difficult. Various methods have been proposed, including the use 
of pulsed source devices, neutron noise correlation techniques and the use of 
californium neutron sources. In practice the only method which has been 
extensively used in LMFBRs is a simple flux measurement in the source range. 
This method gives a good estimate of the subcriticality only if the neutron source 
of the core is known accurately. Unfortunately, the spontaneous neutron fission 
rate in the fuel is high, and arises mainly from 240Pu, 242Cm and 244Cm. Therefore, 
special efforts are made to either calculate or determine the neutron source of the 
core. Although many other measurement methods have been proposed, there is 
wide international agreement that the Modified Source Multiplication (MSM) is 
the best method that is available for continuous use in LMFBRs [VII-98, VII-99]. 
An extensive assessment of all proposed methods was made by OECD/CSNI in 
1981 [VII-99]. 

VII-4.10. WHOLE CORE AND PLANT TRANSIENTS 

Whole core transients are incidents which affect the entire core and the coolant 
circuits. They can be initiated by reactivity or coolant flow imbalances and are 
counteracted by the PPS. Plant transients can be initiated by steam generator 
faults, pump failures etc. They are counteracted by the PPS as well. For any 
particular LMFBR design extensive analysis is performed to ensure that none of 
these transients violate the system integrity limits. Several computer codes, 
e.g. I ANUS [VII-72], SASSYS [VII-73], SSC [VII-74], MELT III [VIH 00], 
SAS4A [VII-101 ] were developed and are in use for such analysis. They describe 
the core and coolant circuit behaviour by solving the differential equations for the 
core kinetics, the temperature field of the core, the feedback mechanisms of the 
core (core reactivity coefficients) and the heat transfer characteristics of inter-
mediate heat exchangers, steam generators as well as the behaviour of the turbine. 
The theoretical models and the results of these computer codes have been 
compared with the real transient behaviour of plants already in operation 
(RAPSODIE, SEFOR, FFTF). 

Whole core and plant transients are analysed in three main areas: 

- the reactor control system must automatically keep the plant characteristics 
within the preset limits and avoid unnecessary and too frequent shutdown 
or too high steam temperature at the turbine, 
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- the reactor shutdown systems must counteract positive reactivity insertions 
in time, so that the core damage criteria are not exceeded, e.g. fuel melting 
in the centre of the fuel rod, cladding temperature > 800°C, core coolant 
outlet temperature > 620°C, 

- The PPS must counteract incidents causing heat transfer imbalances in the 
secondary and tertiary circuits to avoid too frequent and too high temperature 
gradients which may impair the plant components (plastic strains) and the 
lifetime of the plant. 

A few examples show the type and results of these investigations [VII-13, 
VIM02 to VII-104], 

VII—4.10.1. Positive reactivity transients 

For positive step function reactivity transients smaller than a few cents at 
full power, the negative Doppler coefficient limits the increase of reactor power to 
a few per cent, e.g. for SNR 300, a +4 4 step increase of reactivity leads to an 
increase of power to 110% which remains just below the trip level for high reactor 
power (112%) of the reactivity shutdown systems. The reactor control system 
counterbalances this transient by insertion of the absorber control rods. 

For a small positive reactivity transient of +0.3 ^/second at full power, 
the control system of SNR 300 starts to counteract by insertion of the absorber 
control rods about 23 seconds after initiation of the transient. This incident 
would correspond to the inadvertent withdrawal of 1 shim rod. 

A positive reactivity ramp insertion of 10 ^/second at full power of, 
e.g. SNR 300, at 1.1 second after initiation leads to reactivity shutdown, because 
the trip level of 112% reactor power is exceeded. In the case of failure to trip 
at 112% power, an additional 4 redundant trip levels 

(1) (neutron flux/loop flow) > 1.2 for first shutdown system, 
(2) (neutron flux/core flow) > 1.2 for second shutdown system, 
(3) core outlet temperature > To + 30K (T0 = steady state outlet temperature) 

for first and second shutdown system, 
(4) core outlet temperature change > 40K (the reference value will be adapted 

with a 10 minute time constant) for the first and second shutdown system, 

would be exceeded and eventually initiate shutdown. Even if only the last trip 
level would initiate the shutdown, neither sodium boiling nor fuel melting in 
the fuel rods of the core would occur [VII-102, VIM03]. 

A steep positive reactivity ramp increase of 1.05 S/second at full power of, 
e.g. SNR 300, would lead to a very sharp power increase up to 70 times of full 
power. However, the negative Doppler coefficient would turn the power around 
and bring it down again. At 0.4 seconds after initiation of the reactivity transient 
reactivity shutdown (scram) would be initiated. Neither the fuel melting 
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temperature in the highest rated fuel rods would be exceeded nor the sodium 
boiling temperature would be attained. 

For other LMFBRs this type of analysis leads to very similar results 
[VIM, VII-13]. 

VII—4.10.2. Loss of primary flow 

Loss of flow in the core is usually analysed for the following cases: 

— one primary pump is tripped or blocked, 
— closure of one primary valve is actuated (loop-type reactors), 
— loss of electric power (off-site and on-site standby electric power), all pumps 

are tripped in this case. 

The PPS reacts to these transients after the trip levels of the neutron flux/ 
primary coolant flow, and the core outlet temperature are exceeded. As soon as 
the primary pump coast-down starts, the primary coolant flow decreases rapidly 
and the core coolant outlet temperature starts to rise. About 2 seconds after 
initiation of the incident, shutdown is initiated. As the power drops faster 
(within about 1 second to decay heat level) than the coolant flow, the core 
becomes undercooled. Core and reactor tank structures are subjected to sharp 
temperature gradients. In SNR 300, SUPER PHENIX and other LMFBRs pony 
motors take over after pump run-down and ensure 5% of the full primary flow 
which is sufficient for further decay heat removal. If the power supply of the 
pony motors should also fail, natural convection would take over (see sub-
section VII—4.7). In this case the sodium would heat up again in the core and 
attain maximum cladding temperatures of up to about 800°C, until steady state 
conditions for heat removal through natural convection are established [VII-102 
to VII-104]. 

VII-4.10.3. Transient events in sodium and steam circuits 

For the secondary sodium circuits and the tertiary water/steam circuits 
predominantly flow transients are investigated. As described above for the primary 
sodium circuits, also for the secondary coolant circuits the following cases are of 
interest : 

— one secondary pump is tripped or blocked, 
— closure of one secondary valve is actuated, 
— loss of electric power for all secondary pumps. 

For the tertiary water steam system the following main transients are of 
interest: 

— steam flow transients as a consequence of opening or closure of valves, 
— steam turbine or generator failure, 
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— failure of the main condenser, 
— transients in feedwater flow to an evaporator as a consequence of opening 

or closure of valves or failure of pumps, 
— transients in feedwater temperature. 

These transients are analysed by computer programs for the specific plant 
design. As a result the temperatures and pressures (steam generators) for each 
component of the heat transfer circuit are obtained as a function of time. One 
main concern is the integrity of the Na-H20 steam generators to avoid any 
further pressure loads to other components, e.g. intermediate heat exchangers 
as a consequence of Na-H20 reactions. The other concern is to ensure decay 
heat removal through the main coolant circuits which would be endangered in 
the case of major failures on the water side. In addition, stress and fatigue 
analyses are performed for the main important components to ensure that the 
plant can withstand a certain specified number of such incidents over its foreseen 
lifetime. This becomes necessary since most parts of the plant operate in the 
elastic-plastic range of austenitic steels at temperatures up to 550°C [VII-103 
to VII-106], 

VII—4.11. PIPE RUPTURE IN COOLANT CIRCUITS 

Pipe rupture in one of the primary coolant circuits is of safety concern, 
especially in loop-type reactors, e.g. SNR 300, FFTF etc. In this case coolant 
would be lost and core cooling would be impaired. The maximum conceivable 
assumption would be a guillotine type pipe rupture in one of the main circuits. 
Today, guillotine type ruptures of austenitic steel pipes in LMFBRs are considered 
to be of highly hypothetical nature, since it was sufficiently demonstrated by 
experimental and theoretical results on fracture mechanisms that a guillotine 
type rupture can be practically excluded [VII-107, VII-108]. Nevertheless, this 
case was analysed for SNR 300 and the results show the enormous safety 
potential of loop-type LMFBRs against this maximum conceivable cooling 
disturbance [VII-19], The analysis showed that guillotine type ruptures at the 
pump nozzles and at the tank inlet pipes would impose the highest loadings to 
the core. Immediately after pipe rupture the limit value of the ratio neutron 
flux/core coolant flow signal is exceeded and the reactor power and the pumps 
are shut down. A reverse flow establishes itself in the pipe section between the 
lower reactor inlet plenum and the location of pipe rupture. This is accompanied 
by a considerable reduction of the core coolant flow. During the further course 
of the transient the core coolant temperature increases and passes through several 
maxima. However, only in the worst case of assumptions stable sodium boiling 
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FIG. VII-18. SUPER PHENIX smothering catch pan system (Source: NO VA TOME). 

would occur for less than 20 seconds with a vapour quality of only 5%. Experi-
mental results on decay heat removal by natural convection in core fuel 
assemblies show that there would be no danger of dryout of the fuel rod claddings 
[VII-19, VII-109]. 

VII-4.12. SODIUM FIRES 

Sodium leaks from pipes or components of the primary or secondary sodium 
circuits bring hot sodium in contact with either oxygen of the gas atmosphere -of 
the inner containment or with oxygen from air in steam generator buildings. 
One usually distinguishes between sodium pool and sodium spray fires. A pool 
fire would occur if liquid sodium is spilled onto the floor of the containment or 
into the steel lined cells of the inert inner containment enclosing the primary 
pumps or intermediate heat exchangers (loop-type reactors), thus mitigating the 
consequences of such an event. Spray fires can result from sodium being ejected 
from a. pressurized pipe or component due to a leak or rupture. Other potential 
modes of occurrence for pool or spray fires can be envisaged within the contain-
ment as a result of an HCDA. 

Sodium fires can be largely prevented by surrounding the sodium pipes and 
components with an inert gas (argon, nitrogen) in steel lined confinements (cells). 
An example for such design measures are the steel lined inner containment cells 
of loop-type reactors (e.g. SNR 300, FFTF etc.). The oxygen content in such 
inert confinements varies between 0.5 and 2%. Other design measures against 
pool-type sodium fires are so-called catch pan systems (Fig.VII-18). They collect 
leaking hot sodium in such a way that sodium can run through little holes into a 
leak recovery tank where it is isolated from the oxygen component of air 
(Fig.VII-19). Different sodium fire extinguishing powders have been developed 
and especially good experience has been obtained with graphite powder for quick 
and effective extinction of sodium fires. Sodium leaks and sodium fires are 
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FIG. VJI-19. SUPER PHENIX secondary sodium leak recovery system (Source: NO VA TOME). 

automatically detected by contact sensors, smoke detectors, wire-bead-sensors 
and flame spectrometers. 

A large amount of research effort has been devoted in all countries with 
LMFBR projects to experiments with sodium fires [VII-51, VII-110 to VII-118], 

VII—4.12.1. Sodium pool fires 

Sodium pools will normally ignite above a sodium temperature of about 
250°C. The sodium fire occurs only at the pool surface where temperatures up 
to 950°C are reached. Parameters of interest are the burning rate in air and in 
different oxygen concentrations of inert gas atmospheres. Typical burning rates 
for pool fires in air are around 25 kg Na-m~2 -h"1 . For pool fires in areas of the 
primary system and especially for HCDA situations the aerosol generation rate is 
of main interest, since fission product aerosols, e.g. Cs, I, Rb, Sr etc. and 
Pu or higher actinides are usually associated with these aerosols. Experiments 
showed that only a certain percentage of such fission products as iodine or 
strontium are found together with sodium oxide aerosol reaction products. 
Aerosols containing actinides are found at much lower concentrations ( 3 - 5 orders 
of magnitude less than in the sodium pool itself). For inert gas filled cells with 0 2 

concentrations of 0.8—1.0% sodium oxide aerosol concentrations up to about 
5 g/m3 gas atmosphere are typically attained. However, in air the sodium aerosol 
oxide concentrations can increase up to 50 g/m3. The sodium burn duration in 
cells with inert gas atmosphere is mainly dependent on the oxygen concentration. 
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The pressure buildup in such containment cells is a function of heat generation 
and aerosol generation during the sodium burn phase [VII-110, VII-114, VII-115, 
VII-119], 

Apart from pool fire experiments extensive code modelling was also performed. 
Two typical computer programs are SOFIRE-II and NABRAND [VII-120, VII-121], 
A summary of codes developed in different countries can be found in Ref. [VII-110], 

VII—4.12.2. Sodium spray fires 

The ignition temperature for sodium spray fires is substantially lower than for 
pool fires and can be as low as 120°C depending on the sodium droplet size. The 
sodium oxide aerosol production rates are about a factor of 5 higher than for 
pool fires. Extensive experimental programmes have been performed on the same 
parameters of interest as for pool fires [VII-114, VII-116, VII-118, VII-119, 
VII-122]. Theoretical models and computer codes, e.g. SPRAY-II, SOMIX-la 
and SOFIA-II were developed to describe and determine the main parameters 
needed for the containment design [VII-116, VII-119, VII-123 to VII-125]. 
A summary of codes developed in different countries can be found in Ref. [VII-110]. 

VII—4.12.3. Filters for sodium aerosols 

Special filters had to be developed to separate sodium oxide and fission 
product aerosols from air. The design criteria for these filters reflect the physico-
chemical properties of sodium oxide and sodium hydroxide as well as temperatures 
of these aerosols. Special sandbed filters were developed which attain a separation 
efficiency of 99.7 to 99.9%. They can be combined with wet scrubbers which can 
wash out about 70% of the sodium aerosols in a first step [VII-110, VII-126 to 
VII-129], 

VII—4.12.4. Sodium-concrete reactions 

Steel liners are provided on the inner surface of all containment cells where 
hot sodium could leak. Although these steel liners protect the concrete of the 
containment cells from direct contact with sodium, considerable heat can be 
transferred to the concrete, which then loses some of its bound water. Therefore, 
in some cases special insulation is provided between the steel liner and the concrete. 
In addition, design provisions are made to extract the water released from hot 
concrete structure by means of special ducts out of the pertinent containment 
region (SNR 300). 

If hot sodium should come in contact with concrete (after failure of the steel 
liner) the resulting exothermic chemical reaction between sodium and the water 
dehydrating from the concrete will generate hydrogen at rates of up to 5 kg-m2 - IT1 

[VII-130]. Sodium will continue to penetrate the concrete structure until the 
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reaction is inhibited by either the formation of a protective reaction produced 
layer or the depletion of sodium. Various large scale experimental research 
programmes are addressing the sodium-concrete reaction characteristics and the 
code SINTER models the observed phenomena adequately [VII-130 to VII-136]. 

The buildup (accumulation) of H2 has to be carefully monitored in order to 
maintain containment integrity. Hydrogen concentrations in air in excess of 1% 
are known to cause explosions. The particular design characteristics of pool-type 
LMFBRs, e.g. SNR 300, relax this concern significantly since its large, inert 
inner containment allows very high H2 concentrations before the explosion limits 
are reached. 

VII—4.13. SODIUM-WATER INTERACTIONS IN STEAM GENERATORS 

Because of the 24Na radioactivity of the sodium in the primary circuits and 
the possibility of sodium-water interactions in steam generators, LMFBRs are 
equipped with non-radioactive intermediate (secondary) sodium circuits. The 
intermediate heat exchangers thus constitute an inner containment barrier. In the 
case of failure of a water filled pressurized steam generator tube, water is injected 
at high pressure into the sodium and a violent sodium-water interaction occurs. 
This sodium-water interaction will give rise to peak pressures that must be 
accommodated by straining the steam generator shell and the pipelines in the 
secondary circuit. Moreover, if the pressure in the system gets too high, rupture 
discs will be destroyed, thereby relieving the pressure and ejecting sodium, sodium 
hydroxide, sodium oxide and hydrogen into a special collector vessel. This 
pressure suppression system is very important and protects the intermediate heat 
exchanger from damage. Figure VII-20 shows — as an example — the operating 
principle of the connections for the pressure suppression system at the straight 
tube steam generator for SNR 300. In the course of the sodium-water interaction, 
there is a violent short-term pressure rise which destroys a rupture disc and ejects 
sodium, hydrogen and NaOH into the pressure suppression line. The latter is 
filled with cover gas (nitrogen). The sodium-water interaction is immediately 
detected by instrumentation and the plant will be shut down if a large leak 
occurred. 

Water or water vapour is fed through the leak in the steam generator until 
the pressure in the tertiary water circuit is lowered. Up to that point in time there 
will be continuous sodium-water interactions. The sodium column originally 
injected into the pressure suppression line will remain there as a result of hydrogen 
gas following. The hydrogen will escape into the open through a cyclone after 
having ruptured another rupture disc. Depending on the temperature, hydrogen 
may be self-ignited and burned there. Entrained sodium or NaOH will be separated 
in the cyclone. After pressure reduction on the water-vapour side, sodium and 
water of the steam will be drained. The steam generator can be removed and 
repaired. 
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FIG. V 11-20. Principle of pressure relief system of the SNR 300 straight tube steam generator 
(Source: NERATOOMj. 

VII-4.13.1. Experimental results 

Numerous experimental programmes concerning sodium-water interactions 
have been carried out on scaled-down steam generator models in all ongoing 
LMFBR projects [VII-137 to VII-148], Areas of interest are: 

— Temperature conditions in the reaction zone 
— Pressure shocks generated 
— The behaviour of the pressure suppression system 
— The enlargement of the initial leak in a steam generator tube and a potential 

failure propagation to neighbouring tubes 
— The detection of water leaks in the steam generator. 

Following the rupture of a steam generator tube (Fig.VII-21 ) there will be 
instantaneously such chemical reactions as: 

(a) 2 Na + 2 H 2 0 ->• 2 NaOH + H2 (35 kcal/mole) or 
(b) 2 Na + H 2 0 -»• Na 2 0 + 8 H2 (31 kcal/mole) or 

Na+ 1/2 H2 ->NaH 
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FIG. VII-21. Physical model of double ended tube failure in a steam generator (Source: KfK). 

The dominating chemical reaction is that described under (a) above. In its 
course, temperatures up to 1000°C are reached. In the reaction zone pressures of 
13.6 MPa (136 bar) develop, which die down to 9.6 MPa (96 bar) after some 
initial oscillations. These pressures propagate in the steam generator and are 
reflected from the walls and free surfaces. Some distance away from the reaction 
zone, close to the rupture discs, the pressure drops to some 2.6 MPa (26 bar) 
after about 40 milliseconds. The rupture discs are destroyed after some 5 to 
9 milliseconds, which is followed by the pressure relief. Sodium then flows into 
the pressure suppression lines, attaining speeds up to 20 m/s in the first 100 milli-
seconds. The ejected sodium settles down in the pressure suppression lines after 
a flow phase and is permeated by hydrogen generated in the reaction zone. 

Despite the pronounced pressure peaks up to 10 MPa (100 bar) during the 
first 30 milliseconds, this hardly leads to remarkable mechanical stresses and 
strains at the outer shell of the steam generator. The narrow pressure peaks give 
rise to only slight strains, whereas later pressure oscillations in the upper part of 
the steam generator attain strains up to about 0.7%. Rupture discs are carefully 
designed and optimized together with the overall steam generator design [VII-144]. 

VH-4.13.2. Theoretical methods 

In addition to experimental studies in models of dimensions ranging up to a 
scale of approximately 1:3, theoretical methods have been developed to calculate 
time dependent pressures in the reaction zone, at any point in the steam generator, 
in the secondary sodium circuit, and in the intermediate heat exchanger. These 
models contain: 

— a chemical reaction model calculating the heat generation 
— instantaneous hydrogen production for the pressure buildup and a bubble 

extension model 
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— the hydrodynamic equations for pressure propagation in the steam generator 
and in the pipeline system 

- calculation of the strains in the steam generator and the piping system. 

Computer codes describing pressure peaks in the circuit system are, for 
instance, LOOP [VII-137], TRANSWRAP [VII-150], SWAC [VII-139], SWAAM-1 
[VII-151]. For precise analysis of the mechanical stresses and strains in the steam 
generator, the piping system and the intermediate heat exchanger mostly such 
additional computer codes as DYNSHL [VII-141] or ICEPEL [VTI-149] are used. 

VII—4.13.3. Propagation of steam generator defects in the tube bundle 

Since the temperatures and pressures in the sodium-water interaction zone 
are very high, the following questions arise: 

— How do small leaks increase and how are adjacent tubes weakened by 'wastage' 
in the course of the sodium-water interaction? 

— Is the rupture of a steam generator tube able to cause ruptures in surrounding 
steam generator tubes? 

These questions have been and still are the objects of extensive experimental 
programmes. Experimental studies provide a negative answer to the question of 
propagation of steam generator tube ruptures in a tube bundle, as long as the steam 
generator shutdown is possible in time. The wastage has been found [VII-142], 
VII-143, VII-152] to be a function of 

— the leak rate 
— the sodium temperature 
— the temperature of steam or water 
— the steam generator tube material (wastage is least in stainless steel, higher 

in 2\ Cr-lMo steel and even higher in Incoloy 800). 

The wastage in adjacent steam generator tubes is due to the following 
phenomena [VII-156]: the steam or water ejected from the leak reacts with 
sodium, which gives rise to a reaction jet typical of a flame condition. The 
maximum temperature in this flame zone attains 1300-1500°C. The tube wall 
temperature close to the leak attains 1000-1200°C. In the chemical reaction 
NaOH is generated whose evaporation temperature is 1390°C. NaOH particles 
are ejected against neighbouring tubes together with the reaction jet, causing 
those tubes to corrode and erode. 

Failure of adjacent tube walls can be prevented if the leak is detected before 
the length of the flame reaches the neighbouring tubes. 
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VII—4.13.4. Instrumentation of steam generators 

Minor leaks in steam generators are detected by oxygen meters and by 
hydrogen detectors operating on the principle of nickel membrane systems. They 
are used for both hydrogen detection in the sodium and in the argon cover gas of 
the steam generator. The response time of these hydrogen detectors is a function 
of leak size and the transport time of hydrogen from the reaction zone to the 
detector. The response time will be of the order of minutes in the case of very 
small leaks. Acoustic detectors with wave guides eliminate the problem of long 
transport times. Medium and large size leaks with ensuing sodium-water inter-
actions are detected by pressure sensors and the destruction of the rupture discs. 
In addition, the inrush of sodium into the pressure suppression lines is detected 
by contact sensors [VII-153 to VII-160], 

VII—5. UNPROTECTED TRANSIENTS 

A reactor transient is called unprotected if the plant protection system, 
especially the reactivity shutdown system including all electronics for the shutdown 
signals, fails to operate so as to terminate the neutronic chain reaction. This 
definition should not be misunderstood in the sense that the public is unprotected 
in this case, because there are many other inherent safety measures (several 
containment barriers etc.) which will protect the public and environment. 
Unprotected transients have an extremely small probability of occurrence because 
the plant protection system is diverse and redundant in its design (see subsection 
VII-4). 

There are some unprotected transients (accidents) which could lead to rather 
severe consequences (core destruction and radioactivity release) but, on the other 
hand, their probability of occurrence is so extremely low, that one should not 
overemphasize the importance of these accidents (especially for LMFBR plant 
design). This is the reason why unprotected accidents have not been covered in 
too much detail in this Chapter on LMFBR safety. But one has to keep in mind 
that unprotected accidents are important for risk assessments of LMFBRs (see 
subsection VII-8) . Therefore adequate coverage of the extensive literature on 
these accidents — with all the complex phenomena involved — has been attempted. 

One should be aware that the plant protection system needs a finite time to 
terminate the neutron chain reaction (see subsection VII—4.2.2). Therefore some 
reactor transients could in effect (in their first phase) be unprotected because the 
transient happens so fast. This is the case for reactivity accidents with reactivity 
ramp rates larger than approximately 5 $/s and with absolute reactivity additions 
much larger than 1 $ ; for these accidents the response time of the plant protection 
system is too slow. It is therefore important to show that these fast transients 
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cannot occur or that, at least, their probability of occurrence is extremely low in 
itself. Here a few accident initiators will be discussed which could possibly lead 
to large reactivity ramp rates: 

( 1 ) Ejection of an absorber rod with high acceleration could possibly lead to 
high ramp rates of reactivity addition. The absorber rods are connected to 
the drive mechanism during reactor operation. In this case they cannot be 
ejected. Only if an absorber rod were decoupled, and this situation were not 
detected (a rather unlikely situation), would an ejection have a chance to take 
place. On the other hand, a decoupled absorber rod is heavy enough to 
prevent ejection by coolant flow with full pump power. Finally, the only 
remaining mechanism for ejection of a (decoupled) absorber rod would be 
high sodium pressure; but this would require coolant blockages at very 
specific locations and those are considered impossible due to a careful design 
of the absorber rods. This means ejection of an absorber rod need not be 
considered. 

(2) Failure of radial core constraint. The core restraint rings of, e.g. the SNR 300, 
have a high safety margin for all possible loadings. In addition, if a failure is 
postulated one has radially outward material movement with negative 
reactivity feedback. Finally, under cold critical reactor conditions the fuel 
element tolerances are such that even earthquakes cannot cause high 
reactivity ramp rates with large enough reactivity additions. Similar design 
provisions are made in other LMFBRs. 

(3) Failure of axial core support system (e.g. grid plate). Again the grid plate 
has a high safety margin for possible loadings. In addition, the loadings 
during plant life cannot cause an initiating event, except possibly a welded 
seam failure. Finally, even in the case of a welded seam failure the grid plate 
has redundant structures to fulfil its task of core support. Moreover, careful 
material and weld inspection before grid plate installation will prevent such 
failures. 

(4) Transport of a large gas bubble (larger than 50 litres) into the reactor core. 
First of all, the primary system design avoids large dead-flow volumes which 
could collect gas. In addition, various other design measures of the primary 
circuit (pressure higher than outside of primary system, etc.) make the sudden 
transport of a large gas bubble almost impossible. Hydraulic experiments for 
FFTF showed that large gas bubbles are destroyed and split into many small 
bubbles before they would enter the core fuel subassembly entrance. Finally, 
in the case of SNR 300, a so-called gas bubble separator below the reactor 
core would channel gas bubbles through the outer parts (radial blanket) of the 
reactor core and keep these bubbles from entering the fissile zones. 

(5) Fast propagation of a local coolant disturbance in one fuel element to a whole 
core accident. First of all, a fuel element inlet blockage is extremely improbable 
due to a redundant coolant inlet flow design. In addition, experiments have 
shown that an internal coolant blockage in a rod bundle does not propagate; 
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instead, a stabilization process has been observed (see subsection VII-4.8). 
Furthermore, all events within one fuel element will have small reactivity 
effects and even a postulated explosive fuel coolant interaction could be 
contained with high certainty by the fuel element hexcan walls and the neigh-
bouring fuel elements. Finally, early detection of blockage development or 
slow propagation - as observed in all experiments — will lead to early detec-
tion and timely reactor scram (see subsection VII-4.8). 

Based on this discussion it can be concluded that accident initiators with 
potentially high positive ramp rates can be excluded, because they are either 
physically impossible or they have an extremely low probability of occurrence 
(see subsection VII—3.1). 

There are several types of unprotected transients which need further 
attention: 

(1) Unprotected Loss Of Flow accident (ULOF), e.g. coast-down of all primary 
pumps with simultaneous failure of both independent shutdown systems; 

(2) Unprotected Reactivity Addition accident combined with Loss Of Flow 
(URA/LOF), e.g. removal of control rods with maximum speed (for SNR 300 
a ramp rate of less than 4 4/s), pump coast-down and failure of reactor 
shutdown; 

(3) Unprotected Reactivity Addition accident (URA), sometimes also called the 
Unprotected Transient OverPower accident (UTOP); 

(4) Insufficient Heat Removal Without Scram (IHRWS), which is quite similar 
to the Unprotected Loss of Heat Sink accident (ULHS); 

(5) Unprotected Propagation of Local Cooling Disturbance (UPLCD). 
(For details see Tables VII-14, VII-15 and Figs VII-34, VII-35). 

A careful discussion of these transients leads to the conclusion that the ULOF 
accident is potentially the most severe accident. In the following discussion 
attention will be mainly focussed on this ULOF accident. 

VII - 5.1. ACCIDENT PATHS STRUCTURE 

The possible accident paths and accident phases are indicated in Fig.VII-22. 
They are defined in a similar way as discussed by Jackson et al. [VII-161]. It will 
not be possible here to discuss in detail all the numerous phenomena in the various 
phases which are responsible for currently existing uncertainties in LMFBR 
accident analysis; only some of the key issues will be briefly discussed in sub-
section VII—5.5. These key phenomena determine whether the accident develops 
a mild or energetic behaviour and whether the core debris can be contained and 
cooled within the primary system. 
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FIG. VII-22. Phase diagram for core disruptive accidents (Source: KfK). 

VII—5.2. ANALYSIS OF THE UNPROTECTED LOSS OF FLOW ACCIDENT 
FOR THE SNR 300 

The analysis concentrates on the end of life core of the Mark 1A reactor core 
design of the SNR 300, which has a larger energetics potential than the fresh core 
[VII-24]. Analysis for other reactors (LMFBRs) is very similar. 

VII—5.2.1. Best estimate ULOF accident path 

By using best estimate parameters and modelling for the ULOF analysis 
(e.g. fuel axial expansion, fuel dispersal by fission gas and sodium vapour), the 
accident proceeds (see the large black arrows in Fig.VII-22) through a relatively 
mild initiating phase into a transitory phase [VII-24]. During the transitory phase 
and the phase of integral material movement secondary excursions cannot be 
excluded, but, if they occur, they are expected to be mild (based on dispersive 
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properties of core material3 and on incoherency4 arguments for fuel movement 
during the transitory phase). They will promote a mild discharge process of core 
material predominantly into the upper plenum of the reactor vessel [VII-25]. 
It has been shown [VII-19] that with a high probability the core material debris 
is permanently coolable within the reactor vessel. The mechanical load of the 
reactor vessel and of the primary circuits is negligible. The same conclusion 
holds for a range of parameters around the best estimate values. 

VII—5.2.2. Energetic ULOF accident paths 

Because of existing uncertainties for some of the key phenomena in 
theoretical understanding, theoretical modelling, and experimental verification 
of these models, it has been considered prudent and necessary to use pessimistic 
assumptions for the accident development (energetics) during the various accident 
phases. For the initiating phase, a limiting energetic accident path (see the small 
black arrow 1 in Fig.VII-22) has been derived by making several rather pessimistic 
assumptions (e.g. no axial fuel expansion reactivity feedback; no fuel dispersal by 
fission gases, sodium vapour, and steel vapour; instantaneous fragmentation and 
mixing for fuel/sodium heat transfer with a small fuel particle radius). This acci-
dent path leads into a so-called LOF driven TOP event [VII-24, VII-162], which 
was mechanistically simulated by using the SAS3D code system [VII-163]. In 
addition, energetic limiting accident paths due to secondary excursions have been 
derived out of the transitory phase and the phase of integral core material move-
ment (see the small black arrows 2 and 3 in Fig.VII-22) by using pessimistic 
assumptions. For the transitory phase rather coherent slumping of intact fuel pin 
segments into non-boiling regions has been assumed to obtain a limiting energetic 
secondary excursion, which was mechanistically simulated by using the SAS3D 
code system [VII-163]. For the phase of integral core material movement, 
coherent recompaction processes of boiling pools and coherent slumping of 
remolten fuel slugs (from upper core structure blockages) into a boiling pool have 
been considered [VII-24, VII-162] to get limiting energetic secondary excursions. 
The initial and boundary conditions for these latter cases were derived from best 
estimate SAS3D calculations and the energetic excursions were simulated by 
KADIS [VII-164], The SIMMER-II code system [VII-165], although available for 
a mechanistic analysis of the integral core material movement phase [VII-166], was 
intentionally not applied for SNR 300 licensing purposes because experimental 

3 Core material has 'dispersive properties' if its intensive heatup will drive the material 
apart effectively (disperse it) due to vapour pressures of fission products, intermixed steel or 
fuel itself; this material movement will tend to decrease reactivity. 

4 Fuel movement in the core is considered 'incoherent' if different parts of the fuel move 
into different directions and/or if there is a time delay between the movement of different parts 
of the fuel; this will avoid steep ramp rates of reactivity addition. 
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testing of SIMMER-II for the complex phenomena involved was still not sufficient 
at that time. 

At the end of these energetic neutronic excursions the thermal energy content 
of the molten fuel (energy above the liquidus point) is up to 5500 MJ. But one has 
to realize that the other conditions (sodium content of the core, steel temperatures, 
etc.) are quite different for the different cases. The process of transforming thermal 
into mechanical energy is strongly dependent on these conditions. The mechanical 
energy potential of the hot molten fuel masses has been conservatively estimated 
-by taking these conditions into account and by considering the effect of other 
(partly more effective) working fluids. 

In fact, several combinations of hot fuel and one additional working fluid 
(sodium, steel, fission products) have been evaluated with respect to their 
mechanical energy potential [VII-162], In addition, first mechanistic simulations 
of the energetic expansion and discharge phase with SIMMER-II [VII-167], taking 
into account the complex processes involved, show that the mechanical energy 
(kinetic energy) generated is much less (almost one order of magnitude) than the 
isentropic fuel work potential. 

It can be concluded that the mechanical energy potential for all these 
energetic accident paths is reasonably well bounded by the isentropic fuel work 
potential, which yields maximum values around 100 MJ; this is well below the 
design load limit of 370 MJ for the SNR 300. 

For SUPER PHENIX the corresponding value was 550 MJ and the design 
load for the containment was determined to be 800 MJ [VII-9, VII-10, VII-168], 

Even if the primary vessel and the circuits of an LMFBR can be shown to 
withstand the mechanical load generated by energetic excursions, two other 
problems need careful evaluation: 

( 1 ) core debris distribution and long-term coolability within the reactor vessel, 
(2) containment loading with radioactive aerosols as a consequence of leaking 

core material (through seals and valves which may develop leaks). 

The first problem has been discussed in Ref. [VII-25] (see also [VII-232]) 
and it has been shown that long-term coolability can be established with a high 
probability within the reactor vessel (see subsection VII—5.7). 

The analysis of the second problem shows that even for these severe accidents 
the release of radioactive material will lead to low dose values [VII-169, VII-170] 
(see subsections VII-5.8 and VII-5.9). 

VII-5.3. SOME REMARKS ABOUT THE LOW RAMP RATE UNPROTECTED 
TRANSIENT OVERPOWER ACCIDENT 

The low ramp rate UTOP accident has been analysed taking into account 
incoherence effects of pin failure in different fuel subassemblies [VII-171]. The 
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best estimate path leads through a relatively mild initiating phase into a phase of 
early shutdown with in-place coolability5 of the reactor core (see the large-hatched 
arrows in Fig.VII-22). Some uncertainties related to fuel freezing processes and 
blockage formation make it necessary to consider also an accident path leading 
into a transitory phase of whole core involvement (see arrow 4 in Fig.VII-22). 
The conditions reached have some similarity with the transitory phase of a ULOF 
accident. 

VII—5.4. ROLE OF SODIUM REACTIVITY EFFECT FOR ACCIDENT 
PROGRESSION 

Based on the fact that the sodium void reactivity is one of the most important 
reactivity coefficients which influence the accident sequence — at least during the 
initial phase of a ULOF accident — there is a tendency to reduce its magnitude 
by design modifications. One aims at coming down from about 4—5 $ of maximum 
sodium void reactivity for conventional (homogeneous) large LMFBR cores to 
values close to 2 $ for heterogeneous cores. It is difficult to achieve this reduction 
with reasonable design modifications for radially homogeneous cores. However, 
there exist possibilities for heterogeneous core arrangements to attain values 
between 2 and 3 $ (see Chapter VI). Such maximum sodium void reactivities 
should be sufficiently small, because the importance of the sodium void reactivity 
for the core safety behaviour should not be overestimated. Other effects, e.g. steel 
relocation, fuel slumping and the associated phenomena of freezing and blockage 
of coolant channels, have a dominant influence at later stages of accident progression. 
In addition, the small positive sodium void coefficient of heterogeneous cores is 
usually combined with a reduced Doppler coefficient of the fissile region. The 
Doppler feedback reactivity associated with the temperature increase of the fuel, 
however, makes a strong, negative contribution to the power coefficient and 
mainly determines (for a given reactivity ramp) the energy release during the dis-
assembly phase. 

VII—5.5. SOME KEY ISSUES OF ACCIDENT ENERGETICS FOR CORE 
DISRUPTIVE ACCIDENTS 

In subsections VII—5.1 to VII—5.3 the current accident analysis procedure for 
an LMFBR such as SNR 300 has been explained. Uncertainties for some of the 
key phenomena with respect to accident energetics in the safety analysis have 

5 In-place coolability of the reactor core indicates that a partly damaged core (with fuel 
pin failures, etc.) can be cooled essentially at its original location so that further meltdown is 
stopped. 
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TABLE VII-10. KEY PHENOMENA REQUIRING MORE R&D EFFORT 

Initiating 
phase: 

Transitory 
phase: 

Axial fuel expansion 

Clad material melting, 
movement, and 
freezing 

Early fuel dispersal in 
sodium voided fuel 
elements 

Fuel pin failure, 
failure propagation 
and fuel movement in 
partly voided fuel 
elements 
(during LOF driven 
TOPs) 

Fuel/steel penetration 
into axiàl and radial 
structures 
(blockage formation, 
remelting) 

Melt-through or 
mechanical failure of 
hexcan walls 

Phase of integral 
core material 
movement and 
mild discharge: 

Energetic 
disassembly and 
discharge phase: 

Transient behaviour of 
boiling fuel/steel pools 

Secondary excursions 
(space dependent kinetics) 

Steel vapour driven 
discharge of core material 
(contact with sodium) 

Core material expansion 
and discharge in the 
presence of sodium 

Behaviour of upper core 
structures during energetic 
discharge of core material 

been treated by using pessimistic assumptions during accident simulation. For 
future large commercial LMFBRs a similar procedure could lead to rather costly 
solutions for plant design. Therefore it is highly desirable to develop a better 
understanding of the key phenomena and to narrow the gap between best estimate 
and pessimistic analysis. 

In this subsection the influence of some of the key phenomena on accident 
progression will be briefly discussed and it will be explained which R&D efforts 
are required for a better understanding of these phenomena. 

Table VII—10 shows a list of several physical key phenomena which require 
intense future R&D efforts. 

The axial fuel expansion due to fuel temperature increase has — if fully 
effective - a large negative reactivity effect (see subsection VII—6). The CABRI 
Programme [VII-172] and other 'in-pile' experimental programmes, as for example 
the TREAT programme [VII-174], are expected to provide the required experi-
mental data. 

Clad material melting and movement, which occurs separately from fuel 
melting and movement, is especially important for reactor core designs with a 
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low maximum positive sodium void reactivity effect (e.g. heterogeneous core 
designs). This clad material movement could cause positive reactivity effects 
and/or blockages above or below the active core region. The latter effect could 
lead to a bottled-up pool configuration and thus complicate - in spite of a 
relatively mild primary excursion - this later phase of the accident (potential of 
secondary excursions). Out-of-pile [VII-173] and in-pile [VII-174 to VII-176] experi-
ments have already proved and will continue to be extremely useful for a better under-
standing of this key phenomenon and for testing theoretical methods. In addition, 
improved theoretical simulation models have been developed [VII-177] and were 
incorporated into the SAS3D code system [VII-178], 

Early fuel dispersal in sodium-voided fuel elements is extremely important 
for ensuring a mild primary excursion, i.e. for avoiding a LOF driven TOP 
situation. In-pile experiments [VII-172, VII-179, VII-180] already have contributed 
to a better understanding of this phenomenon. Additional experiments are 
planned. Theoretical simulation methods for fission gas behaviour and fuel breakup/ 
motion in sodium-voided subassemblies are under development (see for example 
Ref. [VII-181]). 

Fuel pin failure, failure propagation and fuel movement in partly sodium-
voided fuel elements during LOF driven TOPs will strongly influence the energetics 
of LOF driven TOP events [VII-182], In-pile experiments in CABRI and TREAT 
should provide more relevant information for these phenomena in the future. 

Fuel/steel penetration into axial and radial structures together with a possible 
incoherent slumping of upper core and blanket subassembly stubs determine the 
accident development during the transitory phase; especially, these phenomena 
determine whether or not a bottled-up pool situation will develop. The results of 
reactor material freezing tests [VII-183] indicate that the data base is still 
incomplete. 

Melt-through or mechanical failure of hexcan walls is also important for the 
evolution of the accident during the transitory phase because blockage formation, 
fuel dispersal phenomena, and failure of hexcan walls (also for control rod 
subassemblies) are competing effects and the path of the accident depends on the 
outcome of this competition. Experimental and theoretical studies with reactor-
prototypic boundary conditions will improve the data base. 

Transient behaviour of boiling fuel/steel pools is another key phenomenon. 
A potentially adequate theoretical tool, i.e. SIMMER-II, was developed at Los 
Alamos [VII-165], Scoping calculations were performed by Bohl [VII-166]. 
SIMMER analysis of energetic expansion and discharge processes [VII-167, VII-184] 
indicate that the transformation of thermal into mechanical energy yields dramati-
cally reduced (by an order of magnitude) mechanical energies if compared with 
the isentropic fuel work potential (isentropic expansion to the cover gas volume). 
This is very encouraging, but the presence of sodium in the core region and the 
question whether the upper core structures stay intact during the expansion 
process need further attention. 
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In all accident phases a good knowledge of thermodynamic data for reactor 
materials (fuel, steel, sodium, fission products) is necessary, partly up to relatively 
high temperatures (e.g. 5000K). 

VII-5.6. DYNAMIC LOADING OF THE REACTOR TANK AND THE 
COOLANT CIRCUITS 

During an unprotected transient (e.g. a superprompt critical excursion) a 
considerable amount of thermal energy will be generated within the reactor core 
region and the neutronic chain reaction will finally be terminated by a disassembly 
and expansion (discharge) process of the hot core material (see Fig.VII-22). Even 
after neutronic shutdown, the core material could be very hot and it will continue 
to expand. The core material (fuel, steel, sodium, fission products) consists mainly 
of liquid, vapour and ideal gases. The different materials will usually not be very 
well mixed; the precise conditions depend on the course of the accident. Also 
the temperatures of the various materials could be quite different. During the 
continued expansion, these hot core materials will mix and interact (by heat 
transfer and condensation processes and by applying mechanical loads) with the 
structures surrounding the core region. The hot core materials will be expelled 
into the upper plenum, interact with the sodium and the tank internal structures 
and the sodium will be accelerated (predominantly upwards). By this complex 
process the thermal energy of the core material will be transformed into kinetic 
energy of the sodium and this kinetic energy will finally lead to a dynamic loading 
of the reactor tank (and roof) and of the coolant circuits. This process could lead 
to failure of the primary system (reactor tank and primary circuits). It is very 
important to analyse and understand this process well (see subsection VII—5.5) 
because the efficiency of this transformation depends strongly on the working 
fluid (for example, sodium is a much better working fluid than fuel). During 
recent years much progress has been made to understand this complex expansion 
process: 

(1) The detailed analysis of accident progression by mechanistic methods has 
led to a much better understanding of the initial conditions of this expansion 
process. For example, it has been learned that the hot fuel and the sodium 
are not very well intermixed [VII-162], 

(2) It has been understood that a very rapid heat transfer between fuel and sodium 
is extremely unlikely — if not impossible — under fast reactor accident 
conditions [VII-185]. Rapid heat transfer between fuel and sodium is also 
known by the name Fuel Coolant Interaction (FCI). 

(3) The efficiency of the transformation process of thermal into mechanical 
energy has also been carefully analysed (besides for the fuel/sodium system) 
for other two partner material systems (fuel/steel and fuel/fission products) 
and it has been shown [VII-185] that no dangerous increase compared with 



4 6 4 CHAPTER VII 

the efficiency of the isentropic expansion process of two-phase fuel (U02 ) 
can occur. 

(4) The SIMMER-II code [VII-165] has been used to analyse this transformation 
process. This code takes into account friction, heat transfer and condensation 
effects on rigid tank internal structures; it also includes mixing of different 
materials and slip movement between liquid and vapour phases. SIMMER-II 
analysis has shown that the efficiency of the realistic transformation process 
is lower (e.g. by approximately a factor of ten) than the efficiency of the 
isentropic expansion process for the hot two-phase fuel. The presence of 
sodium in the core region could complicate the situation and needs more 
attention by the analyst. On the other hand, one has to keep in mind that 
SIMMER-II does not (at present) treat the fluid-structure interaction well 
enough by assuming rigid structures. 

Based on these observations and results one usually starts with a pressure 
versus time curve for the expansion process and uses large computer codes for the 
fluid-structure interaction process. In most cases the pressure versus time curve 
(or pressure versus volume curve) comes from an isentropic expansion process of 
the hot material; in this way, the efficiency of the transformation of thermal 
into mechanical energy is in general strongly overestimated. These computer 
codes are verified by experimental programmes conducted on scaled-down reactor 
tank models. 

Special computer programs have been developed in all fast breeder reactor 
projects to calculate the dynamic stresses within the reactor tank walls [VII-186, 
VII-187] (Table VTI—11). One of the most frequently used computer programs 
is the REXCO-HEP code which was developed at Argonne [VII-188], REXCO-HEP 
treats the steel-fuel structures of the axial and radial blankets and the steel reflectors 
as elastic-plastic structures. The coolant and the cover gas are treated as com-
pressible, friction-free media; the reactor tank walls are computed by the theory 
of thin shells. REXCO-HEP solves these systems of equations for two-dimensional 
(r-z) geometries and Lagrangian co-ordinates by finite difference methods. The 
material properties are taken into account by carefully derived equations of state. 

Figure VII-23 shows some illustrative results of REXCO calculations. The 
geometrical model used for these analyses is shown in Fig.VII-23(a); Fig.VII-23(b) 
illustrates the distortion of the Lagrangian mesh at different times during the 
excursion. Figure VII-23(c) shows the partition of energy as a function of time. 

The expansion of the two-phase region is first transformed into kinetic energy, 
i.e. axially into kinetic energy of the sodium and radially into kinetic energy of 
the radial reflector structures. The axial sodium flow steadily gains more kinetic 
energy until it is released to the tank and the hold-down bolts by the sodium 
hammer effect (kinetic energy strain energy). The radial kinetic energy is 
transformed into a plastic strain acting on the reflectors, the inner tank structure 
and the tank walls. The maximum strains suffered by the inner tank structure 
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TABLE VII-11. PARTICIPANTS FOR THE DEVELOPMENT OF 
CONTAINMENT CODES 

Organization Code Type 

Argonne National Laboratory, REXCO EFD, Lagrangian 
USA ICECO ICE, Eulerian 

Atomic Weapons Research 
Establishment (for the UKAEA), UK 

ASTARTE EFD, Lagrangian 

EURATOM, Joint Research Centre, EURDYN-1H FE, Lagrangian 
Italy SURBOUM CMP1 ICE, Eulerian 

Health and Safety Executive, UK PISCES 2DL EFD, Lagrangian 

INTERATOM, Fed. Rep. of Germany 
(with 1RS) 

ARES EFD, Lagrangian 

Physics International Company, PISCES 2DL EFD, Lagrangian 
USA PISCES 2DELK EFD, Coupled Eulerian/ 

Lagrangian 

Power Reactor and Nuclear Fuel 
Development Corporation, Japan 

PISCES 2DL EFD, Lagrangian 

Sandia Laboratories, USA TOODY EFD, Lagrangian 
CSQ EFD, Eulerian 

Science Applications, Inc., USA STEALTH EFD, Lagrangian 

Vyskumny Ustav Energeticky, 
Czechoslovakia 

CEFRA EFD, Lagrangian 

CEA, France (with ENEA, 
Italy) 

CASSIOPEE 
EFD, Coupled Eulerian/ 
Lagrangian 

EFD = Explicit Finite Difference Method. 
ICE = Implicit Continuous Eulerian Method. 
FE = Finite Elements Method. 

(design load limits) are usually in the range of 5-8%, that of the tank wall < 5%. 
It is important that ultimately only some 0.5% of the total nuclear energy released 
as heat during the disassembly accident must be accommodated as straining energy 
by the tank system [VII-189, VII-190], 

Once a certain amount of kinetic energy has been accommodated by the 
elastic-plastic straining of the reactor tank system, flow events gradually die down 
and the residual heat contained in the fuel is transmitted to the sodium. 
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FIG. VII-23. Illustrative results ofREXCO calculations for CRBR (Source: Ref. [VII-193]). 
(a) Geometrical model, (b) distortion of mesh, (c} partition of energy. 

Theoretical methods and computer programs 

To describe the non-steady-state flow and structural straining phenomena it 
is necessary: 

(a) to describe the flow events by the 
— continuity equation, and 
— momentum equation, 
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(b) and the movements and straining of the structures, respectively, by continuum 
mechanics [VII-186] representing the material properties by appropriate 
stress-strain laws [VII-191 ]. In selecting methods of numerical solution it is 
possible to fall back upon: 
— Lagrangian, Eulerian or quasi-Eulerian mesh grid approaches, 
— explicit or implicit time integration, 
— finite element or difference methods (Table VII—12). 

In Lagrange-coordinates the mesh points are connected with a particle that 
goes along with the flow. In Eulerian co-ordinates the mesh points stay fixed in 
space. Lagrangian co-ordinates lend themselves particularly well for mathematical 
treatment of shock wave problems. On the other hand, Lagrangian co-ordinates 
will quickly be deformed in the problems to be treated if computations must be 
carried out over a prolonged period of time. This requires then rezoning, e.g. a new, 
adapted mesh grid. Without rezoning the accuracy of the method would no 
longer be satisfactory [VII-189, VII-192]. In Eulerian co-ordinate systems material 
boundaries migrate beyond the mesh grids and numerical discretization of 
convection terms involves difficulties [VII-186]. 

It is often attempted to remove the disadvantages of the deformation of the 
mesh grid and Lagrangian co-ordinates by more frequent rezoning. If rezoning is 
performed after each timestep, this is called a quasi-Eulerian (mesh grid) method 
[VII-186]. 

In explicit difference methods numerical stability conditions must be observed. 
In implicit difference methods high-order linear equation systems must be solved 
for each timestep. 

The structural models either use the pure continuum theory for solids or 
simplified slab, bar or shell theories. The equations are solved by finite element 
or finite difference methods. The time integration is done explicitly with stability 
criteria being observed, or implicitly. Table VII-12 shows the main computer codes 
and their characteristics. The computer codes that use Eulerian co-ordinates have 
so far not found a broad field of application, mainly because of the difficulties 
mentioned above; for details see Ref. [VII-193]. 

The ICEPEL computer code developed by ANL on a similar theoretical basis 
as ICECO is applied for calculating the dynamic flow events, the pressure propaga-
tion and strains in reactor pipings [VII-193, VII-194]. Besides placing the 
propagation of pressure waves in primary coolant pipings following a core dis-
assembly accident, the code can also be applied for dynamic stress analysis of 
secondary and tertiary sodium circuits following a sodium-water reaction in 
steam generators of LMFBRs (see subsection VII-4.13). 

The 3-dimensional SADCAT computer code [VII-193, VII-195] has been 
applied to dynamic stresses and strains acting upon the reactor cover plug of CRBR. 



TABLE VII-12. COMPILATION OF CONTAINMENT CODES 

Name/ 
Origin 

Problem 
solved 

Unique capabilities 
Discretization 
fluid structure 

Integration 
method 

REXCO-HEP 
ANL 2D + Shell 

Sliding lines for fluid/solid meshes 
and fluid/shell interfaces; 
Rezoning by REZONE code 

FD 

(Lagrangian) Explicit 

ICECO 
ANL 2D + Shell 

Coupled Eulerian/Lagrangian; 
Can handle extended fluid motion 
(e.g. bubble motion and Na spill) 

FD 

(Euler.) 

FE 

(Lagran.) Implicit 

MICE 
ANL 2D + Shell 

Multifields, 
allowing interpénétrations 

FD 
(Euler.) 

FE 
(Lagran.) Implicit 

ICEPEL 
ANL 2D + Shell 

Extensive models for piping 
component; 
Can handle extended fluid motion 

FD 

(Euler.) 

FE 

(Lagran.) Implicit 

PISCES 2DL 
PI 2D 

Sliding lines for fluid/solid meshes; 
Rezone and static option; 
Automatic co-ordinate generator 

FD 

(Lagrangian) Explicit 

PISCES 2DELK Coupled Eulerian/Lagrangian; FD 
PI 2D +Shell Implicit/explicit option (Euler.) (Lagran.) Explicit/implicit 



HEMP 
LLL 2D 

Sliding lines capability for 
fluid/solid meshes; 
Rezoning capability 

FD 

(Lagrangian) Explicit 

TOODY 
SLA 2D 

Slide line capability for coupled 
fluid/solid meshes; 
Rezoning capability 

FD 

(Lagrangian) Explicit 

CSQ 
SLA 2D 

Extensive EOS options; 
Conduction and radiation heat transfer; 
Up to 10 fluids 

FD 

(Eulerian) Explicit 

STEALTH 
SAI 2D + Shell 

Continuous automatic rezoner; 
Finite element shell option 

FD FE 
(Lagrangian) Explicit 

STRAW 
ANL 2D 

Convected co-ordinates; 
Can handle complex geometry 

FE 
(Lagrangian) Explicit/implicit 

WHAM 
UICC 2D + Shell 

Convected co-ordinates; 
Can handle complex geometry 

FE 
(Lagrangian) Explicit/implicit 

SADCAT 
ANL 3D 

Convected co-ordinates; 
Can handle complex geometry 

FE 
(Lagrangian) Explicit/implicit 
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TABLE VII-12 (cont.) 

Name/ 
Origine 

Problem 
solved 

Unique capabilities 
Discretization 
fluid structure 

Integration 
method 

CASSIOPEE 
CEA-ENEA 2D + Shell 

Generalized slide line capability; 
meshing for solid structures; 
autorezoning option; 
flexible roof 

F D 

(Euler.) (Lagran.) Explicit 

o 
a > 
H 
M 
7> 

FD = Finite Difference; FE = Finite-Element. 
ANL = Argonne National Laboratory. 
PI = Physics International Co. 
LLL = Lawrence Livermore Laboratory 
CEA = Commissariat à l'Energie Atomique. 

ENEA = Energía Nucleare e Energía Alternativa. 
SLA = Sandia Laboratories. 
SAI = Science Applications, Inc. 
UICC = University of Illinois at Chicago Circle. 
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Experimental verification of theoretical methods 

The experimental verification of the theoretical methods and computer 
programs described above is done in scaled-down models (scales 1:30 to 1:6) filled 
with water. In the centre of these models a chemical explosion is initiated. The 
smaller scale is taken into account by similarity laws [VII-196]. In this approach 
it must be considered that, because of the similarity laws, different materials 
strain rates are measured in model experiments than those actually occurring in 
the full size reactor tank. The use of water instead of sodium produces only 
minor differences and has been studied in detail in model experiments and by 
calculations [VII-196]. 

While the earlier experimental programmes (1960—65) used TNT as a 
chemical explosive, today only the so-called slow explosives with low burning rates 
(approximately 250 m/s) are used. This is due to the fact that TNT with its high 
detonation rates (7000 m/s) and high peak pressures (several tens of kilobars) 
can neither simulate core disassembly excursions, nor furnish conservative generic 
test data. For this reason, special explosive charges, using e.g. KC104, BaN03 and 
Mg with mixtures of glass and plastic spheres, have been developed in order to 
achieve the desired pressure and material velocities [VII-196, VII-197]. 

Experimental programmes verifying theoretical methods were carried out 
at Foulness/Winfrith (UKAEA), Ispra (Italy), Cadarache (France) and Stanford 
(USA). For SNR 300 model tank experiments were performed on a 1:6 scale 
[VII-187]. In these 1:6 scale model experiments the tank nozzles, and the core 
support plate and a so-called dip plate were also simulated. 

Extensive comparison between experimental data and theoretical 
predictions has been performed in such programs as CO VA (UKAEA-DeBeNe-
Ispra) and APRICOT (USA) [VII-198, VII-199]; the agreement between experi-
mental results and theoretical predictions is satisfactory. 

VII—5.7. POST-ACCIDENT HEAT REMOVAL 

At the end of a hypothetical core meltdown accident large parts of the core 
will be damaged and remain molten and core debris will be found at different 
locations within the reactor tank (Fig.VII-24). Sufficient amounts of sodium will 
still be in the reactor tank to provide long-term cooling of the core debris as well 
as of the molten and undamaged parts of the core. Heat transfer will still be 
possible through the normal decay heat or the emergency decay heat removal 
chains. Extensive R&D efforts were and are still going on to prove that the 
molten fuel can safely be cooled within the reactor tank over long periods of time. 
The main objective of these R&D programmes (Fig.VII-25) is to prove that molten 
core parts cannot melt through the internal structures and the bottom of the 
reactor tank [VII-200 to VII-209]. 
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FIG. VII-24. Potential locations of fuel debris for post-accident heat removal analysis (loop-
type system) (Source: Ref. [VII-1]A 

HYPOTHETICAL CORE 
OISRUPTIVE ACCIDENT 
I N I T I A T O R 

i 
CORE MELT ING 

i T R A N S I T I O N PHASE 

I 
CORE MELT-OUT 

i 
DEBRIS DISPERSAL 
IN VESSEL \ 
VESSEL ATTACK 

I 
VESSEL M E L T - T H R O U G H -

I 
LINER M E L T - T H R O U G H 

I 
SODIUM-CONCRETE 
REACTIONS v 

\ 
PRESSURIZATION OF ^ 
C O N T A I N M E N T 

i 
CONTAINMENT F A I L U R E 

EARLY T E R M I N A T I O N 
IN-PLACE COOLING 

MECHANICAL DISASSEMBLY 

I N T E R N A L CORE 
CATCHER 

E X T E R N A L CORE1 

CATCHER 

CONCRETE ATTACK 

FIG. VII-25. Hypothetical accident sequence for an LMFBR (Source: KfK). 
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VII—5.7.1. Status of present research programmes 

Molten fuel and molten steel will fragment upon contact with liquid sodium. 
There is therefore considerable interest in determining the particle size distribution, 
the settling down mode of particles to form particle beds and the cooling 
characteristics of packed beds of particulate core debris. 

For debris cooling the size distribution of the debris is an important parameter. 
Two fragmentation mechanisms are distinguished: hydrodynamic breakup of 
molten material interacting with sodium and mechanical cracking during the power 
burst (destruction of the fuel rod) [VII-210 to VII-214]. 

Debris beds that form on in-vessel surfaces are always immersed in sodium. 
Particles are observed to settle in form of heaps. The repose angle depends on the 
particle size distribution and on the drop height [VII-213, VH-215J. The 
permeability and the effective thermal conductivity are important parameters for 
the heat transfer within the particle beds [VII-216, VII-217], As fission products 
represent the main heat source, the extent to which they are retained within the 
debris particles determines the heat generation as a function of time. The 
magnitude of the downward heat flux from a particle bed into the supporting 
structure is a key parameter for the melt-through potential. The question whether 
dry out occurs within the particle bed is another key criterion for onset of fuel 
melting. Experiments have shown that the predominant direction of heat flow 
from particle beds will be upwards to the overlying sodium. The parameters 
influencing single- and two-phase heat transfer within the bed are: bed depth, 
particle size and distribution, permeability and stratification within the particle 
bed, cooling at the bottom, sodium pressure and temperature. The great number 
of parameters implies that a complete functional dependence of heat transfer 
and the occurrence of dryout could not yet be derived. But qualitative and, 
in some cases, also quantitative understanding is available. In shallow beds the 
dryout heat flux has a strong dependence on the bed depth. In deeper beds 
sodium boiling occurs within the bed forming vapour channels that vent from 
the interior. Uncertainties still exist in the transition zone from shallow to deep 
beds and in the functional dependence of the dryout heat flux on the bed depth 
[VII-209, VII-218 to VII-226], 

As the particle bed exceeds its coolable limits, particulate bed dryout occurs. 
A local rise in the bed temperature may lead to local debris melting. If the cooling 
conditions of the whole bed are insufficient, more and more of the core debris will 
melt until a bed of molten fuel and steel is obtained. Natural convection then 
occurs with hot fluid rising and cold fluid moving downward. Heat transfer 
correlations have been developed from experimental data which show that 
10—30% of the heat generated would be transferred downward. Sideward heat 
transfer is less well defined at present and research is still going on in this field 
[VII-205, VII-213]. The dispersive characteristics of a boiling steel/fuel pool and 
the formation of solid crusts are relevant to phenomena of the transition phase 
(see subsections VII—5.1 and VII-5.5). 
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Operating floor + 17.2m 

FIG. VII-26. SNR 300 ex-vessel core retention system (Source: Ref. [VII-1];. 

An assessment of the present status of investigations for specific LMFBR 
design concepts, e.g. SNR 300, SUPER PHENIX, CDFR, shows that the core debris 
should be retained coolable within the reactor tank. For SNR 300 a failure 
probability of the in-vessel retention of core debris was estimated to be only 
about 2%. The tendency for the safety design of future 1200 MW(e) size LMFBRs, 
therefore, is to make optimal use of internal tank structures and place in-vessel 
molten core fuel retention devices at the bottom of the reactor tank [VII-225, 
VII-227 to VII-229]. Earlier, also, ex-vessel retention systems were considered 
and installed (Fig.VII-26). In the case of SNR 300 it was not considered possible 
to provide a decisive proof of long-term retention and cooling of fuel debris in 
the reactor tank; therefore the licensing authorities required the installation of 
an external core catcher underneath the reactor tank in the reactor cavity. It 
consists of a crucible retention and cooling system with a U0 2 layer. It also 
provides for fuel distribution to avoid recriticalities. Cooling is guaranteed by an 
independent NaK cooling system within the core catcher structure and by an 
independent nitrogen system cooling the side walls and structures within the 
reactor cavity. This design represents a well assured basis for the control of the 
post-HCDA phase of SNR 300 [VII-230 to VII-233]. However, a lot of additional 
R&D for a number of new problems had to be achieved. One of the main 
problems encountered was the fact that the core catcher, when loaded with 
molten fuel and hot sodium, would generate high aerosol rates in the inner 
containment. The preferred design solution for future commercial size LMFBRs 
is therefore, also in the Federal Republic of Germany, the in-vessel core retention 
and cooling of core debris [VII-234]. 



LMFBR SAFETY 4 7 5 

Sacrificial beds have also been proposed as ex-vessel core retention systems. 
These sacrificial beds would represent devices without cooling systems, consisting 
of high thermal capacity and low thermal conductivity material. The material 
should be arranged such that hot core debris can penetrate only at a slow rate 
into the material. The sacrificial beds would be cooled by natural convection. 
Materials considered for such sacrificial beds are Th02 , U0 2 , MgO, graphite and 
Borax [VII-213, VII-235]. 

Since recent R&D results show that the possibility of in-vessel cooling of 
core debris has a high degree of technical realization, sacrificial beds have lost 
interest. Instead, very interesting and economical design solutions for in-vessel 
cooling devices have been proposed [VII-229, VII-236]. 

For completeness it should be mentioned that experimental and theoretical 
research also concentrated on the interaction of core debris and sodium on the 
one side and core debris and concrete on the other side. These efforts cover the 
case of core debris melting — against all predictions — through the bottom of the 
reactor tank and the steel liner of the reactor cavity. Sodium would follow in 
this case and also attack the concrete. While sodium concrete interactions were 
discussed previously in subsection VII—4.12.4, core debris and steel interactions 
with concrete will be mentioned only briefly. 

Upon attack of the concrete by steel and core debris H2, CO and C02 are 
generated and can lead to an increase of pressure within the containments. As 
similar problems are discussed within the LWR safety programme, many of the 
experimental and theoretical results can be taken over from those LWR R&D-
programmes. LMFBR specific results were reported in Refs [VII-237 to VII-239], 
Theoretical models for the prediction of pressure increase of the containment 
atmosphere are incorporated in the codes CACECO and CONTAIN described in 
subsection VII-5.8. 

VII-5.8. SOURCE TERMS FOR CONTAINMENT ANALYSIS 

The confinement barriers of the inner and outer containment protect the 
environment against major radioactivity releases during or after an accident. 
Considerable radioactivity and heat can only be released from the reactor vessel 
into the containment as a consequence of a major HCDA, during which either the 
tightness of the vessel cover is affected (lifting of the cover or leaks in the cover) 
or molten fuel finds its way melting down through the reactor vessel to the 
containment floor. In addition sodium leaks or sodium spills might lead to 
sodium fires within the containment. 

The analysis of the containment behaviour under such radioactive aerosols 
and heat loads requires assumptions on how much fuel aerosols, fission product 
aerosols and hot sodium might leak out of the reactor tank and primary piping 
system. Best estimate assumptions are usually based on the mechanistic approach 



4 7 6 CHAPTER VII 

TABLE VII-13. CLASSIFICATION OF FISSION PRODUCT AND FUEL 
RADIONUCLIDES WITH POTENTIALLY MAJOR CONTRIBUTIONS TO 
RELEASES 

Fission products 

Xe, Kr 

I, Br 

Cs, Rb 

Te, Se, Sb 

Ba, Sr 

Ru, Rb, Pd, Mo, Tc 

Y, La, Ce, Pr, Nd 

Zr, Nb 

Noble gases 

Halogens 

Alkali metals 

Tellurium group 

Alkaline earth 

Noble metals 

Rare earth 

Refractory oxides 

Gaseous 

Volatile 

Non-volatile 

(high melting point) 

Fuel 

U 0 2 / P u 0 2 

including 

Np 

Am 

Cm 

Oxides 
Non-volatile 

(high melting point) 

of HCDA analysis as described in subsection VII—5.2. Worst case assumptions 
for different LMFBRs are in the range of the following releases from the reactor 
tank: 

— 100% of the noble gas fission products, 
— several per cent of the core fuel inventory, 
— a certain amount of sodium (a few 100 kg up to several tonnes depending on 

LMFBR size). 

(For release of volatile and non-volatile fission products see subsection VII—5.8.1.) 
It has to be emphasized that the different fission products and the fuel 

isotopes have different physical properties affecting the release rates. Table VII—13 
indicates the main release groups of fission products and fuel isotopes. 

More definite numbers for the different release categories depend on the 
specific LMFBR design and on the results of specific HCDA analysis [ VII-240 to 
VII-244], Much R&D work is still going on to improve the accuracy of these 
source term estimates; until now, for lack of better experimental verification, 
these estimates appear to be very conservative. 
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Having defined the source term estimates for radioactive aerosols and heat 
loads (from sodium fires, heat release by radioactive aerosols and heat diffusing 
through the containment walls in the event of imbalance in decay heat removal) 
the analysis of the containment behaviour is performed by computer programs. 
The actual state of the art is that experimental information and theoretical models 
on sodium fires, aerosol behaviour in containments, sodium-concrete interactions 
and heat transfer through containment cells are combined and modelled in 
computer codes, e.g. CACECO [VII-245], COMRADEX [VII-246], or CONTAIN 
[VII-247]. 

The most advanced computer codes treat the inner and outer containment 
system as a network of interconnected cells which communicate with each other 
by mass and energy flow due to pressure and temperature differences through 
flow paths and intervening structures. For each cell an atmosphere and a pool 
part is described. Within the cell atmosphere the following phenomena are treated: 

— thermodynamics with heat transfer to structures, vapour condensation on 
structures 

— intercell flow of gases and aerosols 
— aerosol behaviour including agglomeration, deposition and vapour 

condensation 
— fission product behaviour including decay and heating 
— sodium fires, aerosol chemistry, sodium vapour 
— hydrogen generation and combustion or recombination. 

For the pool part of the cell the following phenomena are described : 

— core debris-sodium thermal interaction 
— sodium- and core debris-concrete interactions 
— water migration and release from concrete 
— sodium pool fires 
— release of gases, vapours, aerosols, and energy in the cell atmosphere. 

Thus, for a specific accident sequence the pressure and temperatures of the 
cell atmosphere and the cell walls can be determined by sophisticated calculations. 
In the first phase of an HCDA sequence the pressure and temperatures will rise in 
the inner containment. In addition, the aerosol concentration will increase in 
the atmosphere of the inner containment. Through intercell leakage flow and 
heat conduction, with some time delay, also the pressure, temperature and 
aerosol concentration in the outer containment will increase. As an example, 
it could be demonstrated for SNR 300 that even in the event of total failure of 
all heat sinks (emergency cooling, core catcher cooling and air coolers) in the 
course of an HCDA sequence, the concrete temperatures of the inner containment 
would remain below 300°C. In parallel with the aerosol concentration increase, 
coagulation, sedimentation and condensation (thermophoresis) phenomena will 
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also occur. This results in a drastic decrease of àerosol concentration by orders 
of magnitude within a few days. 

In the inner containment, as an example, the bulk aerosol concentration 
may reach values up to 10 g/m3 in the initial phase as a result of evaporating 
and burning sodium containing fission products. However, in the outer 
containment the aerosol concentration will always remain below 500 mg/m3, 
i.e. a factor 20 less. Coagulation, sedimentation and thermophoresis phenomena 
cause the aerosol concentration to drop to levels of only several mg/m3 during 
some 10 days. Moreover, this low aerosol concentration is rather insensitive to 
the initial concentration (aerosol source term). 

With this low aerosol concentration ex-venting operation from the outer 
containment into the environment may then start through wet scrubbers, sand-bed 
filters, High Efficiency Particulate Aerosol (HEPA) and charcoal filters. In this filter 
column more than 99% of radioactive aerosols (except noble gases) are retained. 
The radiation exposures, even in the event of an HCDA, in the direct vicinity of 
SNR 300 would only be several rem [VII-170, VII-248, VII-249], This 
exemplifies the potential and the importance of the inner and outer containment 
for radioactivity retention in the course of severe accidents. 

VII—5.8.1. Theoretical and experimental programmes of aerosol behaviour 

Since the 1960s the behaviour of fuel and fission product aerosols as a 
function of time has been studied intensively in the USA by Atomics International 
and in Europe mainly by the Karlsruhe Nuclear Research Centre, ECN Petten and 
CEN Cadarache. In those early experimental studies, U0 2 and simulation materials 
of fission products, such as gold, were atomized into aerosols by large electric 
current and the aerosol concentration was measured in tanks as a function of time. 
This indicated that the following aerosol processes must be taken into account: 

— diffusion of aerosols to tank walls 
— thermophoresis on walls in temperature gradients 
— bottom sedimentation 
— Brownian coagulation 
— coagulation by gravity 
— time-dependent aerosol sources 
— leak rates from the tanks. 

In the first phase after the generation of the aerosols, the coagulation processes 
dominate. This changes the original aerosol particle size distribution. The particles 
coagulate, become larger and finally precipitate. At the beginning the mean 
particle diameter rises from some 0.07 micrometres to some 0.35 micrometres 
and more or less remains constant at this level. 

Up to approximately 48 hours the coagulation phase is followed by a period 
in which none of the different physical processes clearly dominates. Afterwards, 
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the processes of sedimentation and diffusion precipitation become dominant. 
Temperature gradients in the containment result in increased aerosol precipitation. 
This effect is due to thermophoresis, which is based on the acceleration of particles 
in the temperature field towards the cold side [VII-250, VII-251 ]. 

On the basis of these extensive experimental results theoretical models and 
computer programs, e.g. PARDISEKO III [VII-252, VII-253] and HAARM-3 
[VII-254] were developed. Other models were developed in the UK (AEROSIM) 
and Japan (ABC). The computer programs have been verified against results 
obtained from experiments in aerosol tanks with volumes up to 850 cubic metres 
and aerosol concentrations up to 40 g/m3 [VII-255 to VII-257]. 

Experiments were also performed for the hypothetical case of an open 
sodium pool containing fission products and fuel [VII-258 to VII-260]. The 
sodium pool had temperatures between 500 and 900°C and was covered by inert 
gas or air. The rate of fuel and fission product aerosol particles escaping from the 
sodium pool showed the following results: 

— sodium evaporates into the nitrogen atmosphere (inert gas) with evaporation 
rates of about 200 g Na-nT2-h"1 at 500°C and of 85 kgNa-m^-h"1 at 900°C 

— a hot sodium pool releases only 1 /1000 to 1 /5000 of the uranium contained. 

Similar experiments carried out on fission products (iodine, caesium, 
strontium) in boiling and burning sodium pools led to the following results: 

— caesium is almost entirely released as aerosol 
— only about 25% of iodine is released from the hot sodium pool 
— strontium is released as SrO and only 1/20 to 1/30 is released from the hot 

sodium pool. 

VII—5.9. COMPARISON OF DIFFERENT CONTAINMENT DESIGNS FOR 
LMFBRs 

The inner and outer containment structures represent the last barriers for 
prevention of large radioactivity release to the environment. Figure VII-27 
shows different containment designs which were developed during the different 
stages of LMFBR development [VIM3, VIM 69, VII-213, VII-261 ]. 
Figure VII-27(a) shows the so-called single containment in which the reactor 
tank with cover is surrounded by a steel containment having a low leak rate to the 
outside. This simple containment was built for experimental reactors, e.g. FFTF, 
EBR-II, JOYO etc. In Fig.VII-27(b) the double containment concept is explained. 
The reactor tank with cover is surrounded by a steel clad concrete containment 
and a steel dome or steel clad cell. This so-called inner containment with vaults 
for access is filled with an inert gas (nitrogen with low oxygen content). The 
outer steel containment surrounds the inner containment and is filled with air. 
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Hemispherical head 

FIG. VII-27. LMFBR containment systems. (Source: Ref. [VII-1 

It has a low leak rate to the outside. This double containment concept was applied 
to EFFBR and SEFOR. Figure VII-28 shows the so-called containment/confine-
ment concept which is applied, e.g. to SUPER PHENIX. As shown in Fig.VII-28, 
the reactor tank system and the steel dome above the reactor cover represent the 
inner containment. The steel dome has a low leak rate (1 vol.% per day) into the 
outer containment. The air filled outer containment is kept at low pressure and 
can be vented through a filter system to a stack outside. The so-called multiple 
containment with pump-back or reventing capability is shown in Fig.VII-29. 
It is being realized only for SNR 300 up till now. It consists of the steel clad 
inner concrete containment with vaults for access built around the reactor tank 
with cover. It is filled with nitrogen (low oxygen content) and has a relatively low 
leak rate. The outer containment surrounds the inner containment and is filled 
with air. The outer containment consists of an inner concrete and an outer steel 
shell with a so-called reventing gap. Any air leaking from the inside of the outer 
containment and from the outside into the reventing gap is pumped back 
(revented) by reventing blowers. The lower pressure within the reventing gap 
guarantees that in the event of an accident no gaseous radioactivity would leak 
to the outside as long as the reventing blowers are in operation and as long as the 
pressure inside the outer containment does not exceed a certain maximum pressure 
(1.17 bar). This zero release phase can last for about 10 days. After this period 
of time the outer containment can be ex-vented through filter columns and a stack 
to the outside [VII-170], 
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FIG.VII-28. Layers of containment for SUPER PHENIX (Source: NOVATOME). 
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FIG. VII-29. SNR 300 containment (Source: INTERATOM). 
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All inner containments of pool-type LMFBRs are equipped with coolers to 
keep the temperature of the inert gas down to operating level. Similar cooling and 
ventilation facilities are built into the outer containments. The inner and outer 
containments are designed against earthquakes and external events, e.g. floods, 
tornadoes, chemical explosions and airplane crashes. The specific design require-
ments for earthquakes and external events depend on the geological and meteoro-
logical situation at the site and whether the plant is built by a river or at a sea-shore. 
In addition, it is important whether heavy air traffic or transportation of 
chemicals are relevant to the site, e.g. in the Federal Republic of Germany 
the containments of all nuclear reactors must be designed against a crash of a 
Boeing 747 (see subsection VII—7). 

VII—6. INHERENT SAFETY FEATURES OF LMFBRs 

LMFBR cores have a negative power coefficient which is mainly dominated 
by the negative Doppler coefficient and the negative axial fuel expansion 
coefficient [VII-71] (see subsection IV—1.3.8). The latter is mainly affected by 
the expansion of the fuel pellet column at low fuel burnup or by clad expansion 
effects at high fuel burnup (fuel adheres to the cladding) [VII-262 to VII-264]. 
In addition, an increase of the coolant entry temperature leads to radial expansion 
of the core grid plate which again causes a negative temperature reactivity 
coefficient [VII-263 to VII-266]. An increase of the core power and of the 
coolant temperature rise initiates the core bowing reactivity effect which is 
designed to be slightly negative by proper selection of the axial positions of the 
support pads of the assembly duct (see subsection VI-2.5). 

An increasing core sodium temperature leads to a positive reactivity 
coefficient in central parts of the core which — for large LMFBR cores — dominates 
the smaller negative contributions from the external core regions. Also, an increase 
of the temperatures of fuel clad and core structural material forces sodium out of 
the core and leads to a positive temperature reactivity coefficient [VII-71, VII-267], 

Reactivity coefficient measurements at PHENIX and PFR revealed that an 
additional temperature coefficient exists, which is caused by the expansion of the 
absorber guide structures due to rising sodium temperatures in the upper plenum 
(Fig.VII-30). The expanding guide structures force the absorber rods to dive 
deeper into the core, causing a negative reactivity effect as long as the reactor 
vessel does not encounter a larger temperature rise than that seen by the absorber 
guide structures (differential expansion). This effect is in the range of -10"5 Ak/k 
per degree increase of the core sodium outlet temperature (assuming constant 
vessel temperatures). Its quantitative value depends somewhat upon the burnup 
state of the core, i.e. whether the absorber assemblies are located in the core 
centre at maximum reactivity worth position or whether they are already with-
drawn to a lower reactivity worth position in the upper axial core region. Because 
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FIG. VII-30. Heat transport system of SUPER PHENIX-1 (Source: Ref. [VII-268]A 

of heat transfer from the sodium to the absorber rod guide structures and because 
of heat conduction in these structures this reactivity coefficient has a certain 
delay time (10 to 100 seconds for SUPER PHENIX-1) against the core sodium 
outlet temperature [VII-263 to VII-266, VII-268, VII-269], 

During whole-core and plant transients the negative temperature reactivity 
coefficients can balance positive reactivity increases and counteract power increases 
[VII-268, VII-269]. As an example, Fig.VII-31 shows the predicted behaviour of 
SUPER PHENIX during a loss of electric supply of the primary and secondary 
pumps followed by subsequent failure to scram (ULOF accident). In this case the 
primary coolant flow slows down to about 15% in a time span of about 250 seconds. 
Similarly, the secondary coolant flow slows down. Since the power generation is 
not terminated by the reactivity shutdown system (failure to trip) and there is no 
other fast acting effect to decrease reactor reactivity and power quickly, the core 
outlet temperature starts to increase. At the same time the decreasing secondary 
flow weakens the heat transfer within the intermediate heat exchanger and the 
outlet temperature of the IHX as well as the core inlet temperature will increase 
(Fig.VII-32). 
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FIG. VII-31. Untripped loss of flow accident (flow and power) (Source: Ref. [VII-268]j. 

FIG. VII-32. Untripped loss of flow accident (temperatures} (Source: Ref. [VII-268];. 
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FIG. VII-33. Untripped loss of flow accident (reactivities) (Source: Ref. [VII-268JJ. 

The rising coolant temperatures initiate the negative temperature reactivity 
coefficients of the core grid plate radial expansion, of the absorber rod guide 
structure expansion and of the axial fuel expansion (Fig.VII-33). This negative 
reactivity effect counteracts the effects of the positive sodium reactivity coefficient. 
The resulting negative total reactivity causes the core power to decrease. This 
leads to another positive reactivity contribution (power coefficient) which also is 
counteracted by the three different negative temperature reactivity contributions. 
The remaining total negative reactivity causes the power to decrease further down 
to about 10% within 1500 seconds [VII-268], 

The essential result is that the core power decreases inherently and 
continuously to about decay power level. The maximum core outlet temperature 
increases up to 700°C and the maximum temperature in the highest rated fuel 
elements of the core attains 840°C, which is still below the sodium boiling 
temperature [VII-268, VII-270], A similar behaviour is predicted for the case of 
loss of heat sink in the tertiary coolant circuit (steam generators etc.) of SUPER 
PHENIX [VII-268]. For PFR a very similar behaviour was obtained, although 
sodium boiling could occur in some of the highest rated fuel assemblies of the 
core, if some worst case assumptions are made [VII-269, VII-270]. 
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For the ULOF accident in SUPER PHENIX-1, best estimate analysis predicts 
maximum coolant outlet temperatures of 740°C and the coolant temperatures 
in the hottest subassembly do not exceed the boiling point (Tm a x = 830°C for 
Tboiling = 930°C). The main difficulty is that the bulk sodium temperature is 
still rising after 1500 seconds and a critical value of 620°C is reached after 
1800 seconds. At this point in time the reactor must be shut down neutronically 
and the decay heat removal system must be actuated, because otherwise the bulk 
sodium temperature will exceed 650°C and reach a temperature range considered 
to be critical for failure of reactor vessel and support structures (creep damage, 
see plastic range and inelastic analysis as described in subsection VI-5.6). 
However, one can envisage that within the long time span of 1500—2000 seconds 
always adequate action by the operators (scram by hand, startup of diesel 
generators etc.) or other automatic actions of the plant protection system can be 
initiated. In addition, natural convection in the decay heat and emergency cooling 
systems of the plant would start to remove the heat out of the reactor tank and 
lower the sodium temperature [VII-23, VII-69, VII-271 to VII-273]. These 
inherent safety features of LMFBRs had not been taken into account during the 
development phase of the 1960s and 1970s, primarily because experimental results 
and theoretical analysis were not available at that time. Also, any theoretical 
prediction of the negative reactivity coefficients of the core grid plate, the axial 
fuel expansion at different burnup states of the core, bowing and expansion of the 
control rod guide structures, together with their time delays against the sodium 
temperature, is hard to calculate accurately. Eventually, they could only be 
measured accurately at the existing plants (PHENIX, PFR). 

This is one of the main reasons why in safety analysis and in the licensing 
process of LMFBR plants, one has not taken full advantage as yet of these inherent 
features. In addition, as will be explained in subsection VII—8 (risk analysis) 
other potential accident initiators for a core meltdown are still present. There-
fore, the ULOF accident was often analysed as a case leading to an upper bound of 
consequences for a number of other core meltdown accidents, as described in 
subsection VII—5. 

Finally, it should be mentioned that this inherently safe behaviour depends 
on a large pump coast-down halving time (49 seconds for SUPER PHENIX-1) to 
activate the (differential) expansion effect of the absorber guide structures. On 
the other hand, a large pump coast-down halving time can cause certain thermal 
shock problems for in-vessel structures. In the event of fast neutronic shutdowns 
(scrams) of the plant this is a problem of plant availability, but it is of no direct 
safety concern. 
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VII—7. EXTERNAL EVENTS 
[VII-2, VII-274] 

Commercial size LMFBRs, like all other commercial nuclear plants, are 
designed to withstand such natural events as, 

— floods 
— tornadoes 
— earthquakes 

and other external events caused by 

— air traffic: aircraft crashes 
— chemical explosions, e.g. of liquid gas tankers on rivers. 

All these events could also be initiators for common mode failures in the 
plant protection system. Therefore, the principles of redundancy and diversity 
are carefully applied in the design of the plant protection system, the heat transfer 
system and the containment systems. 

VII -7 .1 . FLOODS AND TORNADOES 

Protection against floods and tornadoes is accomplished by conventional civil 
engineering of the plant. Nevertheless, the protection of emergency power supply 
(diesel generators), of the air coolers of the emergency decay heat removal system 
and of the emergency control room are important examples for safety design 
against these natural events. Design solutions for these items differ from plant 
to plant and from country to country. 

VII—7.2. CHEMICAL EXPLOSIONS 

Design against chemical explosions is mainly required because Liquid Natural 
Gas (LNG) or other explosive chemicals are transported on rivers close to the 
plant. Although the probability of a crash of two LNG tankers close to a nuclear 
plant is very low, it has to be considered in some countries, e.g. in the Federal 
Republic of Germany for plants along the river Rhine. The SNR 300 outer 
containment is designed against a pressure wave increasing to 1.45 bar absolute 
within 0.1 second at the outer containment wall. 

VII—7.3. AIRCRAFT CRASHES 

The crash of aircraft into a nuclear plant is another low probability event 
but is being considered in some countries as a design criterion for the containment 
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system and important safety related systems. It can be neglected for very remote 
sites with essentially no air traffic. However, countries such as for example, the Federal 
Republic of Germany, with heavy air traffic have set rules to design nuclear plants 
against the crash of civil and military aircraft (Boeing 747 or Phantom II). 
Experiments and theoretical analysis showed that a thickness of the outer 
containment wall of 140-175 centimetres is sufficient to protect the plant 
against penetration of jet engines through the outer containment wall during 
such a crash. In addition, design measures must be taken that jet fuel fires do not 
impair the shutdown and emergency cooling functions of the plant. Together 
with these design measures against chemical explosions and aircraft crashes also 
a certain protection against terrorist attack is provided which is not discussed in 
public. 

VII-7.4. EARTHQUAKES 

The design against earthquakes covers an assessment of the geological and 
tectonic structure of the environment of the site and the definition of earthquake 
criteria (horizontal and vertical accelerations) for the design of the core structures, 
containment and plant protection system. Code development for seismic analysis 
and experimental validation programmes have been performed, mainly in those 
countries having higher seismic risk [VII-275 to VII-277], Generally one 
distinguishes between the design for 

— the normal operation earthquake which shall cause no damage to the plant, 
and 

— the safe shutdown earthquake in which some damage may occur; however, 
the shutdown and emergency cooling functions of the plant as well as the 
confinement against radioactive releases must not be impaired. 

Earthquake analysis frequently applies finite element methods describing 
the containment as a system of masses and springs with damping constants. 
Apart from this analysis for the dynamic behaviour of the containment, the 
dynamic response of the piping systems must also be assessed. This leads to the 
determination of optimal locations for rigid struts and mechanical snubbers within 
the piping system. The support structures must be designed to meet stiffness 
deflection limits and withstand the interface loads between containment structures 
and piping systems. 

Loads at nozzles of components, pipes etc. are usually determined and a 
strain/stress analysis is performed [VII-278 to VII-281 ]. 

VII—8. RISK ANALYSIS 

Methods for quantitative evaluation of reactor risk are becoming increasingly 
important as part of a reactor safety assessment. The methods found their first 
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widespread use in the United Kingdom by the work of Farmer [VII-40] and his 
colleagues. In 1973/74, a comprehensive risk analysis for LWRs was conducted 
in the USA under the direction of Rasmussen [VII-282]. More recently, a similar 
risk analysis for LWRs in the Federal Republic of Germany was performed under 
the direction of Birkhofer [VII-39], 

Similar to these LWR risk studies, a risk assessment was also performed and 
published for CRBR in 1978 [VII-283J. In 1980, a fact finding committee on 
'Future Nuclear Energy Policy' of the Federal German Parliament recommended 
a study on the accidental risk of the SNR 300 under construction in Kalkar [284], The 
main aim of this study was to perform a comparative safety evaluation between 
the SNR 300 and a modern PWR of the type Biblis B, taking probabilistic aspects 
into account. It should be pointed out that the study was not part of the licensing 
procedure. 

In the following subsections a short description of the methodology and of 
the most important results of this study [VII-285] will be presented. This 
presentation will be based on a recent publication by Birkhofer et al. [VII-241 ] 
and should be considered as an example for LMFBR risk analysis. 

VII—8.1. METHODOLOGY OF RISK ANALYSIS 

In case an accident n of an LMFBR power plant has the consequence cn 

(measured in monetary losses or in number of fatalities) and the frequency of 
occurrence per year pn , then the risk rn per year can be defined as the product 
of cn and pn : 

In case all different accidents of a nuclear power plant are considered, then the 
total risk of the plant per year r can be defined as 

This 'classical' definition of an integral total risk has not really been used in recent 
risk analysis studies. Instead of defining a single total risk value for a power plant 
in this way, one defines, as a risk measure, the set of pairs 

r n c n Pn (VII-1) 

(VII-2) 

all n 

{c n ,p n } , n= 1,2, (VII-3) 

Thus, one has the freedom of distinguishing between an accident n! which has a 
high frequency of occurrence (Pni ) and a low consequence c n i , and an accident 
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FIG. VII-34. Core destruction initiators (Source: Ref. [VII-285 
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n2 which has a low frequency of occurrence pn2 and a high consequence cn2, 
whereas 

r n l = Cnl P n l = c n 2 Pn2 = r n 2 ( V I I - 4 ) 

This appears to be necessary, because two accidents of this type are not 
equally accepted by licensing bodies and the public, as has already been indicated 
by Farmer [VII-40]. 

In the risk assessments mentioned above (see also subsection VII—8.2) still 
another compromise between these two definitions of risk has been adopted: 
To avoid the complication of keeping track of an enormous number of accidents 
(n = 1,2, ), one defines so-called accident classes (e.g. represented by typical 
accidents) and keeps the pairs of (integrated) frequencies of occurrence and 
consequences only for these classes. 

To place the following discussion in the proper perspective, the following 
remarks should be made: 

Major radioactivity releases from the reactor tank into the containment 
and to the environment can only be expected from core destruction. Core melt-
down and destruction are very improbable, because of the low failure rates of the 
PPS (see subsection VII-4). In addition, important safety features for the 
mitigation of core destructive accidents are the following: 

— reactor tank and primary system are designed to withstand mechanical 
energy releases (up to 370 MJ for SNR 300) 

— core internals are designed such that core debris can be cooled within the 
tank. In the event of melt-through, molten fuel is collected and cooled in 
the external core catcher underneath the tank. This device is outlined in 
Fig.VII-26 of subsection VII-5.7.1. 

— heat released into the containment atmosphere in the event of tank failure 
is removed by internal cooling systems 

— the plant is equipped with a double containment system (see Fig.VII-29 in 
subsection VII—5.9). 

VII—8.2. RESULTS OF SNR 300 RISK ANALYSIS 

Figure VII-34 identifies in a fault tree representation six groups of accidents 
which may initiate core destruction. The core can be destroyed either through 
rapid nuclear power excursion, usually called a 'core disruptive accident', or 
through slow meltdown. 

Core destruction through nuclear power excursion can only occur through 
disturbances, which add significant amounts of reactivity within a short time and, 
further, only if this combines with failure to scram. In this case, power increases 
rapidly until the excursion is limited by inherent physical mechanisms. 
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ACCIDENT 
INITIATOR 

REACTOR 
SHUTDOWN 
SIGNAL 

REACTOR 
SCRAM 

(MECHANICAL) 

DECAY 
HEAT 
REMOVAL 

CORE 
DESTRUCTION 
INITIATOR 
(GROUP) 

s u c c 

t r a n s i e n t 

e s s 

f a i l u r e 

l o s s o f 1 
n o r m a l A C - p o w e r 

l e a k i n 
p r i m a r y s y s t e m 

r e a c t i v i t y 5 
a d d i t i o n , 

l o c a l 
c o o l i n g d i s t u r b a n c e 

n no core destruction 
1 Unprotected Loss of Flow ULOF 
2 Insufficient Heat Removal Without Scram IHRWS 
3 Unprotected Reactivity Addition URA 
4 Unprotected Propagation of Local Cooling Disturbance UPLCD 
5 Failure of Decay Heat Removal (no coolant loss) FDHR 
6 Coolant Loss and Failure of Decay Heat Removal CLFDHR 

FIG.VII-35. Event sequence for accident initiators (Source: Ref. [VII-285]/. 
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Potential causes for such reactivity increases are, 

— removal of sodium from the core, 
— unprotected reactivity addition. 

Potential causes of displacement of sodium could be gas bubbles in the core 
area, or sodium boiling. While the entrance of gas bubbles into the core is 
prevented by passively operating measures, prevention of sodium boiling requires 
active measures. Therefore a more detailed consideration of accidents initiated 
by sodium boiling is warranted. 

Sodium boiling may occur if there is insufficient coolant flow through the 
core or insufficient heat removal to the heat sink and if this combines with failure 
of reactor scram. These events correspond to groups 1 and 2 (see Fig.VII-34), 
which are designated as Unprotected Loss of Flow (ULOF) and Insufficient Heat 
Removal Without Scram (1HRWS). Group 2 is quite similar to an Unprotected 
Loss of Heat Sink (ULHS). 

Unprotected Reactivity Addition (URA) and Unprotected Propagation of 
Local Cooling Disturbance (UPLCD) have been analysed in the study. Their effects 
are covered by the treatment of group 1 and 2; they are not further discussed in 
detail in this report. 

The core could also be destroyed after reactor scram, resulting from an 
imbalance between the decay heat generated in the core and heat removed from 
the primary coolant. Possible causes are 

— loss of active and passive decay heat removal capability without loss of 
coolant (group 5) 

— loss of decay heat removal capability in the event of primary coolant boundary 
leakage, leading to partial loss of coolant (group 6); the corresponding 
accident is also known as a Loss of Coolant Accident (LOCA). 

It should be pointed out that the six groups of core destruction initiators 
comprise all conceivable causes potentially leading to core destruction. Each of 
these core destruction initiators itself can be caused by various accident initiators. 

The analysis investigated the various modes under which accident initiators 
can lead to one of the core destruction initiators. Expected frequencies of such 
sequences were estimated. Five classes of accident initiators have been defined. 
They are representative for all conceivable individual accident initiators. 

Figure VII-35 shows the event trees for the accident initiators 

— transient 
— loss of normal AC power 
— leak in the primary coolant system 
— reactivity addition, and 
— local cooling disturbance. 



TABLE VII-14. ACCIDENT INITIATOR FREQUENCIES AND DERIVED EXPECTED FREQUENCIES OF CORE § 
DESTRUCTION INITIATORS [VII-285] * 

Accident initiator 
f requency 
(year" 1 ) 

Conta inment 
Failed system func t ion , 
condit ional probabil i ty Group 

Core des t ruct ion ini t iator 
Name Frequency (year 

Transient 
12 

Closed 

Open 

Reactor scram 
(mechanical) : 10~7 

Conta inment 
closure: 3 X 10"3 

1 

1 

ULOF 

ULOF 

1.2 X 10"6 

3.6 X 10"® 

Transient 
12 

Closed 

Ventilation 
open 

Manual shu tdown: 0.1 
Shu tdown signal: 10~7 

Conta inment closure signal: 0.1 
Conta inment closure: 2 X 10~3 

2 

2 

2 

IHRWS 

IHRWS 
IHRWS 

1.2 X 10" 7 

1.2 X 10"8 

1.2 X 10"1 0 

Loss of normal 
AC-power 
0.07 

Closed 

Open 

Decay heat removal system 
active: 10" 4 , passive 0.01 

Conta inment closure: 2 X 10~3 

5 

5 

FDHR 

FDHR 

7 X 10" s 

1.4 X 10" ' ° 

Steam generator 
failure, 1 

Closed 

Ventilation 
open 

Decay heat removal system active: 
(1.5 X 10~2 ) (5 X 10"*), 
passive: 0.01 

Conta inment closure signal: < 1 0 " 3 

Conta inment closure: 2 X 10"3 

5 

5 
5 

FDHR 

FDHR 
FDHR 

7.5 X 10" 1 

< 7 . 5 X 10" 1 0 

1.5 X 10"9 

General case of 
decay heat removal 
11 

Closed 

Ventilation 

open 

Decay heat removal system active: 
(1.7 X 10~ 3 ) (5 X 1 0 " ) 
passive: 0.01 

Conta inment closure signal: < 1 0 ~ 3 

Conta inment closure: 2 X 10~3 

5 

5 

5 

FDHR 

FDHR 

FDHR 

a l O " 7 

S 1 0 " 1 0 

s 2 X 10" ' ° 
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Branching occurs at the success or failure states of the required safety 
systems. Finally, the courses lead to one of the six groups of core destruction 
initiators or to the safe state, designated by (n). 

The systems important to prevent core destruction are the reactor shutdown 
systems and the decay heat removal systems. Looking at the reactor shutdown 
system, failure of the signal to be actuated (either automatically by the reactor 
protection system or manually) has to be distinguished from failure of the 
mechanical scram systems. If the signal fails after occurrence of a transient, the 
reactor remains in the operating state. If the heat removal capability is impaired 
by the accident initiator, the reactor temperature begins to rise, and can reach 
values where the main coolant pumps fail, unless limiting effects due to inherent 
physical effects or manual measures take place. If the pumps fail, the event 
sequence ends at core destruction, corresponding to group 2 in Fig.VII-35. 

If the signals are present and the primary coolant pumps are shut off as 
designed (or pump coast-down is the initiating event), but both mechanical scram 
systems fail, then the event sequence leads to ULOF, which corresponds to group 1 
in Fig.VII-35. 

If the reactor is shut down, decay heat has to be removed. If the decay heat 
removal systems fail, the event sequence leads to Failure of Decay Heat Removal 
(FDHR) with a scrammed reactor. It corresponds to group 5 in Fig.VII-35. 

For specific accident initiators, such as loss of normal AC power, leak, and so on, 
core destruction initiators for some branches of the event tree are different from 
the general transient case. For example, after loss of normal AC power, failure of 
shutdown signal leads to group 1 (instead of group 2), because primary pumps 
coast down after loss of power. Here, these differences will not be discussed in 
more detail. 

Expected frequencies of core destruction initiators have been calculated by 
reliability analyses. The most important results are shown in Table VII-14. 
It shows the frequencies of initiating events and failure probabilities of 
systems needed to keep the reactor in a safe state. From these, the expected 
frequencies of the core destruction initiators of group 1, 2 and 5 are determined. 
Other groups are not shown here, since their contribution is insignificant. 

Dominant accident initiators for groups 1 and 2 are general transients 
estimated to occur 12 times a year. With an estimated failure probability of 
1CT7 of the mechanical scram system, an expected frequency of 1.2 X 1CT6 per 
year is obtained for the unprotected loss of flow case with closed containment; 
for an open containment the frequency is much less than this value. The 
unprotected loss of flow case is used as the basis for the subsequent accident 
analysis. 

The details need not be discussed here, but in Table VII—15 the results for 
the different groups of core destruction initiators are summarized; the rather 
infrequent events can and have been neglected. 
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TABLE VII-15. EXPECTED FREQUENCIES OF CORE DESTRUCTION INITIATORS [VII-285 ] 

Group Core destruction initiator 
Frequency per year 
(no external event) 

Special conditions 
Na temperature Na level 

Unprotected Loss of Flow ULOF 

Insufficient Heat Removal IHRWS 
Without Scram 

Unprotected Reactivity URA 
Addition 

Unprotected Propagation UPLCD 
of Local Cooling 
Disturbance 

Failure of Decay Heat FDHR 
Removal (no coolant loss) 

Coolant Loss and Failure of CLFDHR 
Decay Heat Removal 

1.2 X 1CT6 

1.2 X 10~7 

- 7 <10 

C I O " 

3 X 10" 

High 
O 
BS 
s H m 
W 

High Upper reactor 
core boundary 
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FIG. VII-36. SNR 300 reactor tank position and core size (Source: Ref. [VII-285]/ 

The next step of the analysis deals with the course of core destructive 
accidents. This analysis is based on the results of the foregoing analysis which 
quantified frequencies of occurrence and determined the state of the plant at 
the onset of core destruction. 

The first step of the accident analysis investigates the potential failure 
modes of the reactor tank and guard vessel. Core destruction may be accompanied 
by the release of significant amounts of mechanical energy. The primary coolant 
system of the SNR 300 is designed to withstand mechanical energy releases up to 
370 MJ. Other design features such as the submerged emergency coolers make it 
possible to cool the molten core inside the reactor tank, so that melt-through of 
the tank can be prevented. The large tank and coolant volume, relative to the core 
volume, shown in Fig.VII-36 greatly contributes to this capability. 

The accident analysis had to estimate the conditional probability that 
releases of mechanical energy beyond the design value of 370 MJ occur, and the 
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TABLE VII-16. PROBABILITIES OF MECHANICAL 
ENERGY RELEASE [VII-28 5] 

Energy X Probability (released 
(MJ) mechanical energy > X) 

50 0.052 
150 0.012 
400 0.003 

conditional probability of reactor tank failure due to mechanical or thermal 
overload at energy releases below 370 MJ. 

According to present understanding, the possible amount of mechanical 
energy released in such accidents is expected to be far below the design value of 
370 MJ. However, for the probabilistic risk assessment it was necessary to arrive 
at a quantification of probabilities of energy releases exceeding certain values. 

This part of the analysis had to incorporate expert judgement in a number of 
places. To put such estimates on a basis as broad as possible, an international 
expert questionnaire was conducted on phenomena influencing the release of 
mechanical energy after an unprotected loss of flow. 

Incorporating the results of this action, subjective complementary probability 
distributions for the release of mechanical energy have been obtained. The 
total of these distributions reflects the degree of uncertainty exhibited in the 
experts' answers. A reference complementary probability distribution was also 
generated. Some values taken from it are shown in Table VII—16. These results 
represent the subjective judgement arrived at in the analysis. By no means should 
they be interpreted as results of a statistical analysis. 

For example, there is a 0.95 conditional probability that the release of 
mechanical energy in an unprotected loss of flow case is less than 50 MJ. The 
conditional probability for exceeding 400 MJ, which is about the design value, 
is three tenths of a per cent. The analysis also showed that there is a conditional 
probability, of about one half, that there is no mechanical energy release at all in 
an unprotected loss of flow case. 

Table VII—17 shows conditional probabilities for conceivable reactor tank 
failure modes, which are based on a rather detailed analysis. 

From the table it can be concluded that there is a seven-tenths conditional 
probability that the tank remains intact after core destruction. The conditional 
probability for mechanical failure is about one tenth. 

Tank failure after core destruction leads to release of energy and radioactive 
material into the containment system. Such accident sequences have been 
pursued further in the risk analysis. 
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TABLE VII-17. CONDITIONAL PROBABILITIES OF REACTOR TANK 
FAILURE MODES [VII—285] 

Core destruction Plug system Mechanical Thermal failure 
initiator failure failure (melt-through) 

Unprotected 
loss of flow 

3 X 1(T3 3 X 10"4 7 X 1(T2 

Insufficient heat 
removal without 5 X 1(T3 1 X 10"2 0.99 
scram 

Failure of decay heat 
removal with reactor - 0.5 0.5 
scram -

Sum 2.6 X 10~3 9.5 X 10"2 2.2 X 10"' 

The SNR 300 will be equipped with a double containment. The inner 
containment, which is inerted by nitrogen to prevent a sodium fire, encloses 
the primary system. The inner containment is completely contained within the 
outer containment, which again is enclosed by a steel liner. 

The gap between the concrete wall of the outer containment and the steel 
liner, called the 'reventing gap', is kept at subatmospheric pressure in order to 
prevent leakage into the environment. In the ex-venting mode, containment 
atmosphere is released into the environment through filters and stack. 

In the event of an accident all air supply and exhaust systems are shut off 
and the containment is automatically isolated against the environment. Inner 
and outer containments are equipped with cooling systems to remove heat from 
the containment during normal operation and after accidents. 

If the plug system is destroyed by a high mechanical energy release it is 
assumed that the cover between the inner and outer containment is lifted and 
sodium and core material are spilled directly into the outer containment. As a 
result of a sodium fire, the pressure increases quickly, leading to containment 
failure because of overpressurization within a few minutes and, subsequently, 
to massive release of radioactivity into the environment. There is very little 
influence of the states of the containment systems on the course of this extreme 
accident sequence. 

Other accident sequences, where the inner containment is still intact at the 
time of tank failure, require a detailed consideration of the states of the contain-
ment systems. Within the inner containment, these are the core catcher, and its 
cooling system, the nitrogen-natural circulation loop, and the steam pressure 
relief system. For the outer containment, important systems are the containment 
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TABLE VII-18. DEFINITION OF RELEASE CATEGORIES AND EXPECTED FREQUENCIES [VII-285] 

Release Description Time of main Released thermal Expected frequency Released fraction of 
category release energy of release per year reactivity inventory 
No. (h) (106 kJ/h) Noble gases Actinides 

Core destruction, plug 
system failure over-

K1 pressurization, failure 
of outer 
containment 

Core destruction, 

0 - 1 530 10~8 1 0.05 

K2 
mechanical tank failure, 
damaged core catcher, 
loss of power 

Core destruction, thermal 

2 2 - 2 3 15 2 X 10~7 1 5.5 X 10"4 

K3 tank failure, unfiltered 
exventing 

Core destruction, thermal 

0 - 4 8 2 X 10~8 1 4.1 X 10"4 

K4 tank failure, loss of power, 
containment isolated 

Core destruction, thermal 

48 -100 2 X 10~7 ' 1 1.8 X 10"5 

K5 
tank failure, 
containment systems 
functioning 

240-320 - 3 X 10"7 2 X 10"2 1.4 X 10"11 
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isolation system, the containment air cooling system, and the reventing and 
exventing systems. Availability of the containment systems depends on preceding 
events, particularly on the tank failure mode. To avoid the investigation of a large 
number of different events, distinguished by various combinations of success or 
failure states of the containment systems, the risk analysis was restricted to the 
simulation of some typical sequences, including those with the most severe 
consequences. With the exception of the functions 'isolation between inner and 
outer containment', 'isolation of outer containment' 'exventing system', and 
'nitrogen natural circulation', all containment systems pessimistically have been 
assumed to be in the failed state. 

Based on a number of core destruction initiators and tank failure modes and 
various combinations of success and failure states of the containment systems, 
detailed calculations of eight different containment scenarios were carried out. 
They considered the amounts of radioactive material released from the reactor core 
into the containment system and the fractions thereof held back in the containment 
system due to plate-out processes, and determined the amount and time of radio-
activity release into the environment. 

Table VII—18 shows the results of the plant system analysis. Five release 
categories (K1 to K5) have been defined. They are distinguished by different 
release fractions of the radionuclide inventory, by the release time after accident 
initiation, by the duration of the release, and by the thermal energy carried with 
the release. The expected frequencies of occurrence of the release categories are 
obtained from the expected frequencies of core destruction and from conditional 
probabilities of tank failure modes and containment isolation failure. 

Category K1 comprises the most severe release after plug system failure 
and overpressurization failure of the outer containment. The main release 
occurs a few minutes after accident initiation and is combined with a considerable 
release of thermal energy. In Table VII—18, only the released fractions of noble 
gases, 100%, and actinides, 5%, are shown. For other radionuclides fractions 
between five and fifteen per cent of the inventory have been calculated for this 
category. 

Category K2 comprises cases with failure of heat removal from the inner 
containment, while the outer containment is isolated up to 22 hours. At that 
time, a hydrogen explosion occurs in the inner containment, destroying the 
integrity of the containment system. 

For category K3 thermal tank failure, failure of containment isolation and 
unfiltered exventing of containment atmosphere is assumed. 

Categories K4 and K5 contain cases with lower releases, category K5 being 
quite similar to the design basis accident. 

Table VII-18 shows that the released fraction of actinides is considerably 
lower for categories K2 to K5 than for category K1. Similar relations apply to 
other groups of isotopes, with the exception of noble gases, for which partial 
retention occurs only for category K5. 
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Besides accidents caused by internal initiating events, possible effects of 
external events have been investigated. Flooding, tornadoes, lightning, gas cloud 
explosions, effects of hazardous materials and missile generation in the turbo-
generator building have been analysed qualitatively. The analysis showed that 
no significant risk contribution is to be expected from such events. 

Effects of aircraft crashes and earthquakes have been analysed quantitatively. 
Because of design measures and low frequencies of these events contributions 
from aircraft crashes are small. Earthquakes, which may threaten the availability 
of the reactor scram systems, of the decay heat removal systems and of contain-
ment isolation, contribute 50% to the expected frequency of the most severe 
release category 1 and about 40% to the expected frequency of category 3. 

The reason for this significant contribution is not a particular sensitivity 
of the SNR 300 to earthquakes, but the fact that the expected frequency of core 
destruction caused by internal events is as low as the expected frequency of 
extremely strong earthquakes at the site Kalkar. 

Since simultaneous core destruction and failure of containment structures 
have been assumed for a very high intensity earthquake, this event contributes 
mainly to release categories 1 and 3. 

Besides accident sequences in the reactor core, releases of radioactivity from 
the spent fuel storage pool have also been analysed. There is a sodium cooled 
and a nitrogen cooled storage pool. Consequences and expected frequencies of a 
total failure of their cooling systems have been determined. Based on a rather 
pessimistic approach, a frequency of 4 X 10"s per year has been determined for 
radionuclide release from the sodium cooled storage pool. Release fractions are 
in the range of category 3 for the more volatile isotopes and in the range of 
category 4 for the actinides. However, the inventory in the pool is by a factor 
of about 6 smaller than in the core. The corresponding release category has been 
named KA (see also Fig.VII-37). Releases from the gas-cooled pool are insignificant 
for the risk. 

Using the release categories as input, accident consequences were calculated 
for the Kalkar site. To make the results comparable to the German Risk Study 
for pressurized water reactors, the consequence model used therein was employed 
after some modifications. 

Early fatalities due to acute lethal radiation doses occur only above a thres-
hold dose. This threshold is not reached after accidents of the SNR 300 within 
populated areas around the reactor site. This even remains true if no credit is 
taken for countermeasures. 

Late fatalities have been determined on the basis of a linear dose-effect 
relation without threshold. The result of such a model is that even very low 
doses are assumed to lead to late fatalities, if only a big enough population is 
exposed to them. Figure VII-37 shows the complementary probability distribu-
tion for late fatalities. For comparison, the analogous results of the German Risk 
Study for PWR are also shown. These results have been calculated for 25 plants at 
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FIG. VII-3 7. Complementary probability distribution for late fatalities of PWR and SNR 300 
(Source: Ref. [VII-285]! 

19 different sites. For the purpose of comparison, frequencies have been reduced 
to one plant. Consequences reflect the whole spectrum of 19 sites. 

Figure VII-37 shows that the maximum number of late fatalities is about a 
factor of ten smaller for SNR 300 than for the PWR. Expected frequencies are 
also lower for SNR 300. The uppermost curve for SNR 300 relates to release 
from the sodium-cooled storage pool; the other four curves relate to releases from 
the core. 

Similar relations between SNR 300 and PWR have been obtained for other 
kinds of consequences. 

The number of late fatalities caused by release category K1 would be 
increased by a factor of about 3 if plutonium from light water reactors were 
considered instead of plutonium from MAGNOX reactors, as has been done in 
the study. This is due to the fact that light water reactor plutonium contains 
higher portions of the radiologically important isotope 238Pu. 

Uncertainty analysis was not carried out for the consequence modelling. 
However, significant differences with regard to uncertainty analysis are not to 
be expected between the SNR 300 and the PWR of the German Risk Study. 

The bandwidth of the confidence intervals obtained for the frequencies of 
occurrence of release categories for the SNR 300 is about 10 times as large as 
for the PWR. This confirms the expectation that a risk analysis for a prototype 
plant necessarily will end up with wider margins of uncertainty than the risk 
analysis for an existing plant with operating experience. 
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The main task of the analysis was a comparative safety evaluation of the 
SNR 300 and of a modern PWR. Though the uncertainty bandwidths obtained 
in the SNR 300 analysis are much wider than in the PWR analysis, it is indicated 
that frequencies of severe accidents and their consequences are smaller for the 
SNR 300. The following safety relevant design features of the SNR 300 explain 
this favourable outcome: 

- the highly reliable reactor shutdown system, consisting of two independent 
and diverse devices, compensates for adverse neutron physics properties such 
as the positive void-reactivity feedback 

- because of the low system pressure, the great difference between operating 
and boiling temperature, and the cavity concept, only limited amounts of 
coolant can be lost and the core will always be covered after a LOCA 

- high heat capacity and excellent heat transfer properties of the coolant 
result in passive decay heat removal capability 

- the unfavourable property of sodium to react chemically with water and air 
is countered by adequate designs 

- the SNR 300 is designed to retain core material inside the reactor tank after 
core destruction 

- the SNR 300 has two containments which retain most of the radioactive 
inventory even after destruction of the reactor tank. 

Owing to thermodynamic properties of the coolant sodium, pressure in the outer 
containment builds up slowly; thus, most of the radioactivity carried into the 
outer containment after failure of the inner containment is removed from its 
atmosphere through plate-out processes before overpressurization failure. 

VII—8.3. RISK ANALYSIS FOR THE WHOLE FUEL CYCLE 

Besides risk studies of LMFBR plants, a comprehensive accident risk assess-
ment would be needed for all parts of the fuel cycle. Up to now only preliminary 
risk studies for the LWR fuel cycle have been carried out. The only risk study to 
cover the entire LWR fuel cycle by the same methodology as the US LWR Safety 
Study was published by EPRI [VII-286]. 

The preliminary result of that study is that the risk attached to the fuel cycle 
is approximately 1 % of that associated with the reactor plant itself. The accidental 
risk coming from the fuel cycle is almost equally divided among fuel reprocessing, 
mixed oxide fuel re fabrication and fuel element transportation. Although a similar 
study has not yet been carried out for the LMFBR fuel cycle, the results would be 
very similar as the radioactivity inventories are similar [VII-287]. However, final 
conclusions can only be drawn after LMFBR specific risk studies for the LMFBR 
fuel cycle will have been performed. 
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Appendix 

LIST OF MAJOR COMPUTER CODES USED FOR ANALYSIS OF THE 
DIFFERENT ACCIDENT PHASES 

In this Appendix some major computer codes representing the state of the 
art for analysing the different accident phases (see Fig.VII-22) are listed; the 
table contains the code name, the problem solved and the relevant references. 

Code name Problem solved References 

1. Initiating phase and 2. Early shutdown phase 

SAS3D Code system for ULOF and UTOP [VII-288] 
accident simulation. 

SAS4A Code system for ULOF and UTOP [VII-289] 
accident simulation (improved SAS 
code system). 

MELT-IIIA Code system for UTOP accident simulation. [VII-290] 

HOPE Code system for UTOP accident simulation. [VII-291 ] 

SAS3DC Code system for ULOF and UTOP [VII-292] 
accident simulation (improved clad 
motion model). 

CAPRI Code system for ULOF and UTOP [VII-293] 
(BREDA-II) accident simulation. 

3. Transitory phase and 4. Phase of integral core material movement 
and mild discharge 

TRANSIT Thermal and mechanical progression of [VII-294] 
subassembly failure. 

FUMO Thermal and hydrodynamic progression of [VII-295] 
subassembly meltdown including 
recriticalities. 

FX2-POOL Boiling fuel/steel pool analysis; extended [VII-296] 
material motion; recriticalities. 



5 0 6 CHAPTER VII 

Code name Problem solved References 

SIMMER-II 

BOPSI 

PBDOWN 

Thermal and hydrodynamic progression [VII-297] 
of subassembly meltdown; boiling fuel/ 
steel pool analysis; extended material 
motion; recriticality analysis; expansion 
and discharge analysis. 

Boiling pool behaviour. [VII-298] 

Expansion and discharge analysis. [VII-298] 

VENUS-II 

VENUS-III/FX2 

PAD 

KADIS 

SIMMER-II 

PBDOWN 

5. Energetic disassembly and discharge phase 

Prompt-burst core disassembly in [VII-299] 
(r, z) geometry. 

Prompt-burst core disassembly in [VII-300] 
(r, z) geometry and extended material 
motion. 

Prompt-burst core disassembly in spherical [VII-301 ] 
geometry and extended material motion. 

Prompt-burst core disassembly in [VII-302] 
(r, z) geometry. 

Prompt-burst core disassembly; extended [VII-297] 
material motion; expansion and discharge 
analysis; all in (r, z) geometry. 

Expansion and discharge analysis. [VII-298] 

6. Phase of primary system loading 

REXCO-HEP Dynamic structural response of reactor [VII-303] 
vessel, head and support structures in 
(r, z) geometry; fluid structure interaction; 
Lagrangian co-ordinates. 

PISCES (2DL) Dynamic structural response of reactor [VII-304] 
vessel, head and support structures, in 
(r, z) geometry; fluid structure interaction; 
Lagrangian co-ordinates. 
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Code name Problem solved References 

SIRIUS 

STEALTH 

MOTION 

ICECO 

PISCES (2DELK) 

ICEPEL 

ARES 

ROPLAST 

Dynamic structural response of reactor [VII-305] 
vessel, head and support structures, in 
(r, z) geometry; fluid structure interaction; 
Lagrangian co-ordinates. 

Dynamic structural response of reactor [VII-306] 
vessel, head and support structures, in 
(r, z) geometry; fluid structure interaction; 
Lagrangian co-ordinates. 

Dynamic structural response of reactor [VII-307] 
vessel, head and support structures, in 
(r, z) geometry; fluid structure interaction; 
Lagrangian co-ordinates. 

Dynamic structural response of reactor [VII-308] 
vessel, head and support structures in 
(r, z) geometry; fluid structure interaction; 
extended fluid motion; Eulerian 
co-ordinates. 

Fluid motion; Eulerian/Lagrangian [VTI-309] 
co-ordinates. 

Dynamics structural response of pipes, [VII-310] 
elbows and loops in two dimensions; 
fluid structure interaction. 

Dynamic structural response of reactor [VII-311 ] 
vessel, head and support structures in 
(r, z) geometry; fluid structure interaction; 
Lagrangian co-ordinates. 

Dynamic structural response of pipes, [VII-312] 
elbows and loops in two dimensions; 
fluid structure interaction. 

BDIPB 

THEKAR 

7. Post-accident heat removal phase 

Boiling and dryout in particle beds. [VII-313] 

Thermohydraulic behaviour of molten [VII-314] 
core material including heat exchange with [VII-315] 
the boundaries. [VII-316] 
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Code name Problem solved References 

TAC2D 

TAC3D 

COMMIX 

NOTUNG 

MACONDO 

GROWS-2C 

CACECO 

HAARM-3 

PARDISEKO 

SEACAP 

SPRAY 

SOFIRE-II 

COMRADEX-IV 

CONTAIN 

Steady state and transient heat transfer in [VTI-317] 
two dimensions. [VII-318] 

Steady state and transient heat transfer in [VII-319] 
three dimensions. [VII-320] 

Transient single-phase thermal hydraulic [VII-321 ] 
analysis in three dimensions (blockages, 
debris beds, etc.). 

Natural circulation emergency heat transfer [VII-322] 
in the SNR 300 tank. 

Interaction of a molten U02-pool with [VII-323] 
its supporting structure. 

Interaction of molten core debris pool [VII-324] 
with surrounding structures. 

8. Phase of containment loading 

Long-term pressure, temperature histories [VII-325] 
in connected cell/containment space 
after CDA. 

Aerosol behaviour inside containment. [VII-326] 

Aerosol behaviour inside reactor [VII-327] 
containments. 

Radionuclide behaviour in the SNR 300 [VII-328] 
inner containment. 

Sodium spray fire analysis. [VII-329] 

Sodium pool fire analysis. [VII-330] 

Radionuclide transport. [VII-331 ] 

Systems code for analysis of containment [VII-332] 
response to reactor accidents. [VII-333] 

9. Phase of radiological impact on the environment 

UFOMOD Consequences of radioactivity release into [VII-334] 
the environment due to a reactor accident. [VII-335] 

TIRION Consequences of a release of radioactive [VII-336] 
material to the atmosphere. 
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Chapter VIII 

THE FUEL CYCLE OF FAST BREEDER REACTORS 

VIII-1. INTRODUCTION 

A mandatory requirement for the eventual utilization of breeder reactors is 
the closure of the fuel cycle. The closed LMFBR fuel cycle is comprised of the 
following major components: 

— Fuel fabrication plant 
— Nuclear power plant 
— Spent fuel reprocessing facility. 

These components, together with other aspects common to these components, 
including transportation, safeguards, safety aspects, environmental impact, waste 
treatment and disposal, and decommissioning, are described in Chapter VIII. 

The closed fuel cycle for LMFBRs, especially reprocessing, still remains to 
be demonstrated on a commercial scale. The fuel cycle remains one of the major 
challenges of breeder reactor development and deployment. 

VIII—2. BASIS OF THE LMFBR FUEL CYCLE 

The various facilities are connected by means of transportation. The input 
to the LMFBR consists of fissile and fertile material. Fresh fertile material, in 
the form of natural or depleted uranium, is input to the fuel fabrication facility. 
Fresh fissile material to charge the reactors is obtained from the yearly amount 
of plutonium generated in the reactor — which is made available after reprocessing 
of the spent fuel. In this way, the original fissile material can be multiplied many 
times, thus expanding the energy resource base (see Chapter IX). Since the recycling 
of fuel is the raison d'être of the LMFBR, the development of a closed fuel cycle 
is essential. 

Because the LMFBR fuel cycle is 'closed' (Fig.VIII-1 ), it is possible to begin the 
description at any point in the fuel cycle. For the purpose of the discussion we will 
consider there to be a 'front-end' (subsection VIII—3) and a 'back-end' (sub-
section VIII—5), both of which centre on the reactor (subsection VIII-4). In 
this way, our discussion parallels that traditionally associated with the light water 
reactor fuel cycle. In this discussion, differences between the LMFBR fuel cycle 
will be noted. Where practices are similar, reference will be made to the LWR fuel 
cycle, with which it is assumed the reader is acquainted. 

5 2 7 
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FIG. VIII-1. Closed fuel cycle for fast breeders (Source: KfK). 

Before discussing these two major components, certain aspects which are 
basic to the LMFBR fuel cycle will be indicated. These include the rationale 
and differences compared with LWR (thermal) fuel cycles, mass flow of a model 
FBR fuel cycle, and ex-core times. Elements common to several stages of the 
LMFBR fuel cycle, including transportation, safeguards, safety aspects, environ-
mental impact, waste treatment and disposal, and decommissioning are described 
in subsection VIII—6. 

VIII—2.1. RATIONALE AND DIFFERENCES COMPARED WITH THE 
THERMAL (LWR) FUEL CYCLE 

The cores of fast breeder reactors are inherently different from those of 
other power reactors. They are characterized by a higher fissile material density, 
leading to a compact core with higher neutron flux and greater power density 
(see Chapter IV). In addition, to make optimum use of the neutrons, the core 
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MAJOR DIFFERENCES BETWEEN LWR AND LMFBR FUEL 

LWR LMFBR 

(X) Characteristics 

Core fissile inventory 
(kg/GW(e)) 

Core power density (avg.) 
(kW/L) 

Core burnup (max.) 
(MW-d/t) 

Blanket fuel elements 

(2) Consequences 

U mining and milling 
U enrichment 
U n a t consumption 
(over 30 years) 

Fuel recycle necessary 

Fuel fabrication 

Fuel loading zones 

Blanket region 

Fuel residence time 
in reactor (years) 
Discharged fuel cooling 
time (years) 

Discharged fuel transport 
limit and means of cooling 

Reprocessing 

Waste disposal 

2 500 (U-235) 

95 

35 000 

No 

Large 
Yes 
4 200 t/GW(e) 
(Once through) 
2 740 t/GW(e) 
(U-Pu recycle) 

No 

Contact 
(especially, if no 
recycle) 

3 - 4 

None 

3—7 or more 

Thermal 
H jO or air 

PU REX 

Direct disposal or 
HLW vitrification 
after reprocessing 

4 000 (PUfiss) 

280 

60 000-100 000 

Yes 

No 
No 
35 t/GW(e) (depleted U) 

Yes 

Remote 
(contact may be possible 
for initial loading) 

2 (axial and radial) 

2 - 3 (core) 
2 - 6 (blanket) 

Criticality 
Na or gas 

PUREX (special head end) 

HLW vitrification after 
reprocessing, disposal of 
sodium 
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TABLE VIII-2. 

CHAPTER VIII 

HOLDUP IN MODEL LMFBR FUEL CYCLE (INFCE) [VIII-1 ] 

Fuel cycle stage Operations Holdup Total for 
(d) stage (d) 

Fabrication plant: 
(core and blanket elements) Pre-storage of PuO^/UO? ; 30 

Fabrication of fuel elements; 60 
Post-storage of fuel elements 30 

Transportation Fabrication plant to reactor 
plant 

30 30 

Reactor plant 

Transportation 

Pre-storage as fresh fuel 
elements; 30 
Post-storage as spent fuel 
elements 180 

Reactor to reprocessing 
plant 30 

210 

30 

Reprocessing plant Storage and pre-treatment; 30 
Chemical separation; 40 
MOX (storage) 60 130 

Transportation Reprocessing plant to 
fabrication plant 30 30 

550 550 
Contingency for 
delays 180 180 

TOTAL 730 730 

is surrounded, both radially and axially, by fertile blanket material. These 
factors result in higher fabrication costs and inventory carrying charges, necessitat-
ing higher burnupsas a means of recouping the costs. These differences in fast 
reactor core design, discharge fuel properties and the necessity of reprocessing 
are the major sources of differences between LMFBR and other reactor fuel cycles. 
As an example, Table VIII—1 indicates these differences relative to the LWR 
fuel cycle. 
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The 'systems inventory' of the LMFBR fuel cycle consists of the core fuel 
inventory and the fuel inventory involved in reprocessing, (re)fabrication and 
other fuel cycle operations. For logistic and economic reasons, this systems 
inventory should be as small as possible. On the one hand, this leads to the 
requirement of a small in-core fuel inventory and a high burnup (long utilization 
of the fuel for energy generation). On the other hand, it means short ex-core 
times for the fuel inventory in the fuel cycle. 

At present it is generally assumed that an ex-core time of two years is 
feasible for the LMFBR fuel cycle (see subsection VIII—2.3). For future advanced 
FBR fuel cycles, however, ex-core times of roughly one year are envisaged. 
Table VIII-2 indicates the different time spans for the fuel in the LMFBR fuel 
cycle outside the reactor plant [VIII-1 ]. In all cases, the goal is to perform the 
operation in the minimum amount of time. Reducing the time that material is 
held up has a dual effect of reducing both the ex-core requirements and conse-
quently the associated investment requirements. 

VIII—2.2. MASS FLOW IN THE MODEL LMFBR FUEL CYCLE 

A model fuel cycle for reprocessing the Pu02/U02 fuel discharged from 
LMFBRs totalling 10 GW(e) capacity roughly corresponds to a capacity of 1 t/d or, 
at 250 full-load days, an annual capacity of 250 tonnes. Such a fuel cycle includes 
reprocessing and refabrication plants on an industrial scale. Figure VIII-2 indicates 
the mass flows of the most important materials in this model LMFBR fuel cycle 
[ V I I I - 1 ] , 

From the 10GW(e) of LMFBRs, at a load factor of 0.7, an annual 166 tonnes 
of uranium and plutonium in core fuel elements and 85 tonnes of uranium and 
plutonium in radial blanket elements are discharged and shipped to the reprocess-
ing plant. These spent fuel and blanket elements, in addition to uranium and 
plutonium, contain 6.45 tonnes of fission products. Of this fission product 
volume, some 5.8 tonnes are contained in the core fuel elements and in the axial 
blankets, and some 0.65 tonnes in the radial blanket elements. The distribution 
into different fission product isotopes differs slightly from that encountered in 
LWRs, because of the fast neutron spectrum and the fissile plutonium (see 
Chapter IV). In addition to these quantities of fuel and fission products, there 
are approximately 240 kilograms of higher actinides (237Np, 241 Am, 242 Am, 243 Am, 
242Cm and 244Cm). 

In the reprocessing plant, the fission products and the higher actinides are 
separated from the fuel and go into the high-level liquid waste concentrate. Some 
227 tonnes of uranium and 21.7 tonnes of plutonium are recovered, of which 
1.59 tonnes of plutonium can be diverted as a breeding gain to start new LMFBRs 
or to feed converter reactors, e.g. LWRs. Roughly 1%, i.e. 200 kilograms of 
plutonium and some 2000 kg of uranium, initially remains as high-level solid or 
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FIG. VIII-2. Mass flow within a model fast breeder reactor fuel cycle (Source: Ref.[VIII-l]). 

liquid wastes accumulating in the reprocessing and refabrication plant. However, 
in the waste treatment step, most of the plutonium will be recovered so that 
ultimately only some 20 kg/a of plutonium will be lost to the high- and medium-
level liquid wastes. 

In refabrication, the spent 238U must be made up for by depleted uranium 
tails from enrichment. The quantity of uranium to be replaced is a result of the 
fractions accumulating as a result of fission, conversion and losses during reprocess-
ing and refabrication. In this case, it is approximately 13 tonnes of depleted 
uranium per year. 

VIII-2.3. EX-CORE TIME PERIODS 

The fuel elements remain in the core for some two years attaining a burnup 
of up to 100 000 MW-d/t before they are unloaded. 

After unloading from the reactor core, the core elements and the radial blanket 
elements are first stored on the reactor site for some 180 days (see Table VIII—2). 
Then they are transported to the reprocessing plant in shipping casks. Shipping 
the fuel elements takes about thirty days. Another thirty days are assumed for 
intermediate storage and pretreatment of the fuel elements before cutting and 
dissolution. Assuming a reprocessing plant with annual reprocessing capacities 
of 260 t/a, the total time required for all steps, from chopping the fuel pins to 
conversion into Pu02 and U0 2 powder, is estimated to be forty days. Sixty days 
are available for intermediate storage of the oxide powder, another thirty days 
for transport to the fuel refabrication plant. 
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The associated fuel refabrication plants will have ari annual capacity of about 
110 tonnes of mixed Pu02/U02 fuel for the core and an annual capacity of 
150 tonnes for U0 2 blanket fuel (65 tonnes for the axial blankets and 85 tonnes 
for the radial blanket). The fabrication process takes about sixty days, and another 
thirty days are required for fuel element storage before shipment to the FBR power 
plant. Shipment requires some thirty days; another thirty days are assumed for 
storage on the reactor site before the fuel is loaded into the core for power 
generation. 

These time periods add up to 550 days. Assuming another 180 days for 
unforeseen delays, which may arise from currently still imperfect synchronization 
between the various fuel cycle operations, the total ex-core or fuel cycle time adds 
up to 730 days or about two years. 

However, it is obvious that co-location of reprocessing and refabrication plants, 
good synchronization of the different fuel cycle activities, and reductions in storage 
time can help to achieve ex-core times of about one year. This would be important 
for the case that the FBR system would have to be introduced to replace the LWR 
in a minimum time period of about 30—40 years to cut the natural uranium 
consumption to near zero (limitation of natural uranium reserves, see Chapter IX). 

VIII-3. FRONT-END OF THE LMFBR FUEL CYCLE 

In the LMFBR fuel cycle, the front-end includes any fuel-related activities 
up to insertion of the recycled MOX-fuel in the fast breeder reactor. The two 
major activities are obtaining the fuel resources and the fabrication or refabrication 
of the fuel elements. 

VIII—3.1. FUEL RESOURCES 

As a consequence of the breeding process, the natural uranium resources are 
almost fully exploited in the LMFBR system. The fuel utilization practically may 
be increased to around 60% which is a factor of 100 times that possible in present 
converter reactors (without reprocessing and recycling), e.g. LWRs. Because of 
this, more expensive and more extensive ore deposits become economically usable. 
In this way the breeder reactor can expand fuel resources far beyond any conceiv-
able periods of consideration. 

The input fertile material for the LMFBR fuel cycle comes from natural 
uranium or, preferably, from 'tails' from the enrichment process. In the event 
that natural uranium is the input material, the ore needs to be purified and refined 
from its naturally occurring low concentration to an abundance usable in the 
breeder reactor. The U3Og must also be reduced to U0 2 for processing in the 
fabrication facility. 
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The 'tails' or natural uranium waste stream from the light water reactor 
enrichment process is a preferred source of uranium. This material already contains 
an over-abundance of the fertile isotope 238 U. Thus, these tails provide a better 
fertile material than natural uranium which has a higher 235U content. 

VIII-3.2. FABRICATION AND REFABRICATION OF LMFBR FUEL 

The fuel for the liquid metal fast breeder reactor may consist of either 
once-recycled or multiply-recycled material. Where the number of cycles is 
low, the fissile fuel may be handled in a conventional facility using 'contact' 
methods. Multiply-recycled fuel is generally considered to require an extensively 
shielded refabrication facility where all operations are performed remotely. 

The reference fuel for the LMFBR is the mixed U/Pu oxide (MOX). The 
technology for MOX fuel has been built on the firm foundation of the U0 2 

technology and the large, worldwide experience from LWR usage. Alternative 
fuel types (carbides and metals) also have been developed but as yet have not 
been sufficiently proven for application in a commercial power reactor. Because 
of the fact that the former objectives to use advanced fuel materials (to gain a 
high breeding ratio and a short doubling-time, high linear ratings, etc.) have no 
longer the same urgency and priority, and taking into account the good experience 
with oxide fuels, the alternative materials have been used only for limited irradia-
tion experiments. 

The present design for FBR elements includes the MOX fuel (either in form 
of pellets or particulates) filled into a stainless steel cladding, together with U0 2 

axial blanket pellets. The fuel and blanket column are fixed in place by springs 
or holding devices and the pin is closed on both sides by welded end plugs. A 
greater number of pins are assembled into bundles (subassemblies) in which they 
are spaced by either grids (PFR, SNR 300) or spiral wires (PHENIX, SUPER-
PHENIX, FFTF). The completed fuel bundle is contained in a hexagonal wrapper 
tube. The fabrication steps which follow welding of the second end plug are not 
different from U0 2 element fabrication steps; they are therefore not considered 
here. 

VIII—3.2.1. Fuel fabrication techniques 

The bulk of fuel produced to date has been of the pelleted type, although 
to some extent vibrocompacted granular fuel has been produced, but primarily 
for irradiation testings. 

For production of the starting materials for fuel pellets, two different 
techniques were developed in different countries. One line starts from mixed U/Pu 
nitrate solutions and produces directly by a precipitation procedure (addition of 
NH4 or NH4 + C02) a mixture of both elements (wet route). The other line 
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starts with U0 2 and Pu02 powders, mostly from the oxalate (dry route). Each 
of the routes shows advantages: in the case of the wet line the precipitation can 
be performed at the reprocessing plant and separation of U/Pu is not necessary; 
with the dry route U0 2 powder can be supplied separately by an industrial 
uranium supplier, well adjusted to the requirements of the process steps to follow. 
However, this requires that Pu02 powder must be produced and transported 
separately. This can lead to concerns regarding the safeguarding of the material 
(see subsection VIII-6.2.). 

For both methods the fabrication process is currently performed under 
glove-box conditions; additional shielding must be provided to guard against 
gamma and neutron exposure. This problem becomes more significant with 
further irradiation because the plutonium isotopic characteristics change, depend-
ing on the source of the Pu-nitrate solution. In the last decade, MAGNOX-type 
plutonium has been used but, with increasing output of the reprocessing plants, 
LWR plutonium which contains a much higher amount of gamma and neutron emitt-
ing plutonium isotopes (238Pu,241 Pu and 242 Pu), will become available. In the future, 
especially as higher burnup fuel is utilized, most experts consider that fast breeder 
refabrication will have to be performed remotely. 

Another way to separate these strong emitters is a chemical separation process 
before fabrication. This chemical separation (e.g. for separation of 241 Am, which 
is built up during storage by decay o f 2 4 1 Pu) can be combined with the purification 
of scrap materials from different process steps, which cannot be recycled directly. 
This 'dirty' scrap is processed through a series of roast, scrub, wash, leach and 
filter systems and dissolved in nitric acid. A chemical separation process similar 
to the PUREX reprocessing procedure or a selective precipitation procedure, such 
as ammonium uranyl carbonate A(U/Pu)C, is used to recover the fissile material. 

A review of the present situation at various fabrication facilities and detailed 
descriptions of the process for fuel pellet production were presented at the Inter-
national Conference on Fast Reactor Fuel Cycles, London, 1981 [VIII-2]. MOX 
fuel is produced by this means in the fabrication facilities in Belgium, France, the 
Federal Republic of Germany, Japan, the UK and the USA. 

In the USSR two different processes have been developed and are used 
for production of pellets of mixed oxide fuel. These two technologies are based 
on mechanical mixing and co-precipitation. After testing the mixed oxide fuel in 
reactors BR 10 and BOR 60, subassemblies with a mixed oxide fuel have been 
irradiated in the reactor BN 350. In addition, vibrocompaction technology has 
been developed in the USSR for fabrication of mixed oxide fuel. As a result of 
investigations it is clear now that fuel pins which were fabricated from mixed 
oxide by the vibrocompaction technology could ensure the same power density 
for. the core and the same burnup as pellet pins. The set of fuel subassemblies 
fabricated from mixed oxide on the basis of vibrocompaction technologies is 
now being tested in the reactor BOR 60 [VIII-3]. 
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FIG. VIII-3. Fabrication process for U/Pu oxide fuel (Source: ALKEMj. 
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VIII— 3.2.1.1. Dry process 

Pellet fabrication starting from the original oxide powders U0 2 and Pu02 

(dry route) consists mainly of the following process steps (see Fig. VIII-3): 

— the oxide powders are mixed in accordance with the required ratio of U/Pu 
enrichment. In case free-flowing powders are used, pellet pressing can follow 
immediately without any addition of binder or lubricant; if low density has 
to be achieved, pore formers can be added. (The first core of the Federal 
German SNR 300 fuel was fabricated according to that route. Post 
irradiation examinations showed that the fuel produced was not completely 
dissolved by nitric acid, because of about 10% of insoluble, pure Pu02 

agglomerates) 

— afterwards the mixed powders are milled (practically both steps are made in 
one piece of equipment and at the same time). At this point it is also possible 
to add binder, lubricant, pore formers if necessary, and even fabrication scrap. 
The milling procedure is especially important to improve the formation of 
solid solution (U, Pu)02 , which is a necessity to enable the later complete 
dissolution in nitric acid, because highly sintered, pure Pu02 is insoluble in 
nitric acid 

— the milled powders are not free flowing, therefore a granulation process has 
to follow. This can be done either by precompaction or by 'direct' granulation 
procedures 

— pressing is done with a variety of presses. Recently, especially fast running 
rotary presses have become competitors of the former types adapted from the 
powder metallurgy industry 

— the pressed pellets are sintered in high temperature furnaces at about 
1600— 1750°C under a reducing atmosphere. If larger amounts of binders 
or lubricants have been added, a dewaxing step at lower temperatures 
(800—1000°C) must be performed before sintering. The sintering process 
is responsible for the adjustment of important fuel properties, mainly 
dimensions and density, Oxygen to Metal (O/M) ratio, moisture and gas 
content, etc. 

— grinding to final pellet diameter is often used. In the case of wet grinding, 
the pellets have to be dried before loading into the rods. 

Breeder fuel stacks are formed from the mixed oxide pellets and the U0 2 

axial blanket pellets, which may be fabricated in LWR fuel fabrication facilities. 
Loading of fuel and blanket pellets into the fuel rods is done in a manner similar 
to the uranium oxide production in LWRs. After having passed all quality controls, 
the pellets are formed to stacks according to the required length of the fuel column 
and,together with support springs or holding devices, are inserted into the tubes 
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which are already welded at one end. Welding of the second end plug follows 
under well-defined inert atmosphere conditions (see Fig.VI-4). 

Before welding, helium is filled into the loaded pins; afterwards the second 
end plug is welded. In most cases a TIG welding (Tungsten Inert Gas) procedure 
is used; in some facilities, where the glove boxes are operated under He gas, the 
separate gas-filling procedure is not necessary. Normally, the contamination level 
of the welded pin is so low that the pins can be handled in the open air. In this 
case, the required control examinations can be performed without any special 
measures. 

VIII—3.2.1.2. Wet processes 

The wet process for pellet preparation starts with a precipitation step of 
the mixed nitrate solutions (see subsection VIII—5.1.3). Three methods have been 
developed: 

— the precipitation with NH4 leads to plutonium (IV) hydroxide and ammonium 
diuranate, which are then filtered, dried and calcined to U0 2 —Pu02 powders. 
The further treatment is similar to the dry route, i.e. mixing, granulation, 
pressing, and sintering 

— the precipitation with NH4 and C02 leads to ammonium-uranyl-plutonyl-
carbonate (NH4)2 (U, Pu)02 (C03)3 . The same process, only with pure 
uranium, has been used in a large scale production line for LWR fuel pellets 
for several years. Advantages of this procedure are the following: because of 
the selective character of the precipitation, americium and other impurities, 
as they may occur in dissolved fabrication scrap, can be separated. Further-
more, the precipitate is relatively coarse and easier to handle without dust 
formation and is free-flowing. Filtration is simple because of the coarse 
crystals,- calcination/reduction to (U, Pu)02 can be done in one step at 
650°C [VIII-4]. Also here the pressing, sintering, etc. can be performed 
similar to the dry route with the exception that no granulation, binder or 
lubricant addition is required 

— co-conversion of mixed uranium and plutonium nitrate solutions by a Gel 
Supported Precipitation process (GSP), producing ADU + Pu(OH)4, granu-
late particles. The resulting precipitate is dried and conditioned by thermal 
treatment (calcination at 750°C in air; and reduction, 900°C in controlled 
atmosphere). The Gel MOX material so obtained can be used as the base 
for the fabrication of pelletized fuel. Advantages of this procedure are the 
following: the production of a pure Pu02 end product can be avoided, 
the use of GSP MOX material avoids the generation of Pu02 dust, and the 
GSP MOX material offers high solubility in the dissolution step of 
reprocessing. 
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VIII—3.2.1.3. Alternative fabrication processes 

The alternative methods of fuel fabrication have gained only limited interest. 
These techniques are based on compaction of spherical or irregular shaped 
particles. Two different routes exist: first, the 'gel-sphere-pac' particulate process 
and second the 'Vi-pac' particulate process. 

In the gel-sphere-pac process, microspheres in various sizes are produced 
initially. These are loaded into the fuel rods and compacted by low energy vibra-
tion. With the very high density microspheres, smear densities of about 86—88% 
can be achieved using three different size fractions. Details of the process are 
given in Ref. [VIII-5 ] . The potential advantages are that a completely homo-
geneous fuel is produced and processing can be done more easily in a remote way 
than in the case of pellet preparation. The single process steps are more simple 
and a potential reduction in personnel radiation exposure and process losses are 
offered by the fact that no dusting occurs from the starting material. 

In the Vi-pac process, high-density fuel material produced by pneumatic 
compaction was loaded by high energy vibration into the fuel rods. No convenient 
advantages have been found compared with other methods. Therefore, develop-
ment work was suspended several years ago. The main reasons which brought up 
a new consideration of the alternative concepts, especially of the gel-sphere-pac, 
were that production of pure Pu02 would be avoided and precipitation can be 
done directly at the reprocessing plant (see sub-section VIII— 5.1.2.2). 

VIII—3.2.2. Current status 

Small pilot fabrication facilities have been installed in several countries with 
the purpose of producing fuel for the test reactors, which are currently opera-
tional (see Table VIII-3). Based on the experience gained from the operation of 
these small units, an upscaling was performed to be able to supply the needs of the 
prototype reactors. To date, all the existing facilities have installed capacities of 
about 5 - 1 0 t/a (exception, the French SUPER PHENIX line with about 20 t/a) and 
have experience with the fabrication of at least some tonnes of mixed oxide fuel. 

Main points of interest common to all countries are: 

— convenient fabrication processes for MOX fuel pellets were evaluated and 
the necessary equipment was installed. As an example, the flowsheets of 
the processes used at the Federal German ALKEM plant is shown in 
Fig. VIII-3. The achievement of a satisfactory quality standard in the 
manufacture of a relatively complex fuel to a tight specification is indicated 
by the very small number of pins which failed due to fabrication defects 

— to guarantee product quality, it was necessary to set up quality assurance 
systems with the associated analytical and personnel installations 
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TABLE VIII-3. CAPACITY OF Pu0 2 /U0 2 FUEL FABRICATION PLANTS [VIII-6] 

Fabrication plant Heavy metal capacity 
(t/a) 

Fuel fabricated for 

U S A - A p o l l o , PA, 
Babcock and Wilcox 

5 FFTF 

Belgium - Dessel, 
BELGONUCLEAIRE 5 SNR 300 

UK - Windscale, 
BNFL 5 PFR 

Japan - Tokai mura, C JOYO 
PNC J 

MONJU 

Germany (Fed. Rep.)—Wolfgang, 
10 

KNK II 
ALKEM 10 

SNR 300 

France - Cadarache, 
20 

RAPSODIE 
CEA 

20 
PHENIX 
SUPER PHENIX 

— all fabrication lines are adjusted to the use of glove-boxes, which are more 
or less shielded to protect workers from high radiation exposure. Depending 
on the type of plutonium and on the amount of material handled, the shield-
ing has to be adjusted. Different solutions exist, either for alpha, gamma or 
for neutron shielding 

— a very important factor is the present situation of fabrication costs, which are 
fjir from being economic. Fuel fabrication accgynts for a considerable part 
of the total fuel cycle cost and therefore it is important to decrease the cost 
of the fabrication component (see Chapter IX). 

VIII—3.2.3. Future planning for fabrication 

The main objectives for future programmes in FBR fuel fabrication can be 
defined: 

— to reduce personnel radiation exposure, mechanization and automation of 
transfer systems, fabrication and inspection equipment should be made. 
Examples are given in Refs [VIII-7, VIII-8] 

— the throughput capacity must be adjusted to reach the highest possible 
process fluidity in order to guarantee a reproducible product quality 
(introduction of buffer storage to match better the different rates of various 
fabrication steps [VIII-9]). 
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— the equipment sizes and batch quantities should be increased to the limits 
of technological and criticality criteria in order to limit the number of 
qualification runs and acceptance test operations (cost factor) 

— the amount of fabrication scrap and wastes should be reduced by better 
equipment reliability and by methods for dry-recycling of scrap. 

VIII-4. REACTOR OPERATIONS 

Several operations in the LMFBR fuel cycle are performed at the reactor. 
The fresh, or reload, fuel is received from the fuel fabrication facility and stored 
until it is needed for loading in the reactor. When the reactor is shut down for 
its annual discharge of spent fuel, the reload fuel is inserted and any necessary 
rearrangements of fuel elements are made to ensure a uniform power distribution. 
The spent fuel which has been removed from the reactor is stored until it has 
'cooled' or decayed sufficiently for optimum transportation and handling. 

VIII—4.1. IN-CORE FUEL MANAGEMENT 

Initially, the entire LMFBR core and radial blanket is loaded with fresh fuel. 
After a certain period of operation some of the fuel elements which are located in 
the region of highest neutron flux will have attained their maximum burnup and 
have to be replaced by fresh fuel. At the same time, some of the fuel elements 
need to be rearranged so as to retain a uniform power distribution. 

After several years of transition an equilibrium is reached in which the burnup 
status of fuel elements repeats itself at reloading (beginning of a burnup cycle) and at 
discharge (end of a burnup cycle). Generally the duration of a burnup cycle is 
chosen to be one year, so that the fuel is reloaded and discharged in batches 
(see also subsection IV—2.3.7 for more details). 

VIII—4.2. ANNUAL DISCHARGE OF SPENT FUEL 

For large size LMFBRs the main core design parameters are chosen such that 
in equilibrium each year either 1/2 or 1/3 of the fuel attains its maximum burnup. 
This is achieved by a special batch loading scheme of the core fuel (similar to 
LWRs) during the operation period. Take, as an example, the simplified case that 
all fuel elements would have the same power history (flat radial power distribution 
over the core) and that this fuel would attain its maximum burnup after two years 
of reactor operation. It is then possible to unload one-half of the core fuel already 
after one year when it will have reached half of its maximum burnup. This 
half of the fuel would be replaced by fresh fuel elements. After two years of 
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TABLE VIII-4. CORE DESIGN AND BURNUP CYCLE PARAMETERS FOR 
LARGE SIZE LMFBRs [VIII-1] 

SUPER PHENIX Assumed for INFCE 

Reactor power (MW(e)/MW(th)) 1200/3000 

Capacity factor 0.7 

Core design: 
Fuel pin outer diameter (mm) 8.5 
Axial core length (mm) 1 000 
Number of pins/subassembly 271 
Number of subassemblies 

inner core 193 
outer core 171 
radial blanket 233 

Burnup at discharge (MW-d/t) 
Core (max.) 70 000 
Axial blanket (average) 2 200 
Radial blanket (average) 1 400 

Specific power (kW/kg) 
Core 79 
Axial blanket 7 
Radial blanket 3 

Maximum/average fuel 
rod power (W/cm) 450/290 

Fuel management 
Time to attain max. burnup (years) 2.2 

Annual discharge of subassemblies 
Core fuel subassemblies 165 
Radial blanket subassemblies 60 

1000/2740 

0.7 

7.4 
1 016 
271 

180 
138 
234 

100 000 
2 500 
3 100 

95.5 
4.6 
2.3 

460/295 

2 

159 
47 

reactor operation half of the core fuel elements would have attained their maximum 
burnup. They would have to be discharged and be replaced by fresh fuel elements, 
whereas the remaining half of the fuel elements would be at half of the maximum 
burnup. Through this loading sequence, one would enter directly in an equilibrium 
cycle in which each year half of the fuel is discharged with maximum burnup and 
replaced by fresh fuel. 

In reality, the radial power distribution is not flat and follows a certain 
radial distribution function. This requires a certain shuffling scheme (loading of 
fuel elements at other core locations) for fuel elements with partial burnup, 
especially in the outer core and the radial blanket region where steep radial 
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power gradients exist (see Chapters IV and VI). Complex analyses with three-
dimensional burnup calculations are needed to determine an optimum fuel 
management scheme, so that on the average a maximum burnup is achieved for 
all fuel elements. Several fuel burnup and management codes were developed 
and are in use for such calculations within the different countries [VIII-10 to 
VIII-12]. 

For a 1/3 discharge loading scheme in which the maximum fuel burnup 
is attained after three years, the time period to reach the equilibrium fuel cycle 
is somewhat longer than for the simplified case described above. 

Table VIII-4 indicates the main design parameters for SUPER PHENIX 
with an annual maximum burnup of 70 000 MW-d/t and for an advanced 
Pu0 2 /U0 2 fuelled LMFBR with 100 000 MW-d/t which had been chosen as 
a reference within the INFCE programme for the time period after the year 
2000 [VIII-1]. 

The specific power within the core, in MW(th)/t, and the maximum attainable 
burnup, in MW-d/t, of the fuel subassemblies determine the duration in full power 
days a subassembly has to remain in the LMFBR core for power generation. For 
the two examples of Table VIII—4 this leads to about two years. For SUPER 
PHENIX this duration would increase to about three years if the maximum burnup 
could be increased to 100 000 MW-d/t. In that case, a 1/3 annual loading/ 
discharge scheme would have been taken into consideration. 

VIII—4.3. RADIOACTIVE INVENTORIES OF SPENT LMFBR FUEL 

When comparing the radioactive inventories of an LMFBR core with an LWR 
it is seen that the total activity is roughly comparable on a GW(e) • a basis. 
Although the fission product contents in the core fuel elements are higher in 
LMFBR than in LWR cores, as a result of higher power densities and higher burnup, 
this is almost completely offset when mixing the highly loaded core fuel with low 
loaded blanket fuel within the head end of the reprocessing plant. Table VIII—5 
shows the main fission products and their specific activity in 1 kg of LMFBR 
core fuel 180 days after discharge from the reactor core [VIII-1]. During 
chemical reprocessing the fission products and actinides are separated from 
the Pu/U fuel and go into the high level waste. 

VIII—4.4. ON-SITE STORAGE OF SPENT LMFBR FUEL 

After discharge from the LMFBR core, the fuel elements are stored on the 
reactor site for a period of about half a year to allow for radioactivity decay and 
cooling. The LMFBR plant proper has at least a fuel storage capacity of about 
one year discharge volume in addition to the yearly core and blanket load capacity 
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TABLE VIII-5. SPECIFIC ACTIVITY OF FISSION PRODUCTS OF LMFBR 
CORE FUEL, 180 DAYS AFTER REACTOR SHUTDOWN [VIII-1] 

Isotope Half-life Specific activity 
(Ci/kg) 

Isotope Half-life Specific activity 
(Ci/kg) 

3 H 12.26 a 1.33 12 7 Te Isot. equil. 35 
85 Kr 10.76 a 14.2 129 T e m 34.1 d 11 
89 Sr 50.5 d 119 129 Te Isot. equil. 8.6 
90 Sr 28.1 a 60 134 Cs 2.05 a 39 

90y Isot. equil. 60 137Cs 30 a 154 
91 y 58.8 d 220 137Bam Isot. equil. 145 
95 Zr 65.5 d 611 140 B a 12.8 d 0.18 
9 5 N b m Isot. equil. 13 140 La Isot. equil. 0.18 
95 Nb 35 d 783 141 Ce 32.5 d 81 

103 Ru 39.5 d 184 143 P r 13.6 d 0.51 
103 R h m Isot. equil. 184 144 Ce 284 d 1261 
106 Ru 368 d 1411 144 Pr Isot. equil. 1261 
106 Rh Isot. equil. 1411 147 Pm 2.6 a 440 
110 Ag m 260 d 163 148 P m m 41 d 5.2 
110 Ag Isot. equil. 0.21 148 Pm Isot. equil. 0.42 
, 1 3 Cd 13.6 d 0.18 151 Sm 87 a 6.5 
119 Snm 245 d 0.03 152 Eu 12.4 a 0.01 
121 Sn m 76 a 0.08 154 Eu 16 a 1.43 
123 S n m 129 d 0.44 155 Eu 1.81 a 101 
124 Sb 60.3 d 0.03 156 Eu 15.1 d 0.05 
125 S b 2.7 a 27 160 T b 72.1 d 3.48 
125 -pem 58 d 7.6 162 Gd 1 a 5.02 
127 T e m 109 d 35 162 ^ m Isot. equil. 5.02 

of fresh fuel elements. Storage capability is provided either in the reactor tank or 
in separate sodium cooled storage tanks (see Chapter VI), which have their own 
heat transfer and coolant purification systems. They have to allow also for a total 
core discharge should repair or inspection of the reactor tank or other tank internal 
components be necessary. Because of their higher burnup LMFBR spent fuel ele-
ments have higher radioactivity and decay heat than LWR spent fuel elements 
[VIII-1, VIII-6, VIII-13, VIII-14]. 
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TABLE VIII-6. FUEL ELEMENT CHARACTERISTICS FOR A 1 GW(e) 
LMFBR AFTER.FULL BURNUP AND DISCHARGE FROM THE REACTOR 
CORE [VIII-1, VIII-6, VIII-13] 

Characteristics of 
fuel element 

LWR LMFBR 

Type and 
size 

Total length 
Cross-section (mm) 

side 
diameter 

Cladding material 

Total weight per 
element (kg) 

Heavy metal weight 
per element (initial) (kg) 

Fuel 

Design burnup (MW-d/kg) 

Total activity (Ci/kg) after: 
150 days 
1 year 
10 years 

Decay heat (W/kg) after: 
150 days 
1 year 
10 years 

PWR 
1000 MW(e) 

3 2 0 0 - 4 8 2 7 

197-230 

Zircaloy 4 

4 8 0 - 8 4 0 

122-548 

U 0 2 

2 6 - 4 0 

4.6 X 103 

2.3 X 103 

3.2 X 102 

24.3 
10.4 
2.3 

LMFBR 
1200 MW(e) 

5400 

166 

Stainless steel 

470 

160 

U 0 2 / P u 0 2 

70 

8.5 X 103 

4.6 X 103 

3.5 X 102 

33 
21 
1.4 

VIII—4.5. TRANSPORT OF SPENT FUEL 

Spent fuel elements are transported in spent fuel casks to intermediate storage 
pools at reprocessing plants. Table VIII—6 shows the fuel element characteristics 
of discharged LMFBR fuel elements after full burnup. 

The fuel casks weigh about 100 tonnes and have load capacities for six to 
twelve spent fuel elements. They are usually transported by special trucks on 
the road or on special rail cars. Also barge shipments on inland waterways are 
possible. The casks contain the necessary shielding with steel and lead. They 
are cooled by natural airflow over fins on the outer surface or by forced air 
circulation. 
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FIG. VIII-4. Activity, heat generation and n-emission of spent fuel elements before reprocessing 
for SUPER PHENIX (core + axial blanket) and a PWR (Biblis) (assumption: reprocessing of 
LMFBR fuel about one year after discharge, reprocessing of PWR fuel seven years after discharge) 
(Source: Ref. [VIII-13]). 

Spent fuel casks are designed to withstand severe accident conditions during 
shipment. Releases of radioactivity under such conditions must be rendered 
impossible. Therefore, the casks must be able to withstand such impacts as thermal 
tests (fire), drop tests under gravity, penetration tests, and water immersion tests 
before being cleared for actual shipment. Special international shipping regulations 
have been elaborated lVIII-15 to VIII-18], 

Figure VIII-4 shows the activity, the heat production and the neutron emission 
as a function of time of 1 tonne spent fuel, discharged from a 1200 MW(e) LMFBR-
plant [VIII-13]. The heat generation of a SUPER PHENIX spent fuel subassembly 
with a burnup of 70 000 MW-d/t will be 7 kW after 6 months, 4 kW after 1 year 
and 1.5 kW after 3 years. Spent fuel subassemblies with only six months cooling 
time are loaded at present into sodium filled flasks for transport and further cooling. 
After a cooling time of about one year the spent fuel subassemblies are washed to 
remove the sodium. Residual sodium can be removed with steam in an inert 
atmosphere. Other removal methods involve the use of higher alcohols or vacuum 
distillation. The latter methods, however, were only investigated on laboratory 
scale up till now [VIII-6, VIII-13, VIII-14, VIII-19]. 

At PFR the following procedure is applied at present: before the fuel is 
transferred to the reprocessing plant the handling and location features of the 
subassembly are removed by laser cutting through the wrapper clear of the pin 
ends, and sodium is removed by steam cleaning. Initially hot nitrogen is purged 
through the subassembly and the reaction vessel to stabilize the temperatures. 
Then cleaning follows with a steam-nitrogen mixture. The subassembly is dried 
with a nitrogen purge before a visual inspection to confirm the absence of gross 
amounts of sodium before water washing and drying. The subassembly is then 
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transferred either to a water filled buffer store or directly to the reprocessing 
plant [VIII-20, VIII-21]. 

In France, at present the spent fuel subassemblies of PHENIX are dis-
assembled in a dismantling cell at reactor site. Only the fuel rods are then trans-
ported in gas-cooled casks, to the reprocessing plant. For SUPER PHENIX the 
spent fuel subassemblies are first stored and cooled at reactor site in a sodium 
pool. After they have cooled sufficiently to 1 kW after about three years, they 
will be washed and then shipped in gas-cooled casks to the reprocessing plant. 
A similar procedure is foreseen for spent fuel subassemblies of SNR 300. For 
shipment in gas-filled casks a cooling period of about three years ( 1 kW per 
subassembly) is required (VIII-6, VIII-14, VIII-22]. 

R&D work is going on in France, the UK and Japan to wash the spent fuel 
elements already after a cooling time of six months and store them in water pools 
close to the reprocessing plant [VIII-6]. 

VIII-5. BACK-END OF THE LMFBR FUEL CYCLE 

Elements included in the back-end of the LMFBR fuel cycle are the repro-
cessing of spent fuel; the storage of extracted plutonium, and high-level waste 
treatment and disposal. The back-end of the LMFBR fuel cycle, centring around 
reprocessing and waste disposal is very similar to the light water reactor fuel cycle 
technology. Completion of the back-end of the LMFBR fuel cycle will be a crucial 
stage in the advancement of the fast breeder reactor. 

VIII-5.1. REPROCESSING SPENT LMFBR FUEL 

Reprocessing of spent LMFBR fuel is conceptually the same as that for light 
water reactor fuel. A significant difference in LMFBR reprocessing is the need 
for quick 'turn around' times for the fuel (see subsection VIII-2.3). Therefore 
much emphasis is placed on techniques which will enable the more rapid handling 
and treatment of the discharged fuel. By way of example, Fig. VIII-5 shows the 
fast reactor fuel reprocessing plant, Dounreay, United Kingdom. 

Basically, reprocessing consists of three major steps: 

— the head-end processes, in which the fuel elements are disassembled, the fuel 
rods are chopped and the spent fuel is dissolved 

— a chemical separation process, in which the higher actinides and fission 
products are separated from the uranium and plutonium and the possible 
partition of uranium from plutonium 

— the product purification, conversion, and intermediate storage. 

It should be emphasized that considerable variation is possible in many of 
these stages. For instance, to overcome possible safeguards concerns, some 



FAST REACTOR FUEL REPROCESSING BUILDING 

1 IRRADIATED FUEL TRANSFER FLASK 
2 F U E L ASSEMBLY B R E A K D O W N C A V E 
3 F U E L ASSEMBLY B R E A K D O W N C A V E O P E R A T I N G F A C E 
1 F U E L O I S S O L V E R C E L L 
5 H I G H A C T I V E C E L L S 1&2 S O L V E N T E X T R A C T I O N 
6 M E D I U M A C T I V E C E L L S O L V E N T E X T R A C T I O N 
7 LOW A C T I V E C E L L S O L V E N T E X T R A C T I O N 
8 C O N T R O L R O O M 
9 V E N T I L A T I O N F I L T E R U N I T 

10 WASTE R E M O V A L F L A S K 

11 LASER ASSEMBLY 
12 B R E A K D O W N C A V E M A I N T E N A N C E B O O T H 
13 D E C O N T A M I N A T I O N B O X E S 
14 M A N I P U L A T O R M A I N T E N A N C E A R E A 
15 SAMPLE T A N K A N N E X 
16 M I X E R S E T T L E R PULSE U N I T S 
17 A N A L Y T I C A L S A M P L E S T A T I O N 
18 S O L V E N T E X T R A C T I O N C E L L S ACCESS A R E A S 
19 V E H I C L E ACCESS BAY 
20 W A S T E F L A S K T R A N S F E R HATCH 

FIG. VIII-5. View of the fast reactor fuel reprocessing plant, Dounreay, UK (Source: UKAEA). 

investigators have suggested that uranium and plutonium should not be separated 
[VIII-23, VIII-24], Where separation is performed, several alternatives are available. 
Lastly, the product of the reprocessing plant may be converted from the nitrate 
solution to oxide, or the nitrate may be forwarded directly to a refabrication 
facility. All of these variations produce striking differences in the reprocessing 
facility. The following discussion will focus on aqueous fuel reprocessing which 
is considered to be the main-stream of present thought and experience. 

VIII- 5.1.1. Head-end processes 

The purpose of the head-end of the reprocessing facility is to free the fuel 
from its containment so that the fuel material may be put into solution. In the 
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FIG. VIII-6. Sequence of process steps (head-endJ of the SAP/TOR reprocessing plant, 
Marcoule, France (Source: CEA). 

head-end of the process, the gaseous fission p r o d u c t s are also released and 
col lected. 

Figure VIII-6 shows the sequence of process steps of t he head-end of the 
S A P / T O R reprocessing plant in Marcoule, France. The b u f f e r or in te rmedia te 
storage facilities (dry or wet storage) are arranged close to the fuel e lement 
disassembly cells. The fue l e lements are moved by means of a crane in to the 
disassembly cell. 

VIII-5.1.1.1. Disassembly 

Because of the i r relatively th ick (4 m m ) hexagonal wrapper , F B R fue l 
e lements are first d i smant led . The present s ta te of the art does no t yet permi t 
direct chopp ing of t h e fue l e lement assemblies. T h e end pieces of t he fue l e lements 
are cut of f by laser or mechanica l too ls and the fue l e lement wrappe r is removed 
mechanical ly . The fue l rods are then separately cut in to pieces abou t 5 cen t imet res 
long by means of a shear. In this s tep, core fue l and blanket fue l are mixed 
[VIII-20 to VIII-22] . 

The fuel rod shear is ope ra ted remote ly and is designed so tha t it can also 
be repaired by r emote ly ope ra ted tools . The fue l rod sect ions d rop t h r o u g h a 
chu te direct ly in to a dissolver basket located in the dissolver cell u n d e r n e a t h . T h e 
basket is filled wi th boil ing ni t r ic acid, which leaches the fue l ou t of t he chopped 
fuel rod hulls. The design of the dissolver uni t mus t be adapted t o suit the higher 
concen t ra t ion of fissile mater ia l of t h e LMFBR fue l in order to prec lude cri t icali ty 
problems. A f t e r leaching of the fuel , the remaining hulls are d u m p e d f r o m the 
basket in to a storage conta iner , coun t ed to assure lit t le residual fuel , and moved 
in to the hul l storage facil i ty. 

The dissolut ion capabil i ty of the fue l is inf luenced by the p l u t o n i u m enrich-
m e n t , t he m e t h o d of fuel fabr ica t ion and by the i r radiat ion h is tory of t he spent 
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fuel. The solubility of mixed oxide fuel in HN03 is reduced with increasing 
plutonium content and decreasing specific rod power and amount of solid-
solution (U, Pu)0 2 , which is formed during the fabrication procedure. The 
dissolved fuel solution still contains small solid parts, such as steel chips from 
chopping and undissolved particles of fission products, such as ruthenium, 
palladium, rhodium, molybdenum, tellurium and of undissolved fuel. The 
noble metal fission products ruthenium, rhodium and palladium tend to form 
alloys with part of the plutonium at high burnup of the fuel. If this insoluble 
particle fraction exceeds more than 0.5% of the total plutonium, it must be 
dissolved in a separate step. This recovery can be achieved, e.g. by adding hydro-
fluoric acid in a separate dissolver [VIII-1, VIII-25, VIII-26], 

VIII—5.1.1.2. Pulverization/voloxidation (optional step) 

Pulverization of the sheared fuel before dissolution has been proposed as an 
optional step. The objective is simplification of the design and operation of the 
dissolver. There are, however, limitations in the application of voloxidation arising 
from the engineering difficulties and the possible formation of a larger insoluble 
fraction of Pu02 . The possible effect of voloxidation on the quantity of fuel 
left adhering to the hulls on removal from the plant is still not clear. Therefore, 
at present, voloxidation is not applied in any of the existing FBR reprocessing 
facilities [VIII-1]. 

VIII—5.1.1.3. Gas cleaning and retention of gaseous fission products 

During the processes of chopping and dissolution of the fuel, gaseous and 
volatile fission products are released. They must be removed together with water 
vapour, nitrous gases (NO, N0 2 , N 2 0) and the nitrogen which may have been 
applied as a scavenging gas in fuel element chopping. This mixture of volatile 
fission products, vapours and gases must be treated in the waste gas cleaning 
system (Fig.VIII-7). Gaseous and volatile fission products are made up of the 
following components [VIII-27, VIII-28]: 

Tritium is produced by ternary fission and by (n, T) reactions in light 
atomic nuclei. The balance is released as tritiated water, HTO, during dissolution 
and may enter the gaseous effluent section together with water vapour. Less than 
1% of the tritium is found there as gaseous tritiated hydrogen, HT. 

Carbon, 14C, is produced by an (n, a)-reaction from 1 7 0 and by the 
(n, p) reaction of 14N. In the gaseous effluent it appears as 14C02 . 

Krypton is generated as a gaseous fission product. Some 7% of the krypton 
fission products produced consist of 85Kr isotopes. 
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FIG. VIII-7. Waste gas cleaning system of the head-end of a reprocessing plant (Source: KfK). 

Xenon is a gaseous fission product. However, only traces of the l33Xe 
isotope produced must be considered, because it has a relatively short half-life 
of 5.3 days. All the other fission product noble gases generated are either stable 
or have very short half-lives. 

Iodine-129 and traces of iodine-131 are partially volatile isotopes initially 
found in dissolved fuel. They may be carried into the gas stream through boiling 
and as a result of passing an inert gas through the dissolved fuel solution, which 
entraps the iodine in the gas stream. 

Ruthenium-106 may volatilize as ruthenium tetroxide evaporating from strong 
nitric acid solutions, but only a small fraction (some 10"4) of 106Ru enters into the 
gaseous effluent stream. In a similar way, small traces of ß-emitters, such as 
strontium, or a-emitters, such as uranium and plutonium, can penetrate into the 
gaseous effluent as aerosols. However, only some 10"4 to 10"6 fractions of the 
fuel inventory are carried into the gas stream as aerosols. 

These gaseous effluents are first passed through a condenser. Afterwards, the 
nitrogen compounds are oxidized by using an air or oxygen flow in a countercurrent 
column, and are washed out there. This already removes 99% of the aerosols. The 
remaining aerosol fractions only amount to 10~6 to 10"8 times the inventory. 
Scrubbers and High-Efficiency Particulate Aerosol (HEPA) filters are used next 
to remove the aerosols. Iodine is retained very efficiently either in silver impreg-
nated (AgN03) filter materials or in NaOH; in addition, 1 4C02 is also absorbed. 
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Tritium present as HT is converted into HTO and retained in molecular sieves. A 
cold washing follows with 90% HN0 3 at a temperature of —50°C which removes 
the final residues of NOx and iodine. The removal of 85Kr and 133Xe can be 
achieved either by means of low temperature rectification or by selective absorp-
tion in liquid solvents or adsorption on active solids. The separated gases (krypton 
and xenon) can be stored in compressed gas cylinders [VIII-27 to VIII-29], 

VIII—5.1.2. Chemical separation of uranium and plutonium 
[VIII-1, VIII-25 to VIII-37] 

The fuel solution coming from the dissolver is first passed through coarse 
filters and then clarified by high speed centrifuging to remove insolubles. The 
total quantity of insolubles to be handled in a separate step may add up to about 
1% of the initial amount of fuel. 

VIII-5.1.2.1. Aqueous fuel reprocessing 

A slightly modified PUREX process (Plutonium and Uranium Recovery 
by Extraction) is applied for the chemical separation of uranium and plutonium. 
It uses Tri-n-Butyl Phosphate (TBP), which may be diluted to about 20—30% by 
kerosene or n-paraffin (n-dodecane or n-alkane mixture) as organic solvents to 
extract uranium and plutonium. TBP is stable in nitric acid and can selectively 
extract tetravalent and hexavalent uranium and plutonium nitrate complexes. 
However, this selective extraction capability of TBP does not apply to trivalent 
plutonium nitrate complexes. 

The method of separation is similar to LWR reprocessing and is generally 
performed in three steps (Fig.VIII-8): 

— from the fuel solution which contains uranium, plutonium, higher actinides 
and the fission products uranium and plutonium are extracted by the organic 
solvent, while the fission products and actinides remain in the aqueous 
solutions, 

— in the second step tetravalent and hexaoctent plutonium in the organic phase 
is reduced to the trivalent state either by U(IV), hydrazine, hydroxylamine 
or, in a very elegant way, by a direct electrolytic reduction within the extrac-
tion apparatus. This trivalent plutonium is only partially soluble in the organic 
solvent and can be re-extracted into the aqueous phase, while hexavalent 
uranium remains in the organic liquid, 

— for sufficient decontamination of uranium and plutonium, the uranium and 
plutonium product streams are required to pass through two further deconta-
mination cycles. The final products, after concentration and purification, 
are plutonium nitrate, Pu(N0 3) 4 , and uranyl nitrate, U 0 2 ( N 0 3 ) 2 . The 
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FIG. VIII-8. PUREXflow sheet (Source: Ref. [VIII-1]). 
aqueous streams; organic streams. 

resulting waste streams must be treated separately. Because of the large 
amount of plutonium involved and the necessity to keep the plutonium 
content of the wastes as low as possible, careful control of the extraction 
parameters and of the oxidation states of plutonium must be achieved. 

The extraction apparatus shown in Fig. VIII-8 can be used in three different 
technical designs, i.e. as pulsed perforated plate columns, mixer-settlers, or centri-
fugal contactors. Centrifugal contactors have very short contact times for the 
aqueous and the organic phases, largely protecting the organic solvent from degra-
dation by radiation. This makes them particularly suitable for fuel with short 
cooling time and high burnup (high fission product activity), such as FBR fuel. 
Pulsed columns also have relatively short contact times of the organic solvent, 
permitting the installation of heterogeneous neutron lattices for criticality control. 
Mixer-settlers are very reliable, flexible and simple systems with longer contact 
times. They are used successfully in the second and third uranium purification 
cycles. However, in the first decontamination cycles and in the plutonium purifica-
tion cycles, preferably pulsed columns or centrifugal contactors are used. 

Electrolytic reduction seems most promising as an alternative but must be 
proven to be sufficiently reliable for use in highly radioactive areas. It avoids the 



5 5 4 CHAPTER VIII 

addition of chemicals and can be more easily controlled to prevent local plutonium 
accumulation. Whatever method is used for partitioning, particular attention has 
to be paid to phenomena such as hydrolysis and polymerization of plutonium. 

VIII—5.1.2.2. Technical modifications to conventional FBR spent fuel 
reprocessing 

Since FBR fuel is used in the form of a mixed (U-Pu) oxide, in principle 
there is no need to completely separate uranium and plutonium in the reprocessing 
plant. The production of a pure Pu02 end-product could be avoided in several 
ways [VIII-1 ] : 

(a) preparation of a master blend by mixing U0 2 and Pu02 powders at the 
end of the reprocessing line. In this way, the operations involving storage 
and transfer of pure Pu02 would be restricted to limited areas within the 
confines of the reprocessing plant and for very short periods of time, 

(b) co-conversion by co-precipitation of uranium and plutonium from a nitrate 
solution containing uranium and plutonium at the required relative concentra-
tions. The resulting precipitate or slurry can be dried and conditioned by 
further heat treatment in a controlled atmosphere, 

(c) co-conversion of uranium and plutonium from nitrate solutions by a gel 
precipitation process, producing mixed-oxide microspheres. The gel material 
can then be used either for the fabrication of vibrocompacted fuel, or as the 
base material for the fabrication of pelletized fuel (see subsection VIII—3.2.1.3), 

(d) Co-processing of uranium and plutonium. With co-processing, plutonium is 
never completely separated from uranium [VIII-23, VIII-24]. The product 
streams from the reprocessing plant are purified uranium and a mixture of 
uranium and plutonium in a ratio which, through co-conversion, would yield 
a suitable master blend for fuel fabrication. 

VIII—5.1.2.3. Non-aqueous FBR spent fuel reprocessing 

In the 1960s it was assumed that the successful application of FBR systems 
would require the reprocessing of fuel with radioactive cooling times as short as 
30 days. It was then the opinion of several fuel reprocessing research teams that 
for such conditions the problems involved in adapting the PUREX reprocessing 
methods would be nearly insurmountable. Some attention was therefore given to 
the development Of alternative non-áqueous reprocessing techniques [VIII-1]. 

Since that time, however, further technico-economical considerations, 
including a better understanding of the problems associated with the transport 
of short-cooled fuel and of the overall fuel cycle economics, have relaxed the 
requirements for early reprocessing. At present, a 180 day cooling period is 
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generally considered to be acceptable. This basic change has allowed the use of 
the aqueous PUREX process to achieve these more realistic objectives. 

Various physical and physico-chemical processes have been proposed to over-
come some of the inherent difficulties in the mechanical operations for the dis-
mantling and shearing of fuel assemblies, such as 

- separation of the metal components by melting 
- decladding with liquid metal (e.g. Sb-Cu at 900-1000°C) 
- decladding with gaseous HF + 0 2 

- chemical pulverization of the fuel (voloxidation, treatment with HF + 0 2 , 
Airox process). 

Fluoride volatility processes have been studied on a laboratory scale in several 
institutes and some bench-scale experiments have been carried out using both non-
irradiated and irradiated fuel pins. The uranium and plutonium are volatilized in 
the form of hexafluorides and thereby separated from the bulk of the fission 
products. 

The end-products, UF6 and PuF6, finally have to be transformed into oxides 
by pyrolysis, which is not a major problem. However, the wastes which contain 
large amounts of fluorides must be conditioned. It is important to note that it is 
usual in waste management procedures to avoid any handling of fluorine-containing 
materials in view of the corrosion problems and the poor quality of the conditioned 
end-product. 

Besides the fluoride volatility process, the chloride volatility process, the salt 
transport process, the liquid tin process and the molten nitrate process should be 
mentioned for reasons of completeness [VIII-1]. 

VIII-5.1.3. LMFBR reprocessing product 

The plutonium nitrate and uranyl nitrate solutions produced in the LMFBR 
fuel reprocessing plant must be converted into uranium and plutonium oxides. 
This may be done either at the end of the reprocessing plant or at the head of the 
refabrication plant. In an LMFBR fuel cycle centre, the plants for reprocessing, 
conversion and MOX fabrication will be co-located on one site to avoid move-
ments of plutonium nitrate or plutonium oxide. In this case, conversion can be 
linked straight to the head-end of the MOX fuel fabrication plant. Also, plutonium 
nitrate and some of the uranyl nitrate can be directly mixed and co-converted into 
Pu0 2 /U0 2 . The Pu0 2 /U0 2 may then be stored in a buffer store. 

In the conversion process, plutonium nitrate is mixed with oxalic acid to form 
a plutonium oxalate, Pu(C204)2 , precipitate. The suspension is pumped into a 
filtering unit where the precipitate is separated as a cake. The cake is then calcined 
at temperatures >300°C. The resulting plutonium oxide, Pu02 , is milled, screened 



5 5 6 CHAPTER VIII 

and finally stored in a plutonium oxide buffer store for subsequent mixed oxide 
fuel fabrication. 

In the uranyl nitrate conversion, ammonia and carbon dioxide are fed simul-
taneously to the uranyl nitrate solution. Ammonium Uranyl Carbonate (AUC) 
is generated, which is precipitated, dried and then decomposed thermally in a 
fluidized bed furnace to uranium trioxide (U0 3 ) product. This uranium trioxide 
can be reduced to uranium dioxide, U0 2 , by the addition of hydrogen at 
500—600°C. The uranium dioxide powder is homogenized and stored for 
subsequent fuel element fabrication [VIII-1 ]. 

VIII—5.2. EXPERIENCE WITH THE CLOSING OF THE FUEL CYCLE 

The viability of the LMFBR system depends upon the capacity to recycle 
plutonium efficiently through the reactor and its supporting fuel cycle facilities. 
Therefore, the technology of the LMFBR fuel cycle has been under development, 
in parallel with the development of reactors, for more than 20 years. As has 
already been mentioned earlier, this technology draws heavily from the experience 
of the LWR recycling technology. 

Out of the eight countries pursuing the development of FBRs (see Chapter II), 
two of them, France and the UK, have successfully recycled plutonium irradiated 
in their FBR experimental and demonstration plants, i.e. RAPSODIE, DFR, 
PHENIX and PFR, on a technical scale. The USA have demonstrated the closed 
LMFBR fuel cycle at a very early stage of FBR development, i.e. with EBR-II 
and its associated fuel cycle facility in the mid-1960s (see subsection III—9). 
The Federal Republic of Germany and Japan have achieved plutonium recycling 
of spent fuel from KNK II and JOYO, respectively, through laboratory-scale 
equipment. In the USSR, as a basis of technology for reprocessing of nuclear 
fuel, the extraction process is that in which TBP in solvent is used as the extraction 
mixture. India and Italy have no LMFBRs in operation up to now and thus have 
no spent LMFBR fuel. 

An overall description of those activities that aim at the closing of the LMFBR 
fuel cycle can be found in Chapter II for all countries mentioned above, whereas 
the following paragraphs describe some practical experience that has been achieved 
with plutonium recycling in France, the Federal Republic of Germany, Japan, the 
UK, and the USSR. 

VIII-5.2.1. France 
[VIII-38 to VIII-40] 

In the reprocessing facility ATI at LaHague, specially designed to reprocess 
spent fuel from RAPSODIE, between 1969 and 1979 more than one tonne of 
heavy metals from mixed oxide fuel had been reprocessed with burnups between 



THE FUEL CYCLE OF FBRs 5 5 7 

40 000 and 120 000 MW-d/t and cooling times between 5 and 24 months. About 
900 kilograms of the fuel reprocessed were from RAPSODIE, some 150 kilograms 
were obtained from PHENIX. The reprocessed plutonium was recycled in 
RAPSODIE. thus achieving the closure of its fuel cycle. 

The reprocessing facility SAP at Marcoule started operation in 1975 with a 
batch of 50 kilograms of highly irradiated fuel from RAPSODIE (up to 
80 000 MW-d/t and 6 to 17 months cooling time), followed by a slightly irradiated 
(7000 MW-d/t) but far larger batch of 1650 kilograms from the Federal German 
KNK I reactor. 

Between 1977 and 1983, several batches of PHENIX spent fuel, amounting 
to about 9 tonnes of heavy metals with a maximum burnup of 76 000 MW-d/t and 
cooling times between 1 to 3 years, were reprocessed in the SAP facility. In 
addition, some 5.6 tonnes of heavy metals of PHENIX plutonium core-1 have 
been reprocessed in the thermal reprocessing plant UP2 at LaHague treated by 
dilution with gas-graphite fuel dissolving solutions. 

The total fuel reprocessed from PHENIX represents some 2100 kilograms of 
plutonium, i.e. more than two PHENIX cores. The first subassembly fabricated 
with recycled plutonium was loaded into the core in January 1980. Its fuel will 
soon be reprocessed for the second time. Since this date nearly the whole core 
of PHENIX subassemblies has been fabricated with recycled plutonium. 

Commissioning of the SAP/TOR extension at Marcoule whose rated capacity 
will be 5 tonnes per year makes it possible that, from 1985, this plant will be able 
to absorb all the PHENIX fuel for reprocessing. 

VIII-5.2.2. Federal Republic of Germany 
[VIII-41, VIII-42] 

During operation of KNK II/core 1, two fuel elements had become defective 
and were removed from the core. The spent fuel from these elements, which had 
reached a burnup of 17 000 and 48 000 MW-d/t, respectively, was reprocessed at 
the laboratory-scale reprocessing plant MILLI. Subsequently, fuel from an intact 
fuel element with a peak-burnup of 100 000 MW-d/t was reprocessed. A three-
stage process has been applied consisting of a co-decontamination cycle, a U/Pu 
separation cycle and a uranium final purification cycle. A total of 12 kilograms 
of heavy metal fuel was reprocessed and part of it refabricated and recycled in the 
KNK II/core 2. 

VIII—5.2.3. Japan 
[VIII-43] 

In parallel with the design study of a pilot reprocessing plant, Japan has 
implemented two research facilities — a chemical reprocessing facility and an 
engineering demonstration facility. 



5 5 8 CHAPTER VIII 

The chemical processing facility is constructed for reprocessing 1.2 kilograms 
heavy metals per batch of irradiated fuel from JOYO including treatment of high-
level radioactive wastes. The facility has been in operation since 1982. 

The engineering demonstration facility is designed to perform (cold) 
engineering tests of full-scale prototype process components for the pilot plant 
using uranium and fission product tracers. Operation has started in 1983. 

VIII—5.2.4. United Kingdom 
[VIII-20, VIII-21] 

In the UK, enriched uranium metal fuel irradiated in DFR was reprocessed 
and refabricated after 1960. Within 13 years' operating experience, more than 
10 tonnes of enriched uranium DFR core fuel with a burnup of 30 000 MW-d/t 
and a cooling time of 90 days has been reprocessed. 

Afterwards, the DFR reprocessing plant was modified and enlarged to become 
what is now the PFR fuel reprocessing plant. It was brought back into operation 
in 1979 with a reprocessing campaign of 0.7 tonnes of irradiated uranium fuel 
from DFR. 

Reprocessing of spent PFR fuel started in 1980 with a campaign of 1.5 tonnes 
irradiated up to a maximum burnup of 6.4%. By the end of 1983, some 5 tonnes 
of spent PFR fuel had been reprocessed, including 509 kilograms of plutonium. 
In the last campaign, average burnup was 6.6%, with one subassembly 8.8%. Four 
subassemblies had cooled for only 4.5 months. A recovery efficiency for plutonium 
of 99.6% has been achieved. Fuel designed for 15% burnup is now being made, 
for loading into PFR in 1984. 

VIII-5.2.5. Union of Soviet Socialist Republics 
[VIII-44, VIII-45] 

The development of nuclear power in the USSR from the very 
beginning was planned with a closed fuel cycle. That means, a regeneration 
of irradiated fuel and utilization of plutonium produced in fast reactors. As a 
basis of technology for reprocessing of nuclear fuel, the extraction process is 
used in the USSR in which TBP in solvent is used as extraction mixture. 
On the basis of the pilot plant, for non-aqueous reprocessing, significant experi-
mental data were accumulated for technological parameters for the process of 
preparation of fluorides and subsequent gaseous reprocessing of fast breeder 
reactor fuel. 

VIII—5.2.6. International co-operation 
[VIII-81] 

So far development of the fast reactor fuel cycle has largely been carried out 
independently in each country. However, France and the United Kingdom recently 
have signed a Memorandum of Understanding, together with Italy and the DeBeNe 
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countries, to collaborate on the exploitation of the fast reactor system. For France 
and the UK in particular, this includes all aspects of the fuel cycle. The European 
collaboration envisages the construction of a series of commercial size demonstra-
tion reactors during the next 10-15 years. All participants agree that the 
demonstration will be more effective if it draws on the combined expertise and 
resources available in the countries. The respective design and development 
programmes, therefore, are now being assessed jointly with a view to integrating 
them in the near future. The countries agree on the key objectives for the future 
which are seen as: 

— constructing a joint European reprocessing plant of sufficient capacity to 
cover European reactor requirements during the commercial demonstration 
phase 

— maximizing the use of existing fuel fabrication plants and extending them, 
as necessary, to meet new requirements 

— carrying out design and development work on all aspects of the fuel cycle 
to minimize costs and increase plutonium efficiencies. 

The general programme for development of fuel fabrication is the improve-
ment of equipment from consideration of plant scale-up and increased throughput 
with emphasis on automation of those operations that would lead to cost savings. 
Examples of the type of improvements being studied include: 

— improvement of high-speed batch homogenizers 
— automation rather than batch feeding of material flows 
— general automation, with attention to detailed design of shielding and 

accessibility for maintenance 
— development of automatic data collection and techniques of on-line gauges 

for inspection and instrumented feedback for alteration of process 
characteristics 

— assessment of both vertical and horizontal pin handling techniques 
— improved welding methods for end sealing, including computer controlled 

techniques 
— improved fuel accountancy. 

The fuel fabrication programmes are somewhat less intensive than those for 
the development of processes and equipment for spent fuel reprocessing. However, 
interest has been shown in Europe in the possibility of reduced plant costs and lower 
radiation levels arising from 'wet' production routes (see subsection VIII—3.2.1.2) 
using gel processes. Considerable development work has been carried out in the 
UK on the manufacture of gel spheres, both for vibro-filling of these into pins, 
and the direct pressing of the spheres to form annular pellets. Likewise the sol-gel 
process is being studied in France and Italy. 

The combination of the R&D programmes is working towards the 
industrialization of fast reactor fuel reprocessing, which is 'design led'. Existing 
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processes, where they are appropriate for scale-up, are being improved and the 
technical feasibility of new processes which appear to offer significant cost or 
operational advantages is being confirmed. The combined programme has rejected 
the concept of massive shearing of complete subassemblies and favours single pin 
cropping. The programme is oriented to study fuel dissolution over the range of 
plutonium enrichments, burnup, heat treating and oxide-to-metal ratios. The 
programme includes the characterization of insoluble residues, fission product 
off-gases, dissolution kinetics, and cladding corrosion. 

Both batch and continuous dissolvers are being considered because of specific 
advantages of each type. Traditional systems for measuring the volumes in account-
ancy tanks using pneumercators are subject to inaccuracies arising from tempera-
ture fluctuations and radiolytic gas bubble entrainment effects. Therefore, a tank 
weighing system is being developed. 

Both France and the UK have selected pulsed columns as the reference 
solvent extraction contactor equipment, in view of the throughput requirements 
of a commercial size plant. Other forms of solvent extraction contactors are 
being studied also. In particular, centrifugal contactors have advantages of compact-
ness and low residence time (which minimizes solvent degradation) but these have 
to be assessed against the possibility of control difficulties and inferior reliability, 
on a costed system basis. 

The countries intend to use oxalate precipitation and calcination to convert 
the P U N 0 3 to Pu02 in readiness for fuel fabrication. New techniques are being 
developed to improve product preparation and packaging as well as to minimize 
waste and emissions from the reprocessing plant. 

VIII-6. COMMON ELEMENTS OF THE LMFBR FUEL CYCLE 

Certain elements of the LMFBR fuel cycle cannot be considered as discretely 
as the 'front-end' or 'back-end', namely transportation, safeguards, safety aspects, 
environmental impact, waste treatment and disposal, and decommissioning. 

VIII-6.1. TRANSPORT OF PLUTONIUM AND FRESH FUEL 

If the reprocessing plant and the MOX fuel fabrication plant are non co-
located on one site, and if plutonium nitrate and uranyl nitrate have already been 
converted into oxides, Pu02 and U0 2 will have to be transported to the MOX fuel 
plant. Transportation between the LMFBR fuel cycle facilities is normally 
accomplished via road, i.e. truck, or by rail means. Normally the transport of 
the separated plutonium, and uranium is done in specially shielded and sealed 
containers. The fresh fuel elements are transported in shipping casks as described 
in subsection VIII—4.5. 
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Transportation of fissile material is an important consideration from two 
standpoints. First is the time consumed which, as discussed in subsection VIII—2.3, 
should be kept to a minimum. Second, transportation is of importance because of 
safeguards considerations, and the vulnerability of nuclear materials, particularly 
separated fuel between the reprocessing facility and the refabrication facility, 
during the transportation phase. The problem of transportation safeguards will 
be discussed in subsection VIII—6.2. The transportation of spent fuel was treated 
already more thoroughly in subsection VIII—4.5. 

VIII—6.2. SAFEGUARDS ASPECTS 

Since the early 1950s when certain states began to trade in nuclear materials 
and equipment for peaceful purposes, it has become the practice for international 
agreements to specify a set of 'safeguards' to verify systematically that the state 
or states concerned will not use the relevant nuclear materials or equipment for 
purposes or in a manner other than prescribed by the agreement. In the case 
of IAEA Safeguards, the prohibition generally relates to any explosive and any 
military use of nuclear material, equipment, etc. A break of the agreement might 
thus have far-reaching consequences for the parties themselves and for inter-
national security in general. The value of nuclear materials (and the radiation 
risks they may involve) also calls for precise accounting and other verification 
measures [VIII-53]. 

The nuclear material present in the LMFBR and the associated fuel cycle 
facilities are subject to safeguards. These safeguards ensue from the nuclear non-
proliferation treaty [VIII-46], pertinent national requirements, or inter-regional 
agreements. The safeguards activities are implemented through national regulations, 
as well as through regional or international (IAEA) safeguards agreements. 

VIII—6.2.1. National safeguards — state system of accounting and control 
[VIII-47] 

From the time of the first nuclear programmes, systems of accounting for 
and control of nuclear material have been developed and implemented in nuclear 
research centres and industrial facilities. Very often, State Systems of Accounting 
and Control (SSAC) have been administered by governmental authorities, especially 
in countries where nuclear material is owned by the government or governmental 
authorities. 

VIII-6.2.1.1. Features of SSAC 

In many countries where private ownership of nuclear material has been 
authorized, and in others where the material is in government ownership, the 
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systems of accounting for and control of nuclear material which have evolved 
include as main features: 

(a) A legal structure, in which the government has established its area of control 
(b) Organizational and functional elements at the State level 
(c) Organizational and operational elements at the facility level. 

Concern about the potential military use of nuclear material, the develop-
ment of international trade in nuclear material and related equipment, and the 
entering into force of certain international treaties have led to the establishment 
of systems of international safeguards which rely to varying degrees on the systems 
of accounting for and control of nuclear material established by States or regional 
authorities. 

VIII-6.2.1.2. Objectives of SSAC 

A system of accounting for and control of nuclear material may have, inter 
alia, the following objectives: 

(a) A national objective, to account for and control nuclear material in the 
State and to contribute to the detection of possible losses, or unauthorized 
use or removal of nuclear material 

(b) An international objective, to provide the essential basis for the application 
of IAEA safeguards pursuant to the provisions of an Agreement between 
the State and the IAEA. 

These two objectives are different in nature, and the organizations and func-
tions of a system of accounting for and control of nuclear material having only 
one of these objectives will differ in many respects from those of a system having 
only the other. Nevertheless, there are many elements of each system which would 
contribute to the attainment of both objectives. 

VIII— 6.2.1.3. Relationship between SSA C and IAEA safeguards 

It is for each State to decide whether or not it wishes to establish one 
combined system or independent systems to pursue these different objectives. 
When a State decides to establish a combined system, it will be necessary to 
distinguish clearly those requirements which are necessary for the application 
of IAEA safeguards from those which are necessary only for other purposes. 
Such a distinction is necessary in order to identify clearly those elements 
which must be verified or agreed to by the IAEA in the application of IAEA 
safeguards and those which do not require such verification or agreement. 
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Since the extent and manner of the development and use of nuclear energy 
within States will differ, the organizational structure and the specific functions 
necessary for an effective SSAC in a State may differ, provided that the obliga-
tions arising in the Safeguards Agreement concluded with the IAEA are fulfilled. 

States may use containment and surveillance measures to provide assurance, 
largely independent from that provided by nuclear material accounting, that there 
has been no unauthorized use or removal of nuclear material from a facility. Such 
measures may include, for example, secure facility perimeters, seals, surveillance 
cameras and portal monitors. These measures are not normally the same contain-
ment and surveillance measures as instituted for IAEA safeguards. 

VIII—6.2.2. International (IAEA) safeguards 

The IAEA Statute [VIII-48] authorizes the Agency to "establish and 
administer safeguards designed to ensure that special fissionable and other 
materials, services, equipment, facilities and information made available by 
the Agency or at its request or under its supervision or control are not used 
in such a way as to further any military purpose". INFCIRC/66/Rev.2 [VIII-49 ] 
forms the basis for project agreements, transfer and unilateral submission agree-
ments, under which equipment, facilities, nuclear material and/or other material 
and information are subject to safeguards. INFCIRC/153 (corrected) [VIII-50] 
forms the basis for all agreements with Non-Nuclear Weapon States (NNWS) party to 
the NuclearNon-Proliferation Treaty (NPT). In Agreements based on INFCIRC/153 
a State undertakes "to accept safeguards, in accordance with the terms of the 
Agreement, on all source or special fissionable material in all peaceful nuclear 
activities within its territory, under its jurisdiction or carried out under its control 
anywhere, for the exclusive purpose of verifying that such material is not diverted 
to nuclear weapons or other nuclear explosive devices". 

VIII—6.2,2.1. IAEA safeguards objective 

The objective of safeguards in agreements concluded under the NPT as 
stated in paragraph 28 of INFCIRC/153 is "the timely detection of diversion of 
significant quantities of nuclear material from peaceful nuclear activities to the 
manufacture of nuclear weapons or of other nuclear explosive devices or for 
purposes unknown, and deterrence of such diversion by the risk of early detection". 
Such agreements "provide for the use of material accountancy as a safeguards 
measure of fundamental importance with containment and surveillance as 
important complementary measures". 
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TABLE VIII-7. SIGNIFICANT QUANTITIES AND DETECTION TIMES FOR 
NUCLEAR MATERIAL ASSOCIATED WITH LMFBR 

Type of nuclear material Significant quantity 

EU (enrichment > 20%) 25 kg U-235 content 
EU (enrichment < 2 0 % ) a 75 kg U-235 content 
Plutonium 8 kg Pu (total element) 
Thorium 20 tonnes (total element) 
U-233 8 kg U-233 content 

Type of fuel Detection time 

Fresh fuel (MOX) within one month 
Irradiated fuel and blanket within three months 
Fresh blanket ( U 0 2 ) within one year 

a Including natural depleted uranium. 

To provide a technical basis for the implementation and evaluation of its 
inspection procedures the IAEA has defined the values of such terms as 'significant 
quantity' and 'detection time' [VIII-51 ]. A 'significant quantity' of nuclear 
material is defined as the approximate quantity in respect of which, taking into 
account any conversion process involved, the possibility of manufacturing a nuclear 
explosive device cannot be excluded. The Agency considers that 'detection time', 
defined as the maximum time that may elapse between diversion and its detection 
by IAEA safeguards, should correspond in order of magnitude to conversion time. 
'Conversion time' is defined as the time required to convert different forms of 
nuclear material to the metallic components of a nuclear explosive device [VIII-51 ]. 

Based on the above considerations, the IAEA is currently using a set of values for 
significant quantities of nuclear material and detection times [VIII-52]. Taking 
into account these values and considering possible fuel compositions for FBR, 
significant quantities and detection times for the FBR fuel cycle are as shown in 
Table VIII-7. 

VIII—6.2.2.2. Basic IAEA safeguards approach 
[VIII-5 3] 

A Safeguards Agreement conforming to INFCIRC/153 (corrected) is required 
to provide that " ... the State shall establish and maintain a system of accounting 
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for and control of nuclear material subject to safeguards under the Agreement ... ", 
the basic elements of which are set forth in paragraph 32 of that document. 
Safeguards Agreements conforming to INFCIRC/66/Rev.2 do not explicitly call 
for States to establish and maintain a "system" of accounting for and control of 
nuclear material, but the fact that the document calls for agreements between the 
IAEA and the State on a "system of records" and a "system of reports" implies 
the need for this system. The establishment of a State System of Accounting for and 
Control of Nuclear Material (SSAC) can serve a useful purpose in all IAEA Safe-
guards Agreements, whether or not such a system is explicitly required [VIII-53], 

The IAEA safeguards approach generally is based on verification of data 
obtained from the State's nuclear material accounting system complemented by 
containment and surveillance measures. The application of containment and 
surveillance provides continuity of knowledge of verified nuclear material and 
of the integrity of items and also identifies movements of nuclear material. 

IAEA safeguards rely on routine reporting by the State and interim inspec-
tions by IAEA personnel for independent verification of inventory and flow of 
nuclear material. Relevant safeguards information on facility design and on the 
operator's nuclear material accounting system is provided in the design informa-
tion which the State furnishes in the form of answers to the IAEA Design 
Information Questionnaire (DIQ). The design information contains descriptions 
and drawings of facility layout, safeguards related operating data, nuclear material 
descriptions, nuclear material flow, nuclear material handling and nuclear 
material accounting and control systems. 

Generally, the agreement requires the State to provide accounting reports 
for each Material Balance Area (MBA) including Inventory Change Reports (ICRs) 
and Material Balance Reports (MBRs) with Physical Inventory Listings (PILs). 
Special reports are to be issued by the State under unusual circumstances where 
anomalies or potential anomalies in a nuclear balance have been identified. 

The verification and evaluation of the operator's nuclear material accounting 
system by the Agency with subsequent statements of results and conclusions can 
include the following measures and procedures: independent verification of nuclear 
material quantities and locations, using inspection methods such as: examination 
and updating of accounting records (book audits), comparison of records versus 
reports, item counting and identification, independent measurements, by 
destructive analysis of samples and/or by Non-Destructive Assay (NDA) verification 
of shipper/receiver differences, verification of inventory changes, flow verification, 
and carrying out other activities as provided for in the Safeguards Agreements. 

In order to simplify the application of safeguards, and to reduce the burden 
on operator's activities, the IAEA seeks to take advantage of nuclear facility 
containment or physical barriers, e.g. walls, transport flasks, containers, vessels, 
etc., that restrict the access to, or control the movement of nuclear material. The 
presence of sodium itself serves to restrict access to the nuclear material but, as 
explained in subsection VIII-6.2.4.1, also makes the inspector verification more 
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difficult. All safeguards measures, of course, are implemented in accordance with 
the strict safety requirements of the LMFBR. The IAEA collects information 
through containment and surveillance devices and/or inspector observation in 
order to detect any undeclared movement of nuclear material, tampering with 
containment, falsification of information related to locations and quantities of 
nuclear materials, or tampering with IAEA safeguards devices. 

VIII—6.2.3. Multinational (EURATOM) safeguards 

The EURATOM safeguards system was set up in pursuance of the Treaty 
establishing the European Atomic Energy Community (the 'EURATOM Treaty') 
[VIII-54] and is implemented in practice through EURATOM Regulation 3227/76. 
It is a Supranational system operated by the Commission of the Community, 
independently of the Member States in which the safeguards are applied, and has 
been operating successfully for more than 25 years. The Member States involved 
when the Treaty was first signed were Belgium, the Federal Republic of Germany, 
France, Italy, Luxembourg and the Netherlands. On 1 January 1973 Denmark, 
Ireland and the United Kingdom of Great Britain and Northern Ireland acceded to 
the Treaty and on 1 January 1981 Greece became the tenth Member State. 

VIII—6.2.3.1. Features of the EURATOM safeguards system 

An essential feature of the EURATOM safeguards system is that it is a 
multinational safeguards system embodied in European law through the Treaty 
and therefore has a legal rather than a contractual basis. The Treaty provides for 
a graduated response of sanctions in the event of infringement of its provisions 
and requirements. The Treaty embodies no distinction in its provisions between 
one Member State and another. 

The system consists of recording and reporting requirements on all who hold 
nuclear material for any reason and of inspections which can be carried out by 
designated inspectors. Basic technical characteristics have to be provided before 
an installation receives nuclear material and these are verified by EURATOM inspec-
tors. In the special case of reprocessing plants, the Treaty gives EURATOM the right 
to approve the design of the plant. Certain notifications relating to programmes, 
shipments, physical inventory and, in the case of reactors, shutdown for reloading 
have to be provided in advance. 

VIII-6.2.3.2. Objectives of the system 

The objectives of the EURATOM safeguards system are given in Article 77 
of the EURATOM Treaty [VIII-54]. This article specifies:' 

"In accordance with the provisions of this Chapter, the Commission shall satisfy 
itself, that in the territories of the Member States, 
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(a) ores, source materials and special fissile materials are not diverted from their 
intended use as declared by the user 

(b) the provisions relating to supply and any particular safeguarding obligations 
assumed by the Community under an agreement concluded with a third 
State or an international organisation are complied with". 

It can be seen that subparagraph (a) implies a wide scheme of verification 
whereby use of material for peaceful purposes should be controlled. The task 
provided for in subparagraph (b) is important as a number of such agreements 
exist for supply of material (for example with the USA, Canada, Australia). These 
agreements include, inter alia, requirements for respecting particular safeguarding 
obligations on the material whilst it remains in the Community. The same 
subparagraph also provides for the implementation by the Community of agree-
ments such as those concluded between the IAEA, EURATOM and its 
Member States. 

VIII-6.2.3.3. Relationship between EURATOM and IAEA safeguards 
systems 

IAEA safeguards are applied to EURATOM Member States through three 
agreements, namely: 

— The Agreements between EURATOM, its Non-Nuclear Weapon States (NNWS) 
and the Agency, in implementation of the NPT, signed on 5 April 1973. 

— The Agreement between EURATOM, the United Kingdom of Great Britain 
and Northern Ireland and the Agency (the UK 'Voluntary Offer' in connec-
tion with the NPT) for the application of Agency safeguards, signed on 
6 September 1976. Routine Agency inspections apply to facilities designated 
by the Agency from time to time for this purpose; all other safeguarding 
procedures (design information, accounting and reporting systems, ad hoc 
and special inspections) apply, however, to all civil material in facilities. 

— The Agreement between EURATOM, France and the Agency for the applica-
tion of Agency safeguards, signed on 27 July 1978. This Agreement applies 
to nuclear material designated by France, and routine Agency inspections 
apply in facilities utilizing such material and designated by the Agency. 
Otherwise the provisions closely follow those of the United Kingdom 
Agreement. 

VIII-6.2.4. Safeguards for FBRs 
[VIII-55] 

Safeguards for FBRs should be considered in the context of widespread 
deployment of various reactor types and a varying availability of fuel cycle services. 
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This is particularly true of the current experimental, demonstration, and proto-
typical fast breeders, which must be fuelled and safeguarded in the transition 
period. The quantities of fissile materials, the in-air and in-sodium fuel handling 
systems, and the storage methods for the fuel assemblies will have a significant 
impact on safeguards techniques. The total quantity of nuclear material in inven-
tory and in flow for each demonstration and commercial breeder reactor system 
would be between 3000—10 000 kilograms of plutonium which is in the range of 
the annual flow rates of 6000—12 000 kilograms for large LWR reprocessing 
plants. The content of the fissile material, 5 — 15 kilograms of plutonium, in 
each of the fresh and spent fuel assemblies is of the order of the IAEA significant-
quantity guideline of 8 kilograms. 

VIII—6.2.4.1. Safeguards approach for FBRs 
[VIII-56 to VIII-58] 

The safeguards approach for FBRs follows the basic approach described in 
subsection VIII—6.2.2.2. It is expected to be similar to that used for the thermal 
cycle, taking into consideration such LMFBR characteristics as the following: 

— Owing to its high plutonium content the fresh fuel materials, or fresh fuel 
itself, could be used for the production of explosive devices with a minimum 
of processing 

— The large core loading of fissionable materials (by comparison with that 
of thermal reactors) requires greater emphasis to be placed on the need 
to detect undeclared removal of a significant quantity of plutonium 

— The high level of radiation creates conditions in which the undeclared 
removal of nuclear materials is more difficult to detect 

— The breeding of plutonium in the blanket represents an additional require-
ment for development of specific instrumentation 

— The sodium coolant normally used in the reactor and sometimes in the 
storage facilities creates problems with regard to inspector access for veri-
fication to fuel unloaded from the reactor, and in some cases to fresh fuel 
elements. If, in the future, spent fuel might be stored under water, the 
inspection verification effort would be somewhat easier and more similar 
to the situation with thermal reactors. 

The safeguards approach is based on an item accounting system for nuclear 
material complemented by containment and surveillance measures. The objective 
of IAEA inspection activities is independent verification of the flow and inventory 
of fuel assemblies, consistent with the goals and guidelines for timeliness and 
significant quantities. 
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The accounting records are examined to ensure that they are correct and 
that the information contained in them is consistent with reports submitted to 
the IAEA. The operating records are examined in the same fashion as the account-
ing records and are used to provide source data that support the accounting records 
and reports to the IAEA, especially as they relate to changes in the quantity and 
composition of nuclear material and the measurement thereof. 

The entire area where nuclear material is present at the FBR power station, 
including the storage of fresh and spent fuel, is normally considered as one Material 
Balance Area (MBA). The MBA is provided for physical inventory purposes and 
for the determination of nuclear material flow, with several Key Measurement 
Points (KMPs). The material balance area consists of accessible and inaccessible 
fuel handling areas. Accessible fuel handling areas include the fuel receiving area 
and the fresh fuel storage. Inaccessible fuel handling areas include the reactor 
vessel, the sodium cooled storage, the gas cooled storage (where applicable) and 
the fuel shipment area. All these locations may be defined as KMPs. Flow KMPs 
may include the receipt and de-exemption of nuclear material, nuclear loss and 
production within fuel discharged from the reactor, and shipment and exemption 
of nuclear material. Strategic points for application of containment and surveillance 
normally include the fresh fuel and blanket assembly storage and transfer routes to 
the core, the reactor hall, the spent fuel transfer routes, and access routes to other 
locations where nuclear material is present at the facility. Because of the inaccessi-
bility of the nuclear material when under sodium in the reactor, direct verification 
of the inventory under these conditions is extremely difficult and added emphasis 
must be placed on containment and surveillance measures. 

The following principles and procedures are used in the safeguards approach 
for FBRs: 

(1) The unit for item accountability is one fuel assembly which can be one of 
four types: fresh core fuel, fresh blanket fuel, irradiated core fuel, irradiated 
blanket fuel 

(2) The shipping containers holding fresh fuel assemblies received from the fuel 
fabrication plant are sealed by the IAEA before despatch 

(3) Item counting and identification of fuel assemblies as well as Non-Destructive 
Assay (NDA) measurements may be performed at locations within the 
accessible nuclear fuel handling area 

(4) Reliable and tamper-indicating containment/surveillance measures are applied 
to detect the possible undeclared removal of assemblies from areas which are 
inaccessible for direct counting and identification 

(5) Inspectors are present during the initial loading of the core and blanket and 
other inaccessible areas for verification of the initial inventory. Optical 
surveillance and seals are applied to the reactor containment during operation 
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(6) Irradiated fuel and blanket assemblies are placed in shipping containers which 
are then sealed by the inspector for further verification at the reprocessing 
plant 

(7) Depending on specific conditions of operation at the plant (such as refuelling 
schedule), physical inventory verification is performed between one and four 
times per year. In the inaccessible areas, an independent verification of physi-
cal inventory is not practicable and continuity of safeguards assurance is 
maintained by a knowledge of the difference between receipts and shipments 
of nuclear material, together with the application of containment/surveillance 
measures to ensure the integrity of such areas. 

The period between inspections by the IAEA will depend on the type and 
amount of nuclear material at the reactor. For FBRs, the required detection times 
indicate the need for a higher frequency of inspection in the stages of fresh fuel-
assembly handling compared with those where irradiated fuel is handled. 

VIII-6.2.4.2. Application of safeguards measures at LMFBRs 

The safeguards systems for the FBR will be further tested and developed by 
implementation of safeguards measures now being applied to the thermal reactor 
fuel cycle and by development of new measures both in kind and scope, recognizing 
the characteristics listed above. 

To this end the IAEA has initiated research and development activities 
[VIII—55, 59] aimed at the following: 

— development of instrumentation systems for the verification of 'inaccessible' 
inventories at LMFBRs 

— development and adaptation of containment and surveillance measures for 
fast breeder reactor conditions, including advanced seals operating under 
sodium 

— design of appropriate measures and NDA techniques for identification of 
different assembly types (inner and outer core zones, blanket) 

— design of devices for verifying the structural integrity of fuel and blanket 
assemblies 

— development of under-sodium viewing and systems for unique assembly 
signatures that may be used in physical inventory verification. 

VIII—6.2.5. Safeguards for fuel cycle facilities 

From a safeguards viewpoint the FBR fuel cycle is similar to the thermal 
reactor fuel cycle in that it includes item facilities (reactor, fresh and spent fuel 
storage) and bulk handling facilities (conversion, fuel fabrication and reprocessing). 
There are, however, some significant safeguards differences, the most important 
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being the higher concentrations and inventories of plutonium involved, particu-
larly in unirradiated form at bulk handling facilities. In addition, at the FBR itself 
a significant amount of nuclear material of high strategic value is contained in 
sodium and inert gas environments, and it cannot be directly verified by standard 
methods. Other differences and the general elements of safeguards for the FBR 
fuel cycle are discussed below. 

Diversion scenarios for the FBR fuel cycle have many similarities with those 
for the thermal reactor cycle although different problems arise for the reasons 
given above. Bulk handling facilities constitute some of the most sensitive facilities 
in the nuclear fuel cycle from the safeguards point of view as they handle nuclear 
material in bulk form which could be used directly for the manufacture of nuclear 
explosive devices. Material is accessible as fresh fuel at a reactor, but in the LMFBR 
it is held under sodium for most of the time. 

VIII—6.2.5.1. Safeguards approach for the FBR fuel cycle 

The safeguards approach to the FBR fuel cycle would be different in scope 
but not significantly different in kind from the safeguards approach to the thermal 
reactor fuel cycle. It would include IAEA verification of periodic closings of the 
material balance; verification of a physical inventory taken by the operator; veri-
fication of the flow of the nuclear material; and reliance in advanced Containment/ 
Surveillance (C/S) measures. 

VIII—6.2.5.2. Application of safeguards measures at FBR fuel cycle facilities 

In item facilities, the safeguards approach would include item counting, 
item identification, integrity check and non-destructive measurement of the 
nuclear material content of the item. Knowledge of the integrity of the item 
(and hence the validity of previous measurement results) is preserved by use of 
C/S measures. In stores and other appropriate locations containing safeguarded 
items, backup assurance would be provided by sealing access points and the use 
of strategically placed surveillance devices. 

In bulk handling facilities, nuclear material accounting, complemented where 
appropriate by containment and surveillance measures, would be the major safe-
guards measure applied. During the periodic physical inventory taken for the 
closing of the material balance, material is collected in accessible areas for destruc-
tive and/or non-destructive measurements. Stratification with random sampling 
is used to select the material for such measurements. Similar measures are applied 
for verification of nuclear material flows. 

In commercial scale operations, where large quantities of plutonium are 
involved, additional assurance in terms of sensitivity and timeliness may need 
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to be provided by application of advanced safeguards measures such as near-real-
time accountancy or extended containment/surveillance1 [VIII-56], 

VIII—6.2.6. Experience in applying safeguards to FBRs and fuel cycle facilities 

Most of the experience gained in applying safeguards to fast breeder fuel 
cycle facilities comes from the implementation of inspection activities by both 
Organizations (EURATOM and IAEA) to several facilities covering the whole cycle. 

Indeed, safeguards activities have been performed successfully: 

— at several prototype reactors and critical assemblies (e.g. Dounreay in the 
UK, JOYO and FCA in Japan, KNK and SNEAK in the Federal Republic 
of Germany, etc.); 

— at one commercial size reactor (SUPER PHENIX in France) which currently 
holds stocks of fresh fuel and blanket assemblies, but is not yet in operation; 

— at major fuel fabrication facilities (e.g. ALKEM in tlie Federal Republic of 
Germany, BN in Belgium, PNC in Japan, etc.); 

— at reprocessing facilities (e.g. Dounreay in the UK, PNC in Japan, PREFRE 
in India, etc.). 

The application of safeguards to these facilities has been done as described 
above in subsection VIII—6.2.2.2 (in general) and in subsections VIII—6.2.4 and 
VIII—6.2.5 (in particular, for FBRs and fuel cycle facilities). The key differences 
between this application and safeguards implemented in the thermal fuel cycle 
are as follows: 

— in general, the fuel is much less accessible than the fuel in the LWR fuel 
cycle. This leads to a greater dependence on containment and surveillance 
measures and also to more sophisticated devices, especially after the fuel has 
come into contact with sodium; 

— macrophotographic techniques have been developed to provide a unique record 
of the engraved identification number. This, together with measures to 
ensure the continued integrity of the fuel elements provides a useful means 
to ensure the continued presence of the element contents; 

— because of the high strategic value of fuels containing plutonium and the 
quantities of material involved in all parts of the cycle, the safeguards 
measures to be applied are more intensive and more frequent than for the 
thermal fuel cycle; 

1 Extended C/S measures seek to ensure, by surveillance of certain locations and conditions 
associated with diversion scenarios of concern to safeguards, that changes in the inventory within 
an area take place (and are recorded) only at the key measurement points. 
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— complementary measures have to be foreseen also for material other than the 
core fuel, i.e. for the blanket material. 

An Agency safeguards technical report [VIII—57] on a general approach to 
the application of safeguards to fast breeder reactors is available and a proposed 
safeguards approach for the SNR 300 LMFBR power plant in the Federal Republic 
of Germany (VIII—60) has been issued based on the result of a study by the Fe 
Federal German support programme to the Agency. 

At present, safeguards approaches related to the fast breeder reactor 
cycle are still under development. 

VIII-6.3. SAFETY ASPECTS 

Safety is as important a factor in FBR fuel cycle facilities as it is in reactors. 
Since the hazards involved are somewhat different owing to the nature of the 
operations, the precautions employed, although similar, differ in degree. A 
multiple containment philosophy is utilized throughout, and radiation shielding 
is provided where personnel contact dictates. 

VIII—6.3.1. Safety design measures in reprocessing plants 
[VIII-61 to VIII-64] 

Unlike nuclear reactors, reprocessing plants are characterized by the following 
differences in hazard potential: 

— the nuclear fuel is not arranged in a neutronically critical geometry (keff <4 1 ) 
— the fuel is not used for power generation and, correspondingly, is only at a 

low temperature and low pressure 
— the radioactivity of the spent fuel decays by a factor of 65 within one year 

after unloading from the reactor core, as a result of the decay of fission 
products and actinides. 

Accordingly, the radioactive inventory per tonne of LMFBR fuel in a 
reprocessing plant is much smaller than in an FBR. These are the reasons why 
reprocessing plants can have capacities which allow the spent fuel from many 
GW(e) of FBRs to be reprocessed. 

In reprocessing plants, as in nuclear reactors, the safety design principles 
of diversity and redundancy are applied in supplying electricity and cooling water 
to ensure the reliability of heat removal. Appropriate reserves for cooling water 
are taken into account in plant design. The multiple barrier principle between 
radioactive substances and the environment is observed. The radioactive materials 
are enclosed in leak tight systems of stainless steel pipes, vessels and other equip-
ment which, in turn, are enclosed in leak tight cells with high-density concrete 
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walls up to 2 metres thick. In the event of a leak in a pipe or vessel, stainless 
steel catch pans prevent radioactive liquid from penetrating the floor of the 
containment cells. The inner containment is surrounded by an outer protective 
shield. 

The inner and the outer containments are operated at pressures lower than 
atmospheric. .Rooms with the highest radioactivity levels are kept at the lowest 
pressures. Contaminated air is filtered by at least two redundant filter systems 
and treated to reduce any radioactivity to acceptable levels. After filtering, the 
air is released into the environment through a stack. Releases to the atmosphere 
or to rivers, lakes or the sea are continuously monitored. 

As in nuclear reactor plants, the containment of a reprocessing plant must 
be designed to withstand earthquakes, floods, tornadoes, aircraft crash impacts, 
shockwaves caused by explosions, fires and sabotage. Engineered safety features 
also include measures to prevent criticality in dissolvers, extraction columns and 
buffer tanks. This can be achieved by limiting the geometries of the equipment 
or adding neutron poisons. Moreover, the fissile enrichment of solutions is 
continuously monitored by measurements at critical points of a facility. 

The design base accidents of the plant to be considered are the explosion of 
an evaporator for high-level waste concentration and a criticality accident in one 
of the components carrying fissile material. Kerosene, TBP and nitric acid have 
a potential for exothermic reactions only if organic products are able to reach 
the evaporator and only if temperatures above 140°C are attained. Such condi-
tions are avoided during operation by keeping the temperature of the process 
steam for evaporation at 130°C. 

Despite such safety design measures, design base accidents are analysed and 
the design of the inner cells must limit the consequences of such accidents. If the 
evaporator or another container were destroyed by an explosion, the waste solution 
would leak into the catch pan on the cell floor and could be pumped back into 
another container held in reserve. Radioactive impact upon the environment 
would be limited. Similar design measures are taken to limit the consequences 
of a criticality accident. 

VIII—6.3.2. Safety considerations for mixed fuel refabrication plants 

The multiple barrier system is also applied to limit the release of plutonium 
from MOX fabrication plants. Primary confinement is provided by shielded glove 
boxes or hot cells containing the plutonium pellet fabrication equipment. This 
primary confinement is surrounded by an operating and maintenance building 
accessible only through air locks. It also constitutes a firewall and a shielding 
protection. An outer shell protects these two inner confinements against natural 
and external events (earthquakes, airplane crashes, etc.). Pressure differentials are 
maintained within the different confinements such that the lowest pressure applies 
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to the rooms with the highest plutonium concentrations. Air is exhausted only 
through a number of HEPA filters connected in series. The safety design basis of 
a mixed oxide fuel fabrication plant is determined by the potential of criticality 
accidents, fires and explosions in the manufacturing equipment. 

VIII—6.4. ENVIRONMENTAL IMPACT 

This subsection covers the radiological impact on man due to the components 
of a fast breeder fuel cycle at routine operational conditions. For reasons of 
comparison, the equivalent data for light water reactors are also presented. 

First, the major nuclides of concern are discussed. The determination of 
radioactive releases then begins with the calculation of the radioactive inventories 
of the main components of the fuel cycles. To arrive at the emissions, release 
factors have to be determined. These are based on technological aspects such as 
filter efficiencies. 

Finally, the impact on the population can only be found after assumptions 
on meteorological conditions and population distribution have been made. To 
account for the differences in sensitivity, the final results for radiation exposure 
are given for specific organs. 

VIII—6.4.1. Nuclides of importance for environmental effects 

VIII—6.4.1.1. Radioactive releases and exposure pathways 

During normal operation of nuclear power plants and other facilities of the 
nuclear fuel cycle, radioactivity is released into the environment at a controlled 
rate. Airborne radioactivity includes the radioisotopes of the noble gases krypton, 
xenon, radon, of tritium, 14C, and also of fission product and fuel aerosols. Liquid 
effluents released into rivers, large lakes or the ocean contain tritium, fission 
products and other radioactive substances. Man may be exposed to ionizing 
radiation through various exposure pathways (Fig.VIII-9): 

— external ß- and 7-radiation of the gaseous radioactive nuclides in the 
atmosphere (ß- and 7-submersion) or by immersion in water (swimming) 

— radiation from aerosol particles deposited on the ground (soil radiation) 
— internal exposure following inhalation of radioactive nuclides (inhalation) 
— internal exposure as a result of the intake of contaminated food or water 

(ingestion). 

The release rate of radioactive nuclides into the environment depends on the 
retention mechanisms incorporated in the engineered safeguards design of a fuel 
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INGESTION 
BY ANIMALS IRRIGATION 

FIG. VIII-9. Possible exposure pathways to man from the nuclear fuel cycle (Source: KFA 
Jülich). 

cycle facility. Series connection of several containment barriers with low leak 
rates and other technical measures allow very high retention factors or low release 
factors to be attained. 

Gaseous nuclides or aerosols escaping from the plant or discharged in a 
controlled way through a stack are diluted in the ambient atmosphere. Dilution 
is a function of the height of the exhaust stack, the turbulence conditions of the 
atmosphere, and the distance from the plant. Radionuclides are also deposited 
on the ground by dry and wet disposal. Aqueous radioactive discharges are diluted 
as a function of the quantitative relationships between the liquid effluents and 
the ambient water volume. 

The individual radioactive nuclides can enter the human body on various 
pathways, where again they may have different radiological impacts. 
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VIII—6.4.1.2. Detailed discussion of the nuclides emitted 

The nuclides to be considered can be grouped as follows: 

— those present in the fuel before reactor irradiation (uranium and plutonium 
isotopes) 

— those generated in the fuel during reactor operation (fission products, 
americium, curium isotopes, further isotopes of uranium and plutonium), 

— those generated in structures, coolant and cover gas during reactor operation 
(activation products, activated corrosion products). 

While, in principle, there are many nuclides involved, which refers in particular 
to the fission products, there are only about 20 to 25 that are of major interest as 
far as environmental effects are concerned: 

— plutonium and uranium isotopes, mainly 238Pu, 239Pu, 240Pu, 241 Pu, 
— higher actinides, mainly 241 Am, 244Cm, 
— fission products, mainly 3H, 8sKr, 90Sr, 129I, 1311, 134Cs, 137Cs, 
— activation products, mainly 14C. 

Tritium 

Tritium is a (3-emitter with a half-life of 12.3 years. It is generated primarily 
in the fission process by ternary fission, i.e. fission into three resulting products. 
The yield of this reaction in fast breeder plutonium is about 2 X 10"4. 

Tritium, however, is also generated within the absorber rods, mostly via the 
reaction 10B(n, 2a) T which has a threshold of about 1.2 MeV. Furthermore, it 
can be produced via the reaction 7Li(n, na)T in impurities of the sodium coolant. 

Tritium, like hydrogen, can easily penetrate steel, so that a large pro-
portion of the production will finally appear in the primary sodium. The major 
part will then be caught in the cold traps of the primary sodium circuit. Part of 
it, however, will either diffuse into the cover gas or reach the secondary sodium 
circuit, which again is equipped with a cold trap. Only a minor part (<1%) will 
finally appear in the steam system to form HTO. 

HTO can enter the human body as drinking water, via the food chain through 
plants and animals that have incorporated it, or by inhalation. 

Carbon-14 

Carbon-14 is a Remitter with a half-life of 5730 years. While there are 
different reactions possible within a breeder reactor that lead to 14C, the main 
production route is via 14N(n,p)14C. 

Nitrogen-14 appears as an impurity of the fuel as well as of the steel, a typical 
order of magnitude for mixed oxide fuel being 10 ppm, even though specifications 
usually allow more. The 14N content of steel may amount to about 45 ppm. 
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TABLE VIII-8. 

CHAPTER VIII 

ACTIVITY OF PLUTONIUM ISOTOPES 

Isotope Activity Half-life 
(a) 

Pu-238 a 88 

Pu-239 a 2.4 X 1 0 4 

Pu-240 a 6.5 X 103 

Pu-241 ß 14.9 

Pu-242 a 3.9 X 105 

It is expected that 14C will be present mainly in the form of C02 , but that 
it will remain in the fuel or cladding up to the solution in the reprocessing plant. 
14C02 will enter plants and animals and will then enter the human body via the 
food chain. 

Plutonium isotopes 

All plutonium isotopes except 241Pu are a-emitters (see Table VIII—8). 
The only pure ß-emitter, 241Pu, has the shortest half-life of 14.9 years; it 

decays into 241 Am, an a-emitter of 433 years half-life. The composition of the 
plutonium depends on its history. It may have been generated in an LWR, in a 
breeder reactor or in others. The composition will change during reactor opera-
tion. The content o f 2 4 1 Am, which is removed in reprocessing, depends on the 
time that has elapsed since the last reprocessing step. 

Because of the short half-life of 238Pu, the a-activity of plutonium in the 
fuel cycle (other than in the waste) is usually determined by this isotope. 

Inhalation with subsequent deposition in the lungs forms the major hazard 
to man. 

Higher actinides 

Via neutron capture or |3-decay of plutonium isotopes, nuclides of higher 
mass number are generated. Beyond 241 Am, which has just been mentioned, 
242Cm, an a-emitter of 163 days half-life, and 244Cm, an a-emitter of 
18 years half-life, are of main concern. If longer periods of time are of interest, 
143Am, an a-emitter of 7400 years half-life, has also to be considered. 

The effects of actinides on man are the same as in the case of plutonium. 
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Fission products 

Of the noble gases, 8SKr, a ¿¡-emitter with a half-life of 10.8 years, is of main 
concern. Its main radiological hazard is found by exposure to the. skin. The gas 
can be retained by low temperature rectification and subsequent bottling in steel 
flasks. 

Iodine contributes three j3-emitting radioactive isotopes, 1291 with a half-life 
of 1.7 X 107 years, 131I with 8.04 days, and 133I with 20.8 hours. After the usual 
storage periods before reprocessing of at least one year, only 1291 is of importance. 

Strontium contributes the ß-emitters 90Sr with a half-life of 28.5 years. 
Through the food chain (milk, vegetables, fish, meat and drinking water),90Sr 
enters the human body. Like calcium, 90Sr is deposited preferably in bones 
representing a major burden on the blood-forming organs because of the long 
biological residence time of 18 years and the ß-radiation of 2.3 MeV maximum 
energy of the daughter product, 9 0Y (half-life 2.7 days). 

The ß- and 7-emitting caesium isotopes 134Cs with a half-life of 2.1 years 
and 137Cs with 30.1 years are of environmental concern. They can enter the 
human body via the same chain as 90Sr. Caesium can largely replace potassium 
in living organisms and, like the latter, is distributed throughout the body in 
highly soluble compounds. 

Long-lived gaseous effluents 

Three of the nuclides that have been covered are of special concern, because 
they may accumulate in the atmosphere and, in so doing, will form an increasingly 
important radiation hazard independent of their place of origin. This applies to 
isotopes of hydrogen (tritium), carbon, and krypton: 

- 3H: half-life 12.3 years, 
- 14C: half-life 5730 years, 
- 85Kr: half-life 10.8 years. 

VIII—6.4.2. Releases at the various stations of the fuel cycle 

VIII— 6.4.2.1. Fuel fabrication plant 

As described in subsection VIII— 5.1, the fertile and fissile materials coming 
from the reprocessing plant as nitrates or, in the case of depleted uranium from 
the tails of an enrichment plant, as hexafluorides will first be converted to an oxide. 
During the fabrication process, the oxides will be present in the form of powders 
that have to be contained under reduced pressure (glove box technique) More-
over, the surrounding containment is held at a lower than atmospheric pressure. 
Gases discharged from the plant have to pass a filter system before reaching the 
environment. A release of liquid effluents will also take place. 
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TABLE VIII-9. CALCULATED ANNUAL RELEASES OF RADIOACTIVE 
MATERIALS IN LIQUID EFFLUENTS FROM AN LMFBR FUEL FABRICA-
TION PLANT [VTII-65 ] 

Combined uranium and mixed oxide 

Radionuclide 

Average 
annual release (/nCi/a) Average annual 

concentration at 
Average annual 
concentration in 

Uranium oxide Mixed oxide point of discharge , _. , . .k 
r . _ , „ . river (MCi/mL) fuel fuel (MCi/mL)a 

U - 2 3 2 c 7 . 6 E - 0 3 2 . 8 E - 1 4 1.4 E - 1 7 

U - 2 3 4 2 . 6 E + 0 4 d 1.8 E - 0 2 9 . 7 E - 0 8 4 . 9 E - l l 

U - 2 3 5 3 . 2 E + 0 3 c 1.2 E - 0 8 6 . 0 E - 1 2 

U - 2 3 6 4 . 1 E + 0 3 c 1.5 E - 0 8 7 . 6 E - 1 2 

U - 2 3 8 2 .4 E + 0 5 2 . 0 E - 0 2 8 . 9 E - 0 7 4 . 4 E - 1 0 

T h - 2 2 8 c 2 . 0 E - 0 3 7 . 4 E - 1 5 3 . 6 E - 1 8 

T h - 2 3 1 3 .2 E + 0 3 c 1.2 E - 0 8 6 . 0 E - 1 2 

T h - 2 3 4 2 . 4 E + 0 5 c 8 . 9 - E - 0 7 4 . 4 E - 1 0 

P a - 2 3 4 2 . 4 E + 0 5 c 8 . 9 E - 0 7 4 . 4 E - 1 0 

P u - 2 3 6 c 2 . 8 E - 0 1 1.0 E - 1 2 5 .1 E - 1 6 

P u - 2 3 8 c 2 . 4 E + 0 3 8 . 9 E - 0 9 4 . 4 E - 1 2 

P u - 2 3 9 c 5 . 0 E + 0 2 1.8 E - 0 9 9 . 3 E - 1 3 

P u - 2 4 0 c 6 . 7 E + 0 2 2 .5 E - 0 9 1.3 E - 1 2 

P u - 2 4 1 c 7 .3 E + 0 4 2 .7 E - 0 7 1.4 E - 1 0 

P u - 2 4 2 c 1.8 6 . 7 E - 1 2 3 . 4 E - 1 5 

A m - 2 4 1 Ç 1.2 E + 0 2 4 . 5 E - 1 0 2 . 2 E - 1 3 

N p - 2 3 7 c 1.9 E - 0 5 7 . 1 E - 1 7 3 .5 E - 2 0 

a The average annual concentration is computed from dilution of the combined plant release 
with 2.69 X 1 0 n m L / a . 

b The liquid discharges are completely mixed in ariver with a flowrate of 5.4 X 101 4mL/a. 
c No entry in the table indicates that this radionuclide is not released. 
d 2.6 E4 = 2.6 X 104 . 

The gaseous and liquid discharges related to the electricity generation of 
1 GW(e)-a are shown in Table VIII-9 that also lists the release factors which 
have been applied in the calculations. For the plutonium isotopes, these factors 
are taken as 1CT9. 
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Release 

Diffusion, vaporization, or precipitation 100-30% 

Leakage throuyh valves or seals 1-10% 

Intended flow stream < 1 % 

FIG. VIII-11. Pathways for tritium release in LMFBR power plants (Source: Ref.[VIII-66]). 

VIII—6.4.2.2. Reactor power plant 

While all of the radioactive materials mentioned are present in the reactor 
plant — at least some time after first startup —, they are mostly contained in 
the fuel rods. Fuel particles or fission products escaping through a leak or after 
rod failure will enter the primary sodium circuit and, if volatile like the noble 
gases, the cover gas (Fig.VIII-10). The primary, as well as the secondary sodium 
system are equipped with a purification system in form of a cold trap. Purification 
systems, including aerosol filters, are also provided for the cover gas. 

Tritium forms a special problem in so far as it can easily penetrate steel, as 
has been mentioned before. On the other hand, the major part of the tritium, 
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Mass flows in kg per 0.75 GWe-a 

FIG. VIII-12. Liquid, radioactive waste systems flow diagram fSource: Ref. [VIII-66]). 

more than 90%, is captured in the cold trap of the primary sodium. The pathways 
for tritium release are shown in Fig.VIII-11. 

Corrosion products formed in or entering the primary sodium form another 
source of activity. They consist of isotopes of chromium, manganese, iron, and 
cobalt and will mainly be caught in the cold traps, or plate out on metal surfaces. 

Finally, sodium itself forms the isotopes 22Na (half-life 2.6 years) and 24Na 
(half-life 15 hours); 24Na being the dominant one. 

The liquid and gaseous effluents are processed in the liquid or gaseous rad-
waste systems, respectively (Figs VIII-12 and VIII-13). The radioactive contri-
butions other than tritium are removed from the liquid via ion-exchange or 
evaporation. The contaminated ion-exchange resins and evaporator concentrates 
will be handled by the solid radioactive waste systems. 

The gas removal system will virtually remove all the fission products from 
the cover gas system. The diagram of Fig.VIII-13 also shows holdup tanks to 
delay the gas flow until the radioactivity of most of the components has decayed, 
only 85Kr remaining. This gas can be bottled and shipped to a waste repository. 



5 8 4 CHAPTER VIII 

FIG. VIII-13. Schematic diagram of the radioactive gas processing system (Source: 

Ref.[VIII-66]j. 

Radioactive emissions calculated for a typical 1000 MW(e) fast breeder design 
are shown in Table VIII—10. For practical experience with radioactive emissions of 
operating LMFBR power plant the reader is referred to Chapter III. 

VIII—6.4.2.3. Reprocessing plant 

The reprocessing plant has been described in subsection VIII—5. During the 
process of cutting or shearing the fuel pin, the volatile products are released. The 
rest will bê released in the dissolution process. Furthermore, aerosols are formed 
in these processes. 

While the major part of tritium stays in the reactor plant, the part entering 
the reprocessing plant (>10%) will finally appear as HTO or as steam. The majority 
(^90%) of the HTO will stay in the dissolver and first extraction cycle, where it 
can be retained, mainly by condensation. 

Carbon-14 will mostly become converted to C02 and enter the off-gas system, 
as do the noble gases. A restriction of8 5Kr releases from the fuel cycle to one 
tenth, as demanded by the USEPA, would reduce the radiation exposure by a 
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TABLE VIII-10. RADIOACTIVE EMISSIONS (GASEOUS) FROM A US LMFBR 
POWER PLANT (NORMALIZED TO 1 GW(e)-a) [VIII-65] 

Nuclide Emission 
emitted (Ci/GW(e)a) (Bq/GW(e)-a) 

H-3 8.8 E+00 3.3 E + l l 

C-14 1.1 E+01 4.1 E + l l 

Ne-23 5.7 E+00 2.1 E + l l 

Ar-39 4.0 E+01 1.5 E+12 

Ar-41 < 1.0 E+00 < 3 . 7 E+10 

Kr-85 9.7 E+02 3.6 E+13 

Kr-85m 3.1 E+01 1.1 E+12 

Kr-87 < 1.0 E+00 < 3 . 7 E+10 

Kr-88 1.7 E+01 6.3 E + l l 

Xe-131m < 1.0 E+00 < 3 . 7 E+10 

Xe-133 1.4 E+01 5.2 E + l l 

Xe-135 3.1 E+01 1.1 E+12 

Xe-135m < 1.0 E+00 < 3 . 7 E+10 

Xe-138 < 1.0 E+00 < 3 . 7 E+10 

TABLE VIII-11. RELEASE FACTORS OF LARGE SPENT FUEL 
REPROCESSING PLANT [VIII-65, VIII-67 to VIII-69] 

Isotope WASH-1535 DOE/ET-00283 KfK-3266a KfK-3315b 

(1975) (1979) (1982) (1982) 

Tritium 1 1 0.25 0.25 
Carbon-14 10"2 1 1 
Noble gases lO"2 0.1 5 X 10"2 5 X 10"2 

Iodine io-4 10"3 10"2 10"2 

Ruthenium io-9 5 X 10~9 5 X 10~8 io-7 

Strontium 2 X 10"10 io-9 5 X 10"9 10"8 

Caesium 2 X 10"10 10"9 5 X 10"9 10"8 

Cerium 2 X 10"10 io-9 5 X 10"9 10"8 

Actinides 5 X 10"10 10"9 5 X 10"9 10"8 

Other aerosols 10"9 5 X 10"9 10"8 

a Applying to the complete facility. 
b Applying only to the dissolver off-gas system. 
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TABLE VIII-12. INVENTORIES OF RADIOACTIVITY AND EMISSIONS 
FROM REPROCESSING AND WASTE TREATMENT CENTRES FOR SPENT 
Pu0 2 /U0 2 (SELF-GENERATED) PWR FUEL AND SPENT Pu0 2 /U0 2 LMFBR 
FUEL (NORMALIZED TO 1 GW(e) a OF ENERGY PRODUCED) [VIII-70] 

Nuclide Release Self-generated PWR fuel I .MFBR fuel 
l.ictor 

Specific émissions Spccilic Emissions 
inventory ( C i / G W ( e ) a ) inventory ( C i / C i W ( e ) a ) 
(g/t HM) (g/t HM) 

CilM'tnts 
11-3* 2.50 E - 0 1 4.91 E - 0 2 3.97 E + 0 3 7.24 E - 0 2 5.59 E + 0 3 
C-14* 1.00 E + 00 I . 7 2 E - 0 2 2.56 E + 0 0 6.99 E - 0 3 9.95 E - 0 1 
Mn-54 1.00 E - 0 8 1 . 7 6 E - 0 1 4.56 E - 0 4 3.10E + 00 7.68 E - 0 3 
Fe-55 I .00E - 0 8 7.97 E + 00 6.67 E - 0 3 1.69E + 01 Í .30E-- 0 2 
Co-58 1.00 E - 0 8 9.79 E - 0 4 1.05E - 0 5 1 . 2 4 E - 0 2 1.26E - 0 4 
Co-60 1.00 E - 0 8 1.02E + 01 3.85E - 0 3 4 . 5 8 E - 0 1 1.66E - 0 4 
Ni-63 1.00 E - 0 8 2.15E + 01 4.46 E - 0 4 1.80E + 00 3.26 E - 0 5 
Kr-85 5.00 E - 0 2 1.88E + 01 1.24 E + 04 1.20E + 01 7.52 E + 0 3 
Sr-89 1.00 E - 0 8 1.21 E - 0 3 1.18E - 0 5 1 . 0 7 E - 0 3 9.95 E - 0 6 
Sr-9(> 1.00 E - 0 8 4.51 E + 02 2.06 E - 0 2 2.35E + 02 1.05E - 0 2 
Y-91 I .00E - 0 8 7.53E —03 6.20 E - 0 5 6.73E —03 5.28E - 0 5 
Zr-95 1.00E - 0 8 2 . 7 2 E - 0 2 2.03 E - 0 4 2.84 E - 0 2 1.95 F. - 0 4 
Nb-95 1.00 E - 0 8 3.43 E - 0 2 4.66 E - 0 4 3.45 E - 0 2 4.32E - 0 4 
Te-99 1.00 E - 0 8 7.78 E f 02 4.42 E - 0 6 6.75 E + 02 3.71 E - 0 6 
Ru-103 1.00 E - 0 7 1 . 4 0 E - 0 4 1.51 E - 0 5 1 . 8 2 E - 0 4 1.88 E - 0 5 
Ru-106 1.00 E - 0 7 4.76E + 01 5.33 E - 0 1 7.44E + 01 7.97 E - 0 1 
Ag-110 m 1.00 E - 0 8 1.08 E — 01 1.72E - 0 4 2.02 E - 0 2 3.06 E-- 0 5 
Sb-125 1.00E - 0 8 6.40 E + 0 0 2.22 E - 0 3 1.19E + 01 3.94 E - 0 3 
Te-125 ni I .00E - 0 8 8.98 E - 0 2 5.43E - 0 4 1.67 E — 01 9.60 E - 0 4 
Te-127 m 1.00 E - 0 8 1 . 5 0 E - 0 2 4.76 E - 0 5 2.31 E - 0 2 6.98 E - 0 5 
Te-127 1.00 E - 0 8 5.27E —05 4.66 E - 0 5 8.11 E —05 6.85E - 0 5 
J-129 1.00 E - 0 2 2.01 E + 02 1 . I9E - 0 2 2 . I 0 E + 02 I . I 9 E - 0 2 
Cs-134 1.00E - 0 8 5.83 E + 0 1 2.53 E-- 0 2 8.88 E + 0 0 3.68 E - 0 3 
Cs-137 1.00 E - 0 8 1.17E + 03 3.42 E - 0 2 9.86E + 02 2.74 E - 0 2 
Ce-141 1.00 E - 0 8 1.01 E —05 9.61 E - 0 8 1 . I 7 E - 0 5 1.06E - 0 7 
Ce-144 1.00 E - 0 8 5.79E + 01 5.20 E - 0 2 5.34E + 01 5.44 E - 0 2 
Pu-238 1.00 E - 0 8 4.37 E + 02 2.51 E - 0 3 1.17E + 03 6.43 E - 0 3 
Pu-239 1.00 F. - 0 8 7.92E + 03 1.65E - 0 4 5.45 E + 0 4 1.07E - 0 3 
l 'u-240 1.00 E - 0 8 5.19E + 03 3.95E - 0 4 1.96 E + 04 1.43E - 0 3 
f'u-241 1.00 E - 0 8 2.73E + 03 9.41 E - 0 2 5.02 E + 0 3 1.60E - 0 1 
Np-239 1.00 E - 0 8 4.96 E - 0 4 3.85 E - 0 5 4 .08E —04 3.02 E - 0 5 
Am-241 1.00 E - 0 8 4.39 E + 02 5.06 E - 0 4 1.74E + 03 1.91 E - 0 3 
Am-242 1.00E - 0 8 3.06 E + 0 0 9.95 E - 0 6 6.26E + 0I 1.95E - 0 4 
Cm-242 1.00 E - 0 8 2.07 E + 0 0 2.29 E - 0 3 5 . I 1 E + 00 5.41 E - 0 3 
Cm-243 1.00 E - 0 8 1.30E + 00 2.26 E - 0 5 6.48 E + 0 0 1.02 E - 0 4 
Cm-244 1.00 F. - 0 8 1.73 E + 02 4.69 E - 0 3 6.81 E + 01 1.76E - 0 3 

Liquid 
H-3* 7.50 E - 0 1 1.19E + 04 1.68E + 04 
Sr-90 I .00E - 0 8 2.06 E - 0 2 1.05E - 0 2 
Ru-106 1.00 E - 0 8 5.33 E - 0 2 7.97 F. - 0 2 
Cs-134 1.00 E - 0 8 2.53 E - 0 2 3.68 E - 0 3 
Cs-137 1 00 E - 0 8 3.42 E - 0 2 2.74 E - 0 2 
Pu-238 1.00 E - 0 8 2.51 E - 0 3 6.43 E - 0 3 
Pu-239 1.00 E - 0 8 1.65E - 0 4 1.07 F. - 0 3 
Pu-240 i .oo n - 0 8 3.95 E - 0 4 1.43 E - 0 3 
Pu-241 1.00 E - 0 8 9.41 E - 0 2 1.60E - 0 1 

Scll'-gcnerntcil PWR fuel: b u r n u p 33 0 0 0 M W - d ( t h ) / t , cool ing t ime 2 a. 
I .MFBR fuel: bu rnup (core + blankets) 28 5 0 0 MW d ( t h ) / t , cooling t ime 2 a. 

" From fuel inventory only. E-01 = 10" 1 etc. 



THE FUEL CYCLE OF FBRs 5 8 7 

corresponding margin. Technical processes, such as cryogenic distillation, fluoro-
carbon absorption and carbon adsorption, have already been developed for this 
purpose. The 85Kr separated can be filled in pressurized cylinders or embedded in 
a metal matrix and then stored for about 150 years. It is possible that, as for 
85Kr, a similar release limit will later be imposed for 14C. Such a limitation is 
technically feasible in connection with the low temperature rectification of 85Kr. 
Carbon-14 dioxide would then be converted to calcium carbonate and could be 
stored over long periods of time. 

Iodine can be brought into the gaseous state during the dissolution process. 
It will mainly exist in the elementary state; only a small fraction of the order of 
1% will remain in the solution. Because of a cooling time of the order of one year, 
only 129I is of major importance. Iodine can be efficiently retained by silver 
nitrate filters. 

Other nuclides (higher actinides, activation products, some of the fission 
products) will be found in the form of aerosols. The aerosols will be passed 
through coupled high effective filters such as HEPA or sand filters before they 
leave the stack. By a series of containment barriers and filters it is possible to 
achieve release factors of 10"8 to 10"9. 

Table VIII-11 shows release factors for the more important nuclides accord-
ing to different sources. 

Table VIII—12 shows the inventories and calculated radioactive emission in 
the gaseous and liquid form for an LMFBR reprocessing and waste treatment plant, 
normalized to the generation of 1 GW(e)-a. For reasons of comparison, 
Table VIII—12 also lists the same data for a self-generated PWR fuel. 

VIII—6.4.3. Radiation exposure 

Comparing the radioactive emissions of all stations of the fuel cycle related 
to the generation of a certain amount of electrical energy, e.g. 1 GW(e) a, one 
will find that for the great majority of the nuclides the reprocessing plant gives 
the major contribution. Therefore, the radiation exposure caused by a reprocess-
ing and waste treatment centre will be discussed in some detail. The calculations 
have to be based on certain meteorological data. For the discussion that follows, 
those of the northern part of the Federal Republic of Germany have been selected. 
It is assumed that gaseous effluents are released into the environment from a stack 
of 200 metres height. Moreover, liquid effluents are taken into account. Following 
the different exposure pathways, it will then be possible to determine the radiation 
exposure in the specific environment of a plant. The exposure calculations below 
were performed on the basis of Federal German rules and regulations. In this 
respect, it is assumed that a person stays in the same place throughout the year 
and ingests both drinking water and food from the immediate environment. 
Figure VIII-14 presents the results. For the purpose of comparison the data for 
the LMFBR fuel cycle are complemented with those for a Self-Generated 
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FIG. VIII-14. Radiation exposure caused by emissions from reprocessing spent SGR-type 
PWR fuel and LMFBR fuel (Source: KfK). 

plutonium Recycling (SGR) in LWRs. In the direct vicinity of the model plant 
the exposure dose rates due to gaseous effluents in both cases, with some 0.003 
to 0.004 mSv/GW(e)-a (0.3 to 0.4 mrem/GW(e)-a), are a maximum for the bones 
and tilb thyroid. The whole-body dose rate and the dose rate for the skin are 
about a factor of 6—8 lower. 

Improvements in iodine retention factors from a factor of 100 to a factor 
of 5000, as have been proven already in experiments, will reduce thyroid exposures 
considerably. Improved retention factors for fission products and plutonium 
aerosols as well as for tritium and noble gases as presented in the two columns 
on the left in Table VIII—11, will additionally reduce the whole-body exposure 
and the bone doses. 

As mentioned before, tritium, 14C and 85Kr may accumulate in the atmo-
sphere and eventually become evenly distributed over the hemisphere of the release. 

Tritium is also produced in the atmosphere as a result of cosmic radiation 
interacting with oxygen and nitrogen atoms. According to estimates, this natural 
process provides for an overall inventory of some 2 X 1018 Bq (50 X 106 Ci) 
of tritium on the earth at all times. In addition, atmospheric thermonuclear testing 
conducted until the early 1960s generated another 6 X 1019 Bq (1.6 X 109 Ci) 
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of tritium. From this source, at least some 1019 Bq (3 X 108 Ci) of tritium will 
still be present by the year 2000. Studies of the USEPA have indicated that a 
growing worldwide nuclear power economy of a theoretical capacity of 2000 GW(e) 
by the year 2000, with the necessary fuel cycle plants, would release another 
1.7 X 1019 Bq (0.45 X 109 Ci) of tritium into the environment. In similar studies 
of the USEPA it was further assumed that all 85Kr, and 14C would be released into 
the atmosphere under the same assumptions of a growing nuclear power economy. 

The tritium, 85Kr and 14C released are then assumed to distribute and 
accumulate in the atmosphere of the northern hemisphere, where most nuclear 
power plants will be located. The tritium, 85Kr and 14C would enter the human 
body on the pathways described before. This would lead to an additional radio-
logical exposure per person by the year 2000 of 

0.15 juSv/a (0.015 mrem/a) to the whole body from tritium 
9 juSv/a (0.9 mrem/a) to the skin from 8sKr 
0.5 /xSv/a (0.05 mrem/a) to the lung from 85Kr 
0.25 juSv/a (0.025 mrem/a) to the whole body from 85Kr 
1.4 /iSv/a (0.14 mrem/a) to the whole body from l4C. 

For comparison it should be recalled that the average whole-body dose from 
natural background radiation in the USA is about 70—220 mrem/a and can vary 
by a factor of two or more depending upon the altitude at which one resides. 

VIII—6.5. WASTE TREATMENT AND DISPOSAL 

Nuclear wastes are generated at each facility in the LMFBR fuel cycle. Solid 
and liquid radioactive wastes must be conditioned so that they can be handled and 
stored safely, in both the short and long term. This conditioning is achieved by 
volume reduction and solidification. A primary requirement is that the final 
waste product be stable, both mechanically and chemically. It must dissipate, by 
conduction, any heat it generates and it is also expected to be stable against its 
characteristic ionizing radiation. 

As in the LWR fuel cycle, the waste generated in the LMFBR fuel cycle 
consists of high-level liquid wastes, and high, medium, and low specific activity 
liquid and solid wastes. The treatment, solidification, storage and disposal of 
high-level wastes from the LMFBR fuel cycle would be similar in all respects to 
that for the LWR fuel cycle. Consequently, the topic will not be treated in detail 
here. Unique problems are posed by the contamination of fuel fabrication waste 
with plutonium and higher actinides, so-called TRans-Uranic (TRU) waste. These 
wastes require special packaging, handling, and disposal. 

The treatment, solidification, storage, and disposal of high-level wastes from 
the LMFBR fuel cycle would be similar in all respects to that for the LWR fuel 
cycle. Consequently, the topic will not be covered in detail here. 
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Although there is general agreement on the disposition of high-level waste, 
each country has developed somewhat different solidification techniques and 
individual policies and plans regarding the treatment, storage and disposal of high-
level waste [VIII-71 to VIII-75]. 

VIII-6.5.1. Treatment of different wastes 

The High-Level Waste (HLW) solution generated in the extraction of uranium 
arid plutonium during reprocessing fuel will be concentrated in evaporators. It is 
then pumped into leak-tight tanks of acid resistant steel. In these tanks, the HLW 
solution is recirculated and cooled by water circulating in tube coils (<65°C) for 
removal of the decay heat generated by fission products and actinides. The HLW 
solution can be kept there for at least 20—30 years. 

For solidification of the liquid HLW solution, the first process step will be 
calcination, i.e. the expulsion of liquid from the HLW solution at high temperatures 
(900°C). This produces nitrates or metal oxides. As an alternative, the HLW 
solution can also be denitrated by the addition of hot formic acid, which mainly 
produces only oxides in calcination. Calcinates are intermediate products, which 
can be converted into vitreous or ceramic materials. 

Development work on waste forms so far has been concentrated chiefly 
on the fabrication of borosilicate glass, which permits storage temperatures up 
to roughly 200°C. It should be noted that the formation of borosilicate glasses 
is strongly influenced if residues of fluorine or fluorine-containing compounds 
are present in the waste material. For that reason the addition of hydrofluoric 
acid in the process of fuel dissolution must be avoided or it becomes necessary 
to select a different method for HLW solidification. 

By the vitrification process, the total HLW volume generated from the spent 
fuel discharged yearly from a 1 GW(e) LMFBR can be solidified in a volume of 
about 2 - 4 m3 glass. Glass blocks are produced by pouring molten glass into steel 
canisters. Another interesting alternative process is a method in which glass is 
imbedded in a metal matrix as small glass beads or leach-resistant ceramic 
granulate. 

The steel canisters will be welded, cooled gradually, and stored for an 
interim period before transportation to a final repository. 

Solid HLW is mainly composed of the fuel rod hulls and the end pieces of 
fuel elements as well as the insoluble residues generated in fuel dissolution. They 
are initially put into temporary storage silos under water. Conditioning for final 
storage will be achieved by separating the solid waste and mixing it with liquid 
grout. This mixture will be filled into canisters which, in turn, will be put into 
shielded vessels. 

Aqueous Medium Level Waste (MLW) solutions are concentrated by evapora-
tion and treated in a denitrator. Afterwards, these concentrates can be mixed with 
cement and filled in drums. Another technique is mixing the concentrate solution 
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with hot bitumen. This causes any water residues to evaporate. The product is 
again filled in drums, which are closed with lids after cooling. Bituminization has 
the advantage of producing lower waste volumes than cementing. 

Organic MLW solutions may be incinerated or treated by the phosphoric 
acid adduct method, which allows the kerosene to be purified and recycled. The 
remaining organic MLW is mixed with plastic granulate. A homogeneous solution 
is produced, which is filled in drums and sealed. Where incineration is employed, 
the gaseous residues are collected and disposed. 

Solid Low Level Waste (LLW) can be concentrated by baling and burning, 
whereas liquid LLW can be concentrated chiefly by evaporation. The concentrated 
waste will be solidified by cementing and bituminization, filled in drums and 
sealed. 

The separated 85Kr will be forced into pressurized steel cylinders of 50 litre 
volume. The krypton cylinders will be dumped into storage shafts in a krypton 
storage facility. Each shaft can accommodate four krypton cylinders stacked on top 
of each other. The krypton cylinders will be cooled by air. 

Tritium can be concentrated first by proper mass flow conduction in the 
PUREX process. For final storage, the water containing high concentrations of 
tritium may be either stored in tanks or pressed into isolated geological formations. 
This process allows tritium to be removed from the biosphere for periods suffi-
ciently long compared to its half-life of 12.4 years. 

VIII—6.5.2. Waste volumes from the LMFBR fuel cycle 
[VIII-1, VIII-6, VIII-73] 

The bulk waste quantity in the LMFBR fuel cycle is produced in the repro-
cessing and refabrication plant. Liquid high-level wastes of LMFBR reprocessing 
plants contain the fission products and actinides. They have activity levels similar 
to those of liquid HLW from LWR spent fuel. In comparing the waste volumes of 
the LMFBR fuel cycle and the LWR fuel cycle (once-through and Pu-recycling) 
one has to consider that the FBR fuel cycle produces no waste in uranium mining 
and uranium enrichment, and that waste from fuel conversion is only a very small 
amount. 

LMFBR power plants generate waste in the form of cold trap filters and ion-
exchangers. Repair and maintenance of radioactive components and the replace-
ment of absorber rods produce additional waste volumes. Past experience has 
shown that there may also be some waste originating from sodium coolant leaks 
or from sodium-water/air interactions. In normal routine operation these would 
be expected to be small and the waste volume from LMFBR power plants is 
assumed to be similar to that of LWRs. 

The waste from reprocessing and refabrication has to be packaged in shielded 
and unshielded drums, gas flasks, and type A and B canisters (see Table VIII-13). 
Vitrified liquid HLW is stored in steel canisters (type A). Fuel claddings and 
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TABLE VIII-13. TOTAL PACKAGED WASTE FOR THE LMFBR FUEL 
CYCLE COMPARED WITH LWR FUEL CYCLE (NORMALIZED TO 1 GW(e)-a) 
[VIII-1, VIII-73] 

Origin 
Waste 
package type 

LWR 

Once-through 
U/Pu 
cycle 

FBR 
U/Pu 
cycle 

U-re fining, 
conversion, 
enrichment 

Fuel element 
fabrication 

Nuclear power 
plant 

Spent fuel 
conditioning 
(direct disposal) 

Reprocessing plant 

Unshielded drums 364 

Unshielded drums 200 

Unshielded drums, 1800 
Shielded drums, 600 
Type-B canister 3 

Shielded drums, 45 
PWR type canister 53 

Unshielded drums, — 
Shielded drums, — 
Type-B canister, — 
Type-A canister, — 
Gas cylinder -

221 

285 
(TRU) 

1800 
600 

10 

320 
112 

33 
29 
17 

318 
(TRU) 

15 
6 1 0 

7 

201 
72 
86 
23 
17 

Type-A canister: steel canister, 0.18 m 3 volume, 30 cm inner diameter, 3 m length. 
Type-B canister: 0.67 m 3 volume, 86 cm inner diameter, 115 cm height. 
Gas cylinder: 50 litre volume. 
Shielded and unshielded drums: 0.2 m 3 volume, 53 cm inner diameter, 87 cm height. 
PWR type canister: contains 1 PWR spent fuel element. 

insoluble residues are filled into type-B canisters. Krypton is filled into steel 
cylinders of 50 litre volume and 5 MPa (50 bar) pressure. The conditioned 
MLW and LLW is filled into shielded and unshielded drums. 

LMFBR fuel cycle wastes, particularly those from refabrication facilities, 
may be additionally burdened by the fact that they contain plutonium and other 
transuranic elements (so-called TRU wastes). These wastes, which correspond to 
a certain TRU concentration (370 or 3700 Bq/g, 10 or 100 nCi/g), require handling 
and storage in excess of those required for normal low-level wastes. In some storage 
plans, these wastes would need to be isolated in a waste depository similar to high-
level wastes. 

Table VIII—13 lists data for conditioned waste volumes arising from the 
LMFBR fuel cycle. The data are normalized to 1 GW(e)-a of energy produced. 
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For comparison also data for the LWR once-through and the LWR Pu-recycle 
modes are given. 

It can be seen from Table VIII—13 that the number of krypton gas cylinders 
and the number of type-A canisters for HLW are about the same for LWRs and 
LMFBRs. The number of type-B canisters from the reprocessing plant is larger 
(by a factor of 2 - 4 ) for the LMFBR fuel cycle. 

VIII—6.6. DECOMMISSIONING OF LMFBR FACILITIES 

Following its useful lifetime, an LMFBR must be decommissioned. As is the 
case with thermal reactors, decommissioning of LMFBRs involves the removal of 
spent fuel, decontamination of accessible areas, removal of radioactive equipment, 
components and coolant, and sealing the plant against any radioactive leakage 
that could be harmful to the health and safety of the public. 

VIII—6.6.1. General aspects 

There are several alternatives which can be and have been used in the 
decommissioning of nuclear reactors: 

— removal of the fuel, decontamination procedures, sealing of the pipes, 
and establishment of an exclusion area around the facility 

— in addition to the previous step, removal of the superstructure and encase-
ment of all radioactive materials which remain above ground 

— removal of the fuel, the superstructure, the reactor vessel and all contaminated 
equipment, and finally filling all cavities with clean rubble topped with earth 
to grade level. 

Decommissioning of the first and second alternatives would require long-
term surveillance of the reactor site and are commonly referred to as entombment. 
The third alternative, commonly referred to as dismantling, would not require 
any subsequent surveillance [VIII-65]. 

Experience with the decommissioning of small experimental sodium-cooled 
reactors has shown that there is no substantial or basic difference in decommission-
ing between thermal and fast reactors. One difference in LMFBR decommissioning 
is the treatment of sodium coolant from the reactor. Primary sodium becomes 
radioactive during reactor operation. The main sources are the induced neutron 
activation of the sodium itself (22Na and 24Na), radioactive corrosion products 
(primarily 54Mn and 60Co) which may become entrained, and fission products 
from defective fuel pins. 

During normal reactor operation, primary sodium will remain relatively clean 
with respect to radioactive products. An exception would be if the reactor has 
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experienced a severe fuel/sodium interaction. In this case, the sodium would 
require decontamination before reuse. 

Three strategies have been considered for the disposal of highly contaminated 
sodium: 

— separation of radioactive products from the sodium, reuse of the purified 
sodium and conversion of the concentrated waste into an inert form for 
permanent repository 

— as before, but conversion of the sodium into an inert form for landfill burial 
— conversion of the total sodium into an inert form for permanent repository 

[VIII-76], 

VIII—6.6.2. Practical experience 

Up to now, practical experience in the decommissioning of sodium-cooled 
reactors has been gained with the Hallam facility (a thermal, sodium-cooled reactor), 
EBR I, EFFBR, the (thermal) Sodium Reactor Experiment (SRE) and DFR. 

The Hallam facility, decommissioned in 1969, was entombed. The entire 
primary and secondary sodium inventory was shipped from the plant for storage 
and eventual reuse. Residual sodium remaining in the secondary sodium system 
components was disposed of by removing system components and reacting the 
sodium in a specially constructed steam cleaning facility. Residual sodium remain-
ing in the primary system was reacted using a nitrogen-steam mixture. The 
weather-proof isolation structure was designed for a minimum 100 year life 
[VIII-65], 

The EBR I was decontaminated and decommissioned between fall 1973 and 
June 1975. The purpose of this programme was to make the EBR I complex safe 
for public use as a national historic monument. Work included the extraction of 
the NaK coolant from the primary and secondary coolant loops, conversion of 
the NaK to a solid caustic for drummed waste disposal in the INEL Radioactive 
Waste Management Complex, decontamination of all Na/K and radioactive 
contaminated portions of the complex, demolition and removal of portions 
which could not be decontaminated to safe levels, isolation of areas which could 
not be removed or decontaminated. 

A major decontamination effort consisted of the extraction and disposal 
of 20 000 litres of NaK from the coolant drain tanks. 16 000 litres of primary 
NaK were contaminated by induced activity, absorbed fission products and 
residues from the 1955 core melt-down. The NaK was disposed of by reacting with 
water in a strongly basic solution, solidifying the solution by evaporation, and 
cooling and disposal of the solid waste [VIII-77]. 

Decommissioning of the EFFBR was started in autumn 1973 and substantially 
completed by the end of 1975. It consisted of the following major elements: 
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— shipment of all fuel and blanket elements off-site 
— disposition of radioactive sodium by retaining it on the plant site for later 

use 
— passivation of the residual sodium using C02 as a passivating agent 
— shipment of other contaminated or irradiated materials off-site 
— draining and sealing the primary system (reactor vessel, sodium piping, shield 

tank, machinery dome, and sodium service) and secondary sodium system 
out to welded pipe caps 

— closing and sealing contaminated areas 
— implementation of a post-retirement surveillance plant 
— leaving the turbogenerator in place for continued use with steam supplied 

from an oil-fired boiler [VIII-78]. 

The disposition mode selected for decommissioning of the Sodium Reactor 
Experiment was complete dismantlement. The final phase of this project began 
in 1975 and was completed in 1979. The major tasks that have been accomplished 
are: 

— safe removal of radioactively contaminated sodium; cleaning of sodium 
residues from the reactor vessel, piping, and components; and the reaction 
of bulk sodium and residues to a status permissible for disposal 

— safe and controlled removal of very large and heavy, activated or interior 
contaminated equipment. The reactor loading face shield plug, reactor ring 
shield, fuel and moderator handling machines, and liquid and gas holding 
tanks were removed intact and shipped to a licensed commercial nuclear waste 
burial site 

— removal of reactor vessel internals such as cooling piping, clamps, bellows 
and grid plate in a radiologically safe manner. The complex configurations 
of piping were cut away remotely and under water by shaped-charge explosives 
and a plasma torch. Plasma torch techniques were adapted to cut other 
reactor components 

— removal of the five concentric activated and contaminated structures of the 
reactor vessel. Radiation levels required water shielding and remote operation 

— removal of the 1.2 metres thick biological shielding, storage, and wash cells, 
hot fuel examination cell, underground vaults. Removal required excava-
tions to 12 metres below grade, selective separation of contaminated and 
activated surfaces or volumes, and special care for personnel safety and 
avoidance of contamination spread [VIII-79]. 

The Dounreay Fast Reactor (DFR) ceased operation in 1977 and decommission-
ing of the plant started immediately with the ultimate aim of preserving the major 
part of the primary circuit as a central feature in an exhibition of nuclear history. 
Disposal of the NaK coolant has dominated the work and considerable progress has 
been made mostly by controlled burning in atomized spray [VIII-80], 



5 9 6 

[VIII-1] 

[VIII-2] 

[VIII-3] 

[VIII-4] 

[VIH-5] 

[VIII-6] 

[VIII-7] 

[VIII-8] 

[VIII-9] 

[VIII-10] 

[VIII-11] 

[VIII-12] 

[VIII-13] 

[VIII-14] 

[VIII-15] 

[VIII-16] 

[VIII-17] 

[VIII-18] 

[VIII-19] 

CHAPTER VIII 

REFERENCES 

INTERNATIONAL NUCLEAR FUEL CYCLE EVALUATION, Fast Breeders, Report 
of INFCE Working Group 5, IAEA, Vienna ( 1980). 
Fast Reactor Fuel Cycles (Proc. Int. Conf. London, 1981), British Nuclear Energy 
Society, London (1982). 
KAZACHKOVSKII, O.D., et al., Development and experience of operating fast 
reactors in the Soviet Union, Sov. At. Energy 54 (1983) 2 7 0 - 2 7 9 . 
SCHNEIDER, V.W., DRUCKENBRODT, W.G., "Recent operating experience with 
the AUPuC-coconversion process", New Directions in Nuclear Energy with Emphasis 
on Fuel Cycles (Trans. 3rd ENS/ANS Conf. Brussels, 1982), Trans. Am. Nucl. Soc. 40 
(1982) 5 0 - 5 2 . 

NOTZ, K.H., et al., "Remote fabrication with gel-sphere-pac technology", (Trans. ANS 
Winter Mtg, Washington, DC, 12 -16 Nov. 1978), Trans. Am. Nucl. Soc. 30(1978) 
3 1 5 - 3 1 6 . 
RAPIN, M., "Fast breeder fuel cycle, worldwide and French prospects", Fast Reactor 
Fuel Cycles (Proc. Int. Conf. London, 1981), British Nuclear Energy Society, London 
(1982) 2 1 - 2 6 . 
BAILLEY, H., et al., "Continuity and evolution in fuel fabrication for fast breeder 
reactors in France", ibid., pp. 161 — 169. 
DAHL, R.E., et al., "Remote fabrication of pellet fuels for US breeder reactors", 
(Trans. ANS Annu. Mtg, Atlanta, GA, 3 - 7 June 1979), Trans. Am. Nucl. Soc. 32 
(1979) 2 2 6 - 2 2 7 . 
STOLL, W., "Fast breeder fuel fabrication within the German program", Fast Reactor 
Fuel Cycles (Proc. Int. Conf. London, 1981), British Nuclear Energy Society, London 
(1982) 189-193 . 
WALTAR, A.E., REYNOLDS, A.B., "Fuel Management", Fast Breeder Reactors, 
Chapter 7, Pergamon Press, New York (1981) 2 1 7 - 2 4 8 . 
HOOVER, J., et al., The fuel cycle analysis system REBUS, Nucl. Sei. Eng. 45 (1971) 
5 2 - 6 5 . 
HARDIE, R.W., LITTLE, W.W., Jr., 3DB: A Three-Dimensional Diffusion Theory 
Burnup Code, Batelle Pacific Northwest Labs, Richland, WA, Rep. BNWL-1264 
(Mar. 1970). 
WIESE, H.W., et al., "Rechnungen zum Vergleich der Aktivitätsinventare bestrahlter 
Brennstoffe des SNR-300, des Superphénix und des DWR Biblis", Technologische 
Fragen des Brüterbrennstoffkreislaufs (MARTH, W., LAHR, H., Eds), Kernforschungs-
zentrum Karlsruhe GmbH Rep. KFK-3278 (1982) 125-133. 
CHRIST, R., "Brüterspezifische Probleme bei Brennelement-Transporten und 
Behälterauslegung", ibid., pp. 15 1 - 1 5 6 . 
INTERNATIONAL NUCLEAR FUEL CYCLE EVALUATION, Spent Fuel Management, 
Report of INFCE Working Group 6, IAEA, Vienna (1980). 
The Safe Transport of Radioactive Materials, Special Issue, IAEA Bulletin 21 6 
(1979) 2 - 7 5 . 
Shipments of Nuclear Fuel and Waste: Are They Really Safe? , US Department 
of Energy, Reps DOE/EV-0004 ( 1977) and DOE/EV-0004/2 (1978). 
Spent Fuel Storage: Facts Booklet, US Department of Energy, Rep. DOE/NE-0005 
(1980). 
FISCHER, U., WIESE, H.W., Verbesserte konsistente Berechnung des nuklearen 
Inventars abgebrannter DWR-Brennstoffe auf der Basis von Zell-Abbrand-Verfahren 
mit KORIGEN, Kernforschungszentrum Karlsruhe GmbH Rep. KFK-3014 (1983). 



REFERENCES 5 9 7 

ALLARDICE, R.H., "The development of the fast reactor fuel cycle in the UK", 
Nuclear Power Experience (Proc. Conf. Vienna, 1982), Vol. 5: Advanced Systems 
and International Co-operation, IAEA, Vienna (1983) 4 7 - 6 2 . 
ALLARDICE, R.H., HARRIS, D.W., "Fast reactor fuel reprocessing experience in the 
UK", ibid., pp. 2 4 7 - 2 5 9 . 
VENDRYES, G., et al., "Les réacteurs surgénérateurs à neutron rapides et leur cycle 
de combustible", ibid., pp. 63—73. 
MARSHALL, W., STARR, C., Civex - A diversion-proof plutonium fuel cycle, 
EPRI J. 3 3 (1978) 11-13 . 
POBERESKIN, M., et al., "Evaluation of coprocessing as an alternative fuel cycle", 
(Trans. ANS Annu. Mtg, San Diego, CA, 1 8 - 2 2 June 1978), Trans. Am. Nucl. Soc. 28 
(1978) 6 8 - 6 9 . 
ALLARDICE, R.H., et al., "Fast reactor fuel reprocessing in the United Kingdom", 
Nuclear Power and Its Fuel Cycle (Proc. Conf. Salzburg, 1977), Vol. 3: The Nuclear 
Fuel Cycle, Part 2, IAEA, Vienna (1977) 6 1 5 - 6 3 0 . 
BAUMGÄRTNER, F., OCHSENFELD, W., Development and Status of LMFBR 
Fuel Reprocessing in the Federal Republic of Germany, Kernforschungszentrum 
Karlsruhe GmbH Rep. KFK-2301 (1976). 
BENEDICT, M., et al., Nuclear Chemical Engineering, McGraw Hill, New York (1981). 
BAUMGÄRTNER, F., Chemie der nuklearen Entsorgung, Thiemig, Munich, Parts I 
and 11 (1978), Part 111(1980). 
KOCH, G., "MILLI-II, Konzeptstudie für eine Pilotanlage zur Wiederaufarbeitung 
von Schnellbrüter-Brennelementen", Technologische Fragen des Brüterbrennstoff-
kreislaufs (MARTH, W., LAHR, H., Eds), Kernforschungszentrum Karlsruhe GmbH 
Rep. KFK-3278 (1982) 114-120 . 
INTERNATIONAL NUCLEAR FUEL CYCLE EVALUATION, Reprocessing, Plutonium 
Handling, Recycle, Report of INFCE Working Group 4, IAEA, Vienna (1980). 
MILLS, A.L., "The Dounreay PFR fuel reprocessing scheme - flowsheets and 
chemistry", Fast Reactor Fuel Reprocessing (Proc. Symp. Dounreay, 1979), 
Society of Chemical Industry, London (1980) 7 - 1 5 . 
AUCHAPT, P., et al., "The French R&D programme for fast reactor fuel repro-
cessing", ibid., pp. 5 1 - 5 9 . 
BARRETT, T.R., "The reconstruction of the fast reactor reprocessing plant, 
Dounreay", ibid., pp. 17—35. 
EBERT, K.H., Die Wiederaufarbeitung von Schnellbrüter-Brennelementen, Atom-
kernenerg. Kerntech. 36 (1980) 2 5 9 - 2 6 3 . 
SAUTERON, J., "Technologie du retraitement des combustibles des réacteurs 
rapides", Nuclear Power and Its Fuel Cycle (Proc. Conf. Salzburg, 1977), Vol.3: 
The Nuclear Fuel Cycle, Part 2, IAEA, Vienna (1977) 6 3 3 - 6 4 5 . 
DEMYANOWICH, M.A., et al., "Basic problems of fast reactor fuel recovery", 
ibid., pp. 6 0 3 - 6 1 4 (in Russian). 
KOCH, G., "Entwicklungsstand des Wiederaufarbeitung von Schnellbrüter-
Brennelementen: Ein internationaler Vergleich, Jahrbuch der Atom Wirtschaft 
(1983) A 2 5 - A 3 7 . 
MEGY, J., et al., "The reprocessing of fast reactor fuels — the French R&D programme", 
Fast Reactor Fuel Cycles (Proc. Int. Conf. London, 1981), British Nuclear Energy 
Society, London (1982) 3 3 3 - 3 4 0 . 
MEGY, J., et al., "Status of the fast reactor fuel reprocessing in France", New 
Directions in Nuclear Energy with Emphasis on Fuel Cycles (Trans. 3rd ENS/ANS 
Conf. Brussels, 1982),Trans. Am. Nucl. Soc. 40 (1982) 114 -116 . 



598 

[VIII-40 

[VIII-41 

[VIII-42 

[VIII-43 

[VIII-44 

[VIII-45 

[VIII-46 

[VIII-47 

[VIII-48 
[VIII-49 

[VIII-50 

[VIII-51 

[VIII-52 

[VIII-53 

[VIII-54 

[VIII-5 5 

[Vlll-56 

[VIII-57 

[VIII-58 

[VIII-59 

CHAPTER VIII 

CONTE, F., CHAUMONT, J.M., "Bilan de l 'exploitation de PHENIX après huit 
années de fonctionnement", Nuclear Power Experience (Proc. Conf. Vienna, 1982), 
Vol. 5: Advanced Systems and International Co-operation, IAEA, Vienna (1983) 
179-187 . 

BLEYL, H.J., "Die Wiederaufarbeitung von Brennstoff aus dem ersten defekten 
KNK-II-Brennelement in der MILLI", Technologische Fragen des Brüterbrennstoff-
kreislaufs (MARTH, W„ LAHR, H„ Eds), Kernforschungszentrum Karlsruhe GmbH 
Rep. KFK-3278 (1982) 9 3 - 9 9 . 

MARTH, W., "KNK-II operating experience and fuel cycle activities", Nuclear Power 
Experience (Proc. Conf. Vienna, 1982), Vol. 5: Advanced Systems and International 
Co-operation, IAEA, Vienna (1983) 167-177 . 

ICHIKAWA, M., "Present status of fast reactor fuel reprocessing technology in Japan", 
Fast Reactor Fuel Cycles (Proc . Int. Conf. London, 1981), British Nuclear Energy 
Society, London (1982) 341 - 3 4 8 . 

DUBROVSKII, V.M., et al., Experience in handling spent fuel from nuclear power 
stations in the Soviet Union, including storage and transportation, Sov. At. Energy 
54 3 0 9 - 3 1 4 . 

NIKIFOROV, A.S., et al., Problems in reprocessing spent nuclear fuel, Sov. At. 
Energy 50 109-116 . 
INFCIRC/140. The Nuclear Non-Proliferation Treaty, IAEA, Vienna, April 1970. 
INTERNATIONAL ATOMIC ENERGY AGENCY, IAEA Safeguards: Guidelines 
for States' Systems of Accounting for and Control of Nuclear Materials 
(IAEA/SG/INF/2), IAEA, Vienna ( 1980). 

Statute of the International Atomic Energy Agency, IAEA, Vienna, 1973. 
INTERNATIONAL ATOMIC ENERGY AGENCY, INFCIRC/66/Rev. 2. The 
Agency's Safeguards System (1965, as provisionally extended in 1966 and 1968). 
INTERNATIONAL ATOMIC ENERGY AGENCY, INFCIRC/153 (corrected). 
The Structure and Content of Agreements between the Agency and States required 
in connection with the Treaty on the Non-Proliferation of Nuclear Weapons, IAEA, 
Vienna (1972). 

INTERNATIONAL ATOMIC ENERGY AGENCY, IAEA Safeguards: Glossary 
(IAEA/SG/INF/1), IAEA, Vienna ( 1980). 

GRÜMM, H., "IAEA Safeguards - status and prospects", Nuclear Safeguards 
Technology 1982 (Proc. Symp. Vienna, 1982), Vol. 1, IAEA, Vienna (1983) 3. 
INTERNATIONAL ATOMIC ENERGY AGENCY, IAEA Safeguards: An Introduction 
(IAEA/SG/INF/3), IAEA, Vienna ( 1981). 

Treaty Establishing The European Atomic Energy Community, Rome, 1957. 
PERSIANI, P.J., ERMAKOV, S.V., "Near-term and future developments of LMFBR 
safeguards", Nuclear Safeguards Technology 1982 (Proc. Symp. Vienna, 1982), Vol. 1, 
IAEA, Vienna (1983) 135. 

TAYLOR, K., Fast Breeder Reactor Fuel Cycle Safeguards, UKAEA, Harwell, 
Technical Report (Apr. 1981). 
ERMAKOV, S., TOLCHENKOV, D., Safeguards Approach for Fast Breeder Reactors, 
IAEA-STR-85, IAEA, Vienna, May 1979. 

ERMAKOV, S., TOLCHENKOV, D., "Safeguarding fast breeder reactors", ESAEDA II 
Annu. Symp. Safeguards and Nuclear Material Management (1980). 
KRINNINGER, H., et al., "Status of safeguards system developed for the LMFBR 
prototype power plant SNR-300 (KKW Kalkar)", Nuclear Safeguards Technology 
(Proc. Symp. Vienna, 1978), Vol.1, IAEA, Vienna (1979) 483. 



REFERENCES 5 9 9 

PERSIANI, P.J., GUNDY, M.L., NDA Safeguards Techniques for LMFBR Assemblies, 
Argonne Natl Lab. Rep. ANL-82-49 (Aug. 1982). 
HENNIES, H.H., KÖRTING, K., Nukleare Sicherheit von Wiederaufarbeitungs-
anlagen, Jahreskolloquium 1976 des Projektes Nukleare Sicherheit, Kernforschungs-
zentrum Karlsruhe GmbH Rep. KFK-2399 (1976). 
LAKEY, L.T., A safety analysis for the nuclear fuel recovery and recycling center, 
Nucl. Technol. 43 (1979) 2 1 3 - 2 2 1 . 
KESSLER, G., HÜBEL, D., "Safety of the LMFBR and aspects of its fuel cycle", 
Nuclear Power and its Fuel Cycle (Proc. Int. Conf. Salzburg, 1977), Vol. 5: Nuclear 
Safety, IAEA, Vienna (1977) 661-674. 
KESSLER, G., "Safety levels satisfactory for the commercialization of the LMFBR", 
Fast Reactor Safety and Technology (Proc. Int. Mtg Seattle, WA, 1979), Vol.5, 
American Nuclear Society (1979) 2672-2688 . 
Liquid Metal Fast Breeder Reactor Program, Proposed Final Environmental 
Statement, US Atomic Energy Commission, Washington, DC, Rep. WASH-1535 (1974); 
Liquid Metal Fast Breeder Reactor Program, Final Environmental Statement, 
US Energy Research and Development Administration, Washington, DC, Rep. 
ERDA-1535 (1975). 
Liquid Metal Fast Breeder Reactors, Preliminary Safety and Environmental Infor-
mation Document, US Department of Energy Rep. DOE/NE-0003/6 (1980). 
Technology for Commercial Radioactive Waste Management, US Department 
of Energy Rep. DOE/ET-0028 (1979). 
HALBRITTER, G., LESSMANN, E., Vergleich der Strahlenexposition aus 
Emissionen von Modell-Brennstoffkreisläufen für den Druckwasserreaktor und den 
Schnellen Brutreaktor, Kernforschungszentrum Karlsruhe GmbH Rep, KFK-3315 
(1982). 
HALB RITTER, G., et al., Beitrag zu einer vergleichenden Umwelt belastungsanalyse 
am Beispiel der Strahlenexposition beim Einsatz von Kohle und Kernenergie zur 
Stromerzeugung, Kernforschungszentrum Karlsruhe GmbH Rep. KFK-3266 (1982). 
KESSLER, G., Nuclear Fission Reactors, Springer-Verlag, Vienna and New York 
(1983) (see especially Chapter 8.1). 
Environmental Aspects of Commercial Radioactive Waste Management, US Depart-
ment of Energy Rep. DOE/ET-0029 (1979). 
Report to the American Physical Society by the Study Group on Nuclear Fuel Cycles and 
Waste Management (PINES, D., Ed.), Rev. Mod. Phys. 50 1, Part II (1978). 
INTERNATIONAL NUCLEAR FUEL CYCLE EVALUATION, Waste Management and 
Disposal, Report of INFCE Working Group 7, IAEA, Vienna (1980). 
RÖTHEMEYER, H., CLOSS, K.D.,"High level waste disposal", World Nuclear 
Energy — Accomplishments and Perspectives (Proc. Int. Conf. Washington, DC, 
1980),Trans. Am.Nucl. Soc. 37(1981) 165-174 . 
Technology of Commercial Radioactive Waste Management, US Department of 
Energy Rep. DOE/ET-0028 (1979). 
TILL, C.E., et al., Fast Breeder Reactor Studies, Argonne Natl Lab. Rep. 
ANL-80-40 (1980). 
KENDALL, E.W., WANG, D.K., Decontamination and Decommissioning of the 
EBR-1 Complex - Final Report, Aerojet Nuclear Co., Idaho Falls, ID, Rep. 
ANCR-1242 (1975). 
ALEXANDERSON, E.P., WAGNER, H.A., FERMI-1, New Age for Nuclear Power, 
American Nuclear Society (1979). 



6 0 0 CHAPTER VIII 

[VIII-79] MEYERS, G.W., KITTINGER, W.D., "Progress report on decommissioning of the 
Sodium Reactor Experiment", (Trans. ANS Winter Mtg, Washington, DC, 12 -16 Nov. 
1978),Trans. Am. Nucl.Soc. 30 ( 1 9 7 8 ) 5 5 3 - 5 5 4 . 

[VIII-80] KIRK, J., "Decommissioning of the DFR", Liquid Metal Technology in Energy 
Production (Proc. 2nd Int. Conf. Richland, WA, 1980), American Nuclear Society 
and USDOE, CONF-800401-P1 ( 1 9 8 0 ) 8 - 1 to 8 - 5 . 

[VIII-81 ] ALLARDICE, R.H., MEGY, J., The fast breeder reactor fuel cycle, Trans. Am. Nucl. 
Soc. 47 (Nov. 1984) 15. 



Chapter IX 

LMFBR DEPLOYMENT 

IX-1. INTRODUCTION 

The development of fast breeder reactors and related fuel cycle facilities 
for their deployment has to be considered in the context of the worldwide 
energy supply problems [IX-1, IX-2]. These are characterized by the following 
facts: 

— the present world population will double in about 40 years 
— the increasing living standard of developing nations necessitates an increasing 

per capita energy supply 
— the uneven distribution and foreseeable exhaustion of fossil energy reserves 

requires alternatives to be made available, and 
— the environmental pollution mainly due to combustion products of fossil 

materials needs to be reduced. 

Nuclear energy in general is being introduced to alleviate these problems. 
For the time being, the nuclear energy market is characterized by thermal reactors, 
which have turned out to be safe and economical under a wide range of conditions. 
However, the cheap world uranium resources are limited and these resources will 
last only a number of decades, assuming a continuous growth of the share of nuclear 
power plants of the present type in the energy market. Consequently, uranium 
will run short and prices will rise [IX-3], 

On the other hand, fast neutron breeder reactors can 'stretch' this period to 
centuries or even millenia. This can be done by converting 238U, the main consti-
tuent of natural uranium, into fissile plutonium. Fast neutrons allow plutonium 
to be bred in excess of the quantity of fissile material which is at the same time 
used up for energy production in the breeder. By chemical reprocessing of spent 
fuel after discharge from the reactors, the plutonium can be separated from the 
fission products and then be used for the refabrication of fuel elements. In the 
long term the deployment of a system of breeder reactors, reprocessing plants, 
and mixed oxide fuel fabrication plants can thus make a country almost inde-
pendent of uranium mining and uranium prices. This fact is being recognized by 
many states no matter whether they have a centrally planned economy or one 
based on free enterprise. However, the advisable extent and time schedule for a 
deployment of breeder power stations depend on political and socio-economic 
data varying considerably from one world region to another, especially with 
respect to rural or industrial infrastructure, available energy raw material resources, 
capital resources etc. 

6 0 1 
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In subsection IX—2 of this chapter a perspective is given of worldwide nuclear 
energy trends in the future, and the possible contribution of LMFBRs in meeting 
the world energy demand. Section IX-3 deals with the economic aspects of LMFBR 
power stations and their fuel cycle. Section IX—4 addresses the deployment aspect 
and potential frontiers and barriers which must be overcome in introducing 
LMFBRs. 

IX—2. POTENTIAL ROLE OF FAST BREEDER REACTORS IN 
ENERGY SUPPLY 

With the successful research and development efforts of the late 1950s and 
the 1960s nuclear energy has become a viable option in helping to meet the world's 
electrical energy needs. By late 1984, 344 nuclear power plants with an aggregate 
capacity of 219 GW(e) were in operation in 28 countries in the world. Almost 90% 
of this total installed nuclear capacity is of the Light-Water-cooled Reactor (LWR) 
type (PWR, BWR (Boiling light-Water-cooled Reactor), and LWGR (Light-Water-
cooled, Graphite-moderated Reactor)). LWR plants are now built in the highly 
industrialized countries in unit sizes up to 1300 MW(e). 

174 GW(e) of nuclear generating capacity are at present under construc-
tion or in an advanced planning stage, world wide. This means that about 
400 GW(e) will be in operation in 32 countries around 1990. 

Looking into the more distant future of worldwide nuclear energy generating 
capacity naturally implies greater uncertainties. 

IX-2.1. NUCLEAR ENERGY DEVELOPMENT 

Table IX-1 represents an IAEA estimate based on data of the IAEA Power 
Reactor Information System (PRIS) up to the year 1990 and further projections 
until the year 2000 for various regions of the world [IX-4], These estimates show 
major differences in some respects, resulting from the great uncertainties inherent 
in such projections. Besides a powerful upward trend in the highly industrialized 
countries of WOCA1, a similar growth of nuclear generating capacity is expected 
to occur in the CMEA2 countries. However, nuclear power is not likely to achieve 
comparable shares in the other countries by the year 2000. 

Taking into consideration the introduction of LMFBR power stations on a 
commercial scale, one has to look far beyond the time horizon of 2000. Around 
1980, several forecasts of the development of the worldwide nuclear energy 
demand up to the years 2025/2030 have been completed. In some cases, nuclear 

1 WOCA = World outside centrally planned economies area. 
CMEA = Council for Mutual Economic Assistance. 
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TABLE IX-1. PROSPECTS FOR GROWTH IN NUCLEAR POWER 
CAPACITY AND NUCLEAR SHARE OF TOTAL 
ELECTRICITY PRODUCTION 
(Source: Ref.[IX-4]) 

Region 
(GW(e)) 

1984 

% electricity3 (GW(e)) 

1990 

% electricity 

2000 

(GW(e)) % electricity 

North America 78.4 13.3 1 2 4 - 1 2 6 20 1 3 0 - 1 6 0 20 

Western Europe 80.6 40.2 121-125 35 1 3 0 - 1 9 0 40 

Eastern Europe 
( ind. Asian 
part of USSR) 

28.3 10 7 2 - 8 9 16 1 4 0 - 2 4 0 28 

Industrialized 
Pacific 

21.8 22.9 2 8 - 3 2 17 4 0 - 6 0 25 

Asia 6.9 17.2 1 4 - 1 7 6 3 0 - 4 5 8 

Latin America 1.6 6.8 6 - 7 4 1 0 - 1 5 6 

Africa and 
Middle East 

— — 2 - 3 2 5 - 1 5 6 

World Total 219.1 13 3 6 7 - 3 9 9 18 4 8 5 - 7 2 5 20 

Industrialized 
countries 

206.3 13—15a 3 3 6 - 3 6 2 23 4 2 0 - 6 2 0 25 

Developing 
countries 

12.8 1 —2a 3 1 - 3 7 6 6 5 - 1 0 5 8 

a IAEA estimate. 

energy was also put in perspective to the total energy demand. The most important 
studies to be mentioned in this context are those of 

WEC — World Energy Conference, Report of the Conservation 
Commission (1977) [IX-5] 

INFCE - International Nuclear Fuel Cycle Evaluation (1980) 
[IX-6, IX-7] 

IIASA - Energy in a Finite World of the International Institute for 
Applied Systems Analysis (1980) [IX-8], 

OECD/NEA - Nuclear Energy and Its Fuel Cycle - Prospects to 2025 of 
the Nuclear Energy Agency/OECD (1981) [IX-9], 
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TABLE IX-2. PROJECTIONS OF ANNUAL PRIMARY ENERGY 
CONSUMPTION AND SHARE OF NUCLEAR ENERGY UP TO THE 
YEAR 2020 (Source: Ref.[IX-10]) 

Region 
Gtoe 

1978 

% nuclear 

2000 

Gtoe % nuclear 

2020 

Gtoe % nuclear 

North America 2.0 3.8 2 . 4 - 2 . 6 11 3 . 1 - 3 . 6 13 

Western Europe 1.2 3.3 1 .7 -1 .9 13 2 .1 -2 .4 25 

Pacific industrialized 
countries 

0.4 3.5 0 . 6 - 0 . 7 1 4 - 1 6 0 . 7 - 0 . 9 1 7 - 2 2 

Eastern Europe 1.4 0.8 2 . 2 - 2 . 4 8 - 1 0 2 . 8 - 3 . 4 1 6 - 1 8 

North Africa and 
Middle East 

0.2 0 0 .4 -0 .5 1 - 2 0 . 7 - 1 . 3 5 - 7 

Africa south of 
Sahara 

0.2 0 0.4 2 0 . 7 - 0 . 9 2 - 3 

South Asia 0.2 0.5 0 . 4 - 0 . 5 2 0 . 6 - 0 . 8 2 - 3 

South-East Asia 0.2 0 0 . 4 - 0 . 6 5 - 6 0 . 6 - 1 . 0 6 - 8 

Centrally planned 
Asia 

0.6 0 0 .8 -1 .1 1 1 .0-1 .4 1 - 2 

Latin America 0.4 0.6 0 . 8 - 1 . 0 2 - 3 1 .5-2 .2 4 - 7 

World Total 6.8 2.1 10.1-11.7 8 13 .8-17 .9 1 2 - 1 3 

Industrialized 
countries 

5.1 2.8 7 .0 -7 .8 11 9 .0 -10 .7 1 7 - 1 8 

Developing 
countries 

1.7 0.2 3 .1 -3 .9 2 4 . 8 - 7 . 2 3 - 5 

Gtoe = 109 tonnes of oil equivalent. 
1 toe — 1.5 tonnes of coal equivalent (tee) — 10 500 Meal. 

The latest study covering the phase from 2000 to 2020 was presented by the 
Conservation Commission of the World Energy Conference (WEC) in New Delhi 
in 1983 [IX-10]. Table IX-2 shows some major results of the WEC study with 
respect to nuclear energy development. 

All studies mentioned above point out the strong necessity to replace fossil 
fuels - above all oil and natural gas - by nuclear energy in the long term. If 
one transfers the figures of nuclear energy consumption in Table IX-2 into 
nuclear power plant capacity, one arrives at about 500-700 GW(e) in 2000 and 
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1100-1600 GW(e) in 2020, which is in line with the IAEA estimates of Table IX-1. 
The prediction of world energy development is considerably lower in the WEC 
study than in the other studies mentioned which is a result of the economic 
recession, lower electricity demand, political uncertainties in some countries and 
financial constraints of the last years. On the other hand, a figure of 1100 GW(e) 
nuclear plant capacity in 2020 implies the completion and commissioning of an 
average of 25 nuclear power plants each of 1000 MW(e) per year. 

Measured by the aggregate world energy consumption, the fraction of nuclear 
power is still modest today, amounting to about 2%. However, this nuclear 
capacity represents more than 8% of the worldwide electrical power capacity and 
already generates more than 10% of the electricity. In the industrialized countries 
using nuclear power this percentage is in the range of 10—30%, in some cases 
(Finland, France, Sweden) even higher (between 40 and 60%). 

As can be seen from Table IX— 1, it is to be expected that the percentage 
fraction of nuclear power generation on a worldwide average will rise to some 
20% and, in the industrialized countries, to 25% by the year 2000. On a longer 
term basis, a 40 or 50% share is possible. Basically, nuclear fission energy is a 
source of power which, in view of a continuously rising world energy consumption, 
can make a sizeable long-term contribution and thus reduce the use of fossil 
sources of energy, namely oil, natural gas and coal. 

IX—2.2. NUCLEAR FUEL RESOURCES 

There are two kinds of nuclear fuel resources existing in nature, namely 
uranium and thorium. Natural uranium consists of 0.7% of the fissile isotope 
235 U and of 99.3% of the fertile isotope 238U. In contrast to uranium, natural 
thorium contains only fertile material, no fissile isotopes. This assigns thorium 
reserves a quality different from that of natural uranium reserves. Thorium can 
be compared to 238U. One should bear in mind that the adequacy of reserves 
of natural uranium is imposed by the availability of 235 U when used in the 
present line of thermal converter reactors. 

The most widely accepted source of data on world uranium availability 
(resources and production capacity) is the NEA/IAEA publication "Uranium -
Resources, Production and Demand", usually called the Red Book. The latest 
edition was issued in December 1983 [IX-11], 

In this publication, uranium resources are classified by the cost of uranium 
recovery, which includes direct and indirect costs of mining, transporting and 
processing uranium ore and the capital costs required for the production units. 
In the recent editions two cost categories have been used: up to US $80/kg 
uranium and up to US $130/kg uranium3. However, it should be noted that 

3 Cost basis in 1983 US dollars. 
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TABLE IX—3. URANIUM RESOURCES IN WOCA (Source: [IX-11 ] ) 
(Revised August 1984) 

Reasonably assured resources Estimated additional resources 
Region (103 t U) (103 t u ) 

< 8 0 US $/kg U 8 0 - 1 3 0 US $/kg U < 8 0 US $/kg U 8 0 - 1 3 0 US $/kg U 

I + II I + II 
Africa 

Algeria 26 0 0 0 
Namibia 119 16 30 23 
Niger 170 0 284 0 
South Africa 191 122 99 48 
Others 39 12 3 17 + 1 

Total 545 150 416 88 + 1 

North America 
Canada 176 9 181 + 179 48 + 102 
USA 131 276 30 +471 52 +339 

Total 307 285 211 +650 100 +441 

South America 
Brazil 163 0 92 0 
Others 22 7 11 +4 5 +9 

Total 185 7 103 +4 5 +9 

Asia 
India 32 11 5 15 
Others 10 12 0 0 

Total . 42 23 5 15 

Australia 474 64 235 128 

Europe 
Denmark 0 27 0 16 
France 56 11 27 6 + 12 
Sweden 2 37 0 43 
Others 27 13 14 +4 10 + 11 

Total 85 88 41 +4 75 +23 

Grand total 1638 • 617 1011 +658 411 +474 
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these cost categories do not reflect the prices at which the uranium will be 
available to the user. Uranium resources are also classified by the extent of 
geological knowledge and the confidence in the estimates. Two categories 
used in this classification are 'Reasonably Assured' and 'Estimated Additional' 
Resources (RAR and EAR). 

The RAR category refers to uranium that occurs in known mineral deposits 
of such size, grade and configuration that it could be recovered within the given 
production cost ranges with currently proven mining and processing technology. 
Estimates of tonnage and grade are based on specific sample data, measurements 
of the deposits and a knowledge of deposit characteristics. The EAR category is 
subdivided into a 'discovered' part, Ear I, that refers to uranium in addition to 
RAR that is expected to occur in extension of well-explored deposits, and in 
deposits in which geological continuity has been established, and an undiscovered 
part, Ear II, in deposits believed to exist in well-defined geological trends or areas 
of mineralization with known deposits. 

Table IX—3 shows the uranium resources estimate of the World Outside 
Centrally planned economies Area (WOCA) in the latest edition of the Red Book, 
updated for additional data from Australia and Niger. 

Uranium resources include 1.64 million tonnes of RAR in the cost category 
up to 80 US $/kg uranium and 0.62 million tonnes in the cost category 
80—130 US S/kg uranium. In addition, there are EAR in two subcategories 
of 1.67 million tonnes in the cost category of up to 80 US $/kgand 0.89 million 
tonnes in the cost category o f 8 0 - 1 3 0 US $/kg uranium. This adds up to 
2.26 million tonnes of RAR and 2.55 million tonnes of EAR at the 130 US $/kg 
cost level. The largest uranium resources are in the USA, Canada, Africa and 
Australia. Europe and Japan have much smaller uranium resources. No 
estimates are available for the USSR, China and other countries with centrally 
planned economies. 

In addition to these uranium resources, estimates on speculative resources 
have also been made. Speculative Resources (SR) refers to uranium, in addition 
to EAR, that is thought to exist mostly on the basis of indirect evidence and 
geological extrapolations, in deposits discoverable with existing exploration 
techniques. The location of deposits envisaged in this category could generally 
be specified only as being somewhere within a given region or geological trend. 
As the term implies, the existence and size of such resources are highly speculative. 
The speculative resources would be geologically comparable to resources in known 
deposits that are judged to be mineable at costs below a stated level. 

Estimates of speculative resources were first prepared by the International 
Uranium Resource Evaluation Project (IUREP) in 1976 [IX-12]. They have 
recently been reviewed and updated by the former NEA/IAEA Steering Group 
on Uranium Resources as presented in Table IX—4. Some 6.4 to 16.0 million 
tonnes of speculative resources were estimated in WOCA which could be extracted 
at costs of up to US $130/kg uranium. Eastern Europe, the USSR and China have 
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TABLE IX—4. SPECULATIVE RESOURCES « 1 3 0 US S/kg U) 
REVISED ESTIMATES - 1983 [IX-11] 

Speculative resources 
(Mt U) 

Number 
Continent of Most likely 

countries Full range range 

Low High Low High 

Africa 50 1.3 4.6 2.6 3.5 

America, North 3 1.8 2.9 2.1 2.4 

America, South and Central 40 0.7 1.8 1.0 1.3 

Asia and Far Easta 37 0.3 1.6 0.5 0.8 

Australia and Oceania 17 2.0 4.0 3.0 3.5 

Western Europe 22 0.3 1.1 0.4 0.6 

TOTAL WOCA 169 6.4 16.0 9.6 12.1 

CPEAb 13 3.3 8.4 5.2 6.5 

TOTAL WORLD 182 9.7 24.4 14.8 18.6 

Source: NE A/IAEA Steering Group on Uranium Resources. 

a Excluding People's Republic of China and eastern part of the USSR, 
b The potential shown here is Estimated Total Potential and includes an element for RAR and 

EAR although those data were not available to the Steering Group. 

additional speculative resources of 3.3 to 8.4 million tonnes (including estimates 
for RAR and EAR). 

The high uncertainty involved in these estimates is evident from the large 
difference between the upper and the lower bounds. Therefore, the amounts 
resources indicated in Table IX-4 are meant to convey only a general impression 
of the magnitude of speculative resources existing in the world. It is also 
important to emphasize that even if these speculative resources really exist, 
there is no guarantee that they will be discovered or, if discovered, can be made 
available. 

Low-grade resources with uranium contents down to 50 ppm uranium in 
cost categories higher than US $ 130/kg uranium are also known to exist. These 
include uranium in sandstones, granites, carbonatites, shales, and phosphate rock. 
The uranium content in phosphate rock ranges between 50 and 130 ppm uranium. 
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For reasons of completeness, it must be mentioned that there is uranium also 
in seawater. The world's oceans contain about 4.5 billion ( 109) tonnes of uranium 
with an average concentration of 3.3 Mg/L or 0.003 ppm, which is several orders of 
magnitude lower than the leanest ore-body being mined today. Calculations 
show that uranium production costs from 250-300 US $/lb U3Og may be 
attainable (645-775 US $/kg U) based on present day sorber performance, 
and that production costs around 150 US $/lb U 3 0 8 and.possibly lower seem 
conceivable in the future, depending on the progress in the development of 
suitable sorber systems [IX-13]. In the light of the above considerations, the 
extraction of uranium from seawater is not envisaged at the present time. 

Present day converter reactors make use mainly of the fissile isotope 23SU, 
whereas 238U could be used as fertile material in the U/Pu conversion cycle of the 
fast breeder reactor. Since it is a natural outgrowth of the established light water 
reactor programmes, the U/Pu cycle has received the most attention in the FBR 
development programmes. In principle, it is also possible to use the Th/233U 
conversion cycle in thermal or in fast breeder reactors (see e.g. the Indian 
approach, subsection II—4). However, the use of thorium requires the develop-
ment of new technological processes, especially reprocessing and refabrication 
of the highly gamma-active 233U, which cannot build directly on LWR experience. 

Thorium resources, also reported on in the Red Book [IX-11 ], are estimated 
as recoverable at less than 80 US $ per kg Th to be 1.4 and 1.0 million tonnes as 
RAR and EAR I, respectively, and around 1.7 million tonnes as RAR and 
1.4 million tonnes as EAR at the 130 US $ per kg cost level. In view of the lack 
of past exploration and assessment work on thorium, stemming from the lack of 
a market, the quality of these estimates is considerably less than that for uranium. 
It is expected that additional exploration efforts could substantially expand known 
thorium resources. Ultimately it could result that, on the basis of arguments such 
as crustal abundance, thorium resources could be even larger than uranium 
resources. 

Thorium exists in several different mineralogical species: monazite, thorite, 
thorianite, etc. However, those with highest current economic interest are the 
thorium-rich monazite sands occurring, for example, in Brazil and India. In addition 
to monazite sand, thorium also occurs in some uranium ores processed for uranium 
production. The thorium recoverable from such uranium mines in Canada could 
reach a production level of a few thousand tonnes per annum. Additional produc-
tion would be attainable from deposits specially mined for their thorium value. 

World thorium demand is at present only a few hundred tonnes per year. 
Even with an optimistic view of future growth in demand, present resources would 
be more than adequate to meet demand well beyond the end of this century. 
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IX-2.3. STRATEGIC CONSIDERATIONS 

The question of available fissionable material and the time range until 
exhaustion of nuclear fuel reserves has been a consideration in the development of 
nuclear energy from the very beginning. As early as the mid-1940s, in the context 
of EBR I development, W.H. Zinn expressed the opinion that the only hope for 
power reactors lay in those which would breed more fissionable material than 
they consume [IX-14, IX-15], 

With the beginning of the peaceful uses of nuclear energy in the late 1950s, 
special attention was paid to this question. The article on 'Energy as an Ultimate 
Raw Material or - Problems of Burning the Sea and Burning the Rocks' by 
Weinberg [IX-16] is worth mentioning here. Weinberg was one of the first who 
analysed the problem of long-term energy supply in an 'asymptotic state of 
humanity' in greater detail. At that stage, the present fossil fuel reserves would 
almost be exhausted and energy supply would have to rely on fissioning uranium 
(burning the rocks), fusioning deuterium (burning the sea), and perhaps solar 
energy. 

Regarding nuclear energy, burning of 235U in today's converter reactors, 
especially in a once-through mode, is not efficient from a resource viewpoint and 
would exhaust the low-cost uranium reserves in the period of a few decades. 
"In order to make the extraction of uranium and thorium from granites energeti-
cally feasible, we must burn considerably more than 235U - that is, we must 
burn about 60 times as much 238U and 232Th as there is initial 235U" [IX-16], 
And this means breeding. What is worth mentioning here is the fact that better 
fuel utilization of a fast breeder by a factor of 60 compared with a thermal 
reactor has already been expressed in the late 1950s. 

Another significant article of those days was the dialogue "Breeding — 
How Soon a Necessity? " [IX-17], in which economic aspects of fast breeder 
reactors were put into the forefront. A special place in this context is taken by 
the USAEC document "Civilian Nuclear Power - a Report to the President -
1962" [IX-18]. The aim of this Report was to elaborate the long-term role of 
nuclear energy in the US economy. As the study was published at a time at which 
the economic breakthrough of LWRs had not yet been demonstrated, the basic 
argument in favour of nuclear energy in the Report was not so much the economic 
advantage but rather the essential broadening of the resource base. This broaden-
ing naturally requires successfully managing the breeding process. The Report 
clearly states that "nuclear energy can and should make an important and, ulti-
mately, a vital contribution towards meeting our long-term energy requirement". — 
"The program should include: (1)...., (2)...., (3) intensive development and, later, 
demonstration of breeder reactors to fill the long range needs of utilizing fertile as 
well as fissile fuels." 

The Report to the President marked the beginning of a series of studies on 
strategic aspects of long-term nuclear energy utilization in the 1960s and 1970s, 
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e.g. that of J. Dietrich [IX-19], the Karlsruhe Nuclear Research Centre [IX-20, 
IX-21 ], the UNIPEDE [IX-22, IX-23], just to mention a few. The most important 
of the recent years have been the INFCE [IX-6, IX-7], IIASA [IX-8] and 
NEA/OECD [IX-9] activities. 

Although the quantitative inputs and results may vary considerably, the basic 
procedure within these strategic evaluations is always the same and in accordance 
with the following scheme. 

Given a nuclear energy demand curve that expands in the future and may or 
may not reach an asymptotic value in the long term, a contemporary converter 
reactor system starts to take over the energy supply thus consuming the available 
low-cost uranium resources and at the same time providing the fissile inventory 
for a second-generation breeder reactor system. This breeder reactor system will 
be introduced according to the available fissile material produced by the converter 
system (e.g. plutonium), and in the long run replaces the converter system. In this 
way, a nuclear energy system will be created that is independent of outside fissile 
material delivery and thus of nuclear fuel in the traditional sense, the only con-
sumption being that of the fertile materials 238U or 232Th. 

It is not the place here to present quantitative details and results of such 
strategic evaluations; the reader interested in this is referred to the literature cited, 
especially the INFCE, IIASA and the OECD/NEA reports. Myriad computer 
analyses in the last 15 to 20 years all over the world have made assessments, varying 
parameters such as: 

— the absolute amount and the rate of introduction of nuclear energy demand 
— the starting converter reactor system (LWR, HWR, etc.) 
— the introduction of advanced converters as an interim reactor generation 
— fissile core and ex-core inventory of the breeder 
— possible constraints and delays of the breeder reactor system 
— advanced breeder systems (such as carbide fuelled breeders) 
— different fuel cycles (U/Pu, Th/232U and mixed versions) 
— hybrid systems etc. 

As an illustrative example and in order to make the point, some simple 
reactor scenario calculations are singled out from INFCE in order to show the 
differences between breeding and non-breeding reactor systems [IX-6, IX-7, 
IX-24], The following strategies are compared: 

— LWR (PWR)-once-through strategy with enriched uranium 
— HWR-once-through strategy with natural uranium 
— LWR in combination with LMFBR, (a) advanced oxide fuel, (b) advanced 

carbide fuel. 

As nuclear energy requirement, the 'INFCE-low' projection is selected 
which amounts to 850 GW(e) in 2000 and 1800 GW(e) in 2025 [IX-6]. 



TABLE IX—5. FUEL CYCLE DATA FOR NON-BREEDING AND BREEDING REACTOR SYSTEMS 
(30 years operating time, load factor 0.7) [IX-6, IX-7, IX-24] 

LWR 
once-through 

HWR 
once-through 

LWR LMFBR 
recycling oxide fuel carbide fuel 

Initial core loading (t/GW(e)) 

Natural uranium 

30 years cumulative 

Pu fissile 

Equilibrium loading (t/(GW(e)-a)) 

Natural uranium 

Pu fissile 

Equilibrium discharge (t/(GW(e) a)) 

Pu fissile 

360 

4260 

140 

( 0 . 1 5 ) c 

130 

3660 

1 2 0 

360 

2660 

85 

87 a 

3.2 

28 

1.48 

1.76 

1 0 0 d 

2.6 

29 

1.23 

1.72 

a Depleted uranium, 
b In the case of LWR/LMFBR strategy. 
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ANNUAL NATURAL URANIUM 
CONSUMPTION (106 t/al 

TEAR 

CUMULATIVE NATURAL URANIUM 
CONSUMPTION I I0 s I I 

YEAR 

FIG.IX-1. Natural uranium consumption for scenarios with non-breeding and breeding 
reactor systems (Source: Ref.[IX-24]). 
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In each of the scenarios, a certain mixture of LWRs, HWRs and gas cooled 
reactors is assumed for the pre-2000 period. After 2000, each strategy is 
characterized by the rapid dominance of the reactor type favoured. 

Table IX—5 summarizes some important reactor data with respect to the 
scenario calculations, the results of which are shown in Fig.IX-1. 

The natural uranium consumption of the non-breeding system (LWR-once-
through, HWR-once-through, LWR-recycling) rises steadily up to the year 2025 
according to the increase of the nuclear energy requirement. The cumulative 
uranium requirements for the once-through strategies would amount to 6—7 million 
tonnes in 2025. Reprocessing and plutonium recycling would reduce the 
cumulative uranium consumption to about 5 million tonnes of uranium. 

With the introduction of LMFBRs, the annual natural uranium consumption 
should decrease substantially from 2010 on and the cumulative consumption would 
remain limited to some 2 .5 -3 million tonnes in 2025. 

The two chief parameters influencing the rate of introduction of FBRs are 
the fissile material production in the thermal reactor system (an external source 
of fissile material from the breeder point of view) and the fissile inventory of the 
whole fast breeder fuel cycle (in-core and ex-core inventory) (see subsection VIII—2.2). 
Breeder reactors can be introduced quickly when the former value is as high as 
possible and the latter value as low as possible. The total fissile fuel cycle inventory 
(at a given in-core inventory and a given in-core time) is influenced by the ex-core 
time. This explains the large efforts being made to minimize the ex-core time as 
a strategically significant parameter. On the other hand, the breeding ratio is 
frequently overestimated; for the initial introduction of fast breeders the breeding 
ratio has a greatly reduced importance in this connection. 

When looking at the natural uranium consumption levels in Fig.IX-1 the 
impression may arise that the figures for the non-breeding systems (LWR-once-
through, HWR-once-through, LWR-recycling) do not differ significantly from 
those applying to the breeding systems. (A factor of two is not essential in view 
of the uncertainties in uranium reserves.) This is indeed the case, but it should 
be borne in mind that the utilization of nuclear energy does not stop at the end 
of the period of time considered. In the non-breeding systems the cumulative 
uranium consumption will continue to grow also beyond 2025, as long as these 
systems are used for energy generation (or until an available quantity of 
natural uranium has been consumed). 

In the breeder strategies the asymptotic value of the cumulative uranium 
consumption in 2025 has been nearly reached in the 'oxide fuel' case and has 
been reached completely in the 'carbide fuel' case. With the remaining 238U the 
breeder systems can be operated for many hundreds of years more without 
further growth of the natural uranium consumption. This is to say that the 
advantage of the breeder systems will be exploited fully only in the period 
after 2025. 
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In principle, the results of all these types of strategic calculations can be 
reduced to the statement that, from the point of view of fuel supply, a true 
long-term utilization of nuclear power is possible only with breeding systems. 
The IIASA study expresses this situation as follows: 

It is only through the breeding process that "nuclear power thereby becomes 
nuclear power. This is so when the resource of fissile nuclei, which nature 
has given, is considered a stockpile rather than a mine — that is, when an 
appropriate part of nature's fissile (sic) nuclei has been converted, by 
appropriate nuclear reactions, to a store of nuclei whose further importance 
is as catalyst and not as fuel. Such catalytic uses of resources we would like 
to call 'investive' uses as opposed to 'consumptive' uses. In our definition, 
an investive use implies that something is put to profitable use, but retains 
its value; a consumptive use implies loss of value — using something up" 
[IX-25], 

IX—3. ECONOMIC ASPECTS OF LMFBRs 

IX—3.1. INTRODUCTION 

The commercial introduction of the LMFBR system in the energy market 
decisively depends on its economic prospects. Since LMFBRs must work in a 
closed fuel cycle, not only the costs of the LMFBR power plant, but also the 
economics of the reprocessing and refabrication plants as well as waste disposal 
must be taken into consideration. 

Commercial size LMFBRs will be in the power range of 1200—1500 MW(e). 
As was explained in subsection VIII—2.3 commercial size FBR-fuel reprocessing 
and refabrication plants will have an annual throughput of at least some 
250 tonnes HM. Such commercial size LMFBR fuel cycle facilities can serve about 
10 GW(e) or about 7 to 8 SUPER PHENIX-type plants. This means that LMFBRs 
cannot operate under 'commercial size conditions', until about 10 GW(e) in power 
plants and the necessary fuel cycle facilities are operating. This represents a con-
siderable burden for the commercial introduction of the LMFBR system, since the 
first commercial size LMFBRs introduced into the market will not be able to 
produce electricity at similarly low costs as present commercial LWRs. The 
LMFBR system will only be able to compete with LWRs when the costs for 
natural uranium, i.e. the fuel costs for LWR and other converter reactors, have 
become much higher than at present. In western Europe and Japan, however, 
the LMFBR system might well be able to compete with power plants fuelled by 
indigenous coal [IX-26, IX-27], 

The high research and development costs and the additional costs for the 
introduction of the LMFBR system in the energy market can very probably only 
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be borne by a few highly developed industrial countries who feel the need to 
introduce this energy system for reasons of improving their own external balance 
of payment (oil, gas and coal importing countries) and gaining long-term indepen-
dence from uranium and the remaining energy market (see France, Japan etc.). 
However, in these countries sufficiently large utility groups or a national utility 
group must exist, already having a considerable number of low converter reactors 
(e.g. LWRs) operating and having the financial strength to bear the cost of 
introduction of the LMFBR system. 

As will be shown later, a mixture of LWRs or other thermal converter reactors 
and LMFBRs, even during the phase of LMFBR market introduction will still be 
able to produce electricity at somewhat lower costs than power plants fuelled by 
imported fossil fuel in such countries [IX-7, IX-28]. 

IX—3.2. CONTRIBUTIONS TO LMFBR ELECTRICITY GENERATING 
COSTS 

In the following subsections the different cost contributions for electricity 
production by the LMFBR system will be analysed and discussed. The analysis 
follows the basic concept of present value of money [IX-20, IX-29 to IX-31]. 
A general overview on the economics of nuclear energy is given in Ref.[IX-32], 

The following cost contributions must be considered: 

— the capital costs incurred during construction of the power plant 
— the operation and maintenance costs incurred over the life of the plant 
— the fuel cycle costs incurred during operation of the plant 
— taxes and other costs (property insurance, etc.) 
— costs for decommissioning of the plant. 

The capital and the fuel cycle costs represent the major contributions to 
the electricity generating costs incurred at the bus bars of the power plant. 
Additional costs for electricity transfer from the power plant to consumer 
centres and for the electricity distribution to smaller consumers and households 
are not considered here. 

There is a large difference in capital costs between fossil fuelled plants and 
nuclear power plants. Present LWRs have much higher capital costs, but also 
much lower fuel costs than fossil fuelled power plants. LMFBRs will have even 
higher capital costs than LWRs (see subsection IX—3.3). But, whereas the fuel 
costs of LWRs will continually increase as the price of uranium will increase, the 
fuel costs of LMFBRs are not at all sensitive to the uranium price. 

IX—3.3. CAPITAL COSTS 

The construction of an LMFBR plant occurs over an extended period of time, 
e.g. 6 to 10 years. Expenditures and capital requirement are usually distributed 
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non-uniformly over this time period with a maximum annual capital requirement 
within the second half of this construction period. The 'present value concept' 
for cost analysis mentioned above is usually applied to the date of startup of 
electricity generation of the LMFBR plant. It is common for utilities in the USA 
to finance their nuclear power plants with a financing structure of about 5 5% bonds 
(debt) and about 45% stocks (equity). This leads to an effective deflated interest 
rate of about 5% in the USA [IX-29]. Similar financing structures are valid in 
Europe (25% equity, 75% debts) which leads to 8-10% deflated interest rate. The 
original investment is repaid during the period the LMFBR plant generates 
electricity according to a uniform annual repayment plan following a full amorti-
zation of the plant over 30 years. The annual repayments are covered by the 
sale of electricity to consumers. 

Besides these capital investment costs, additional annual expenses such as 
property insurance, property taxes and maintenance costs must be taken into 
account. These are collectively known as fixed charges and are usually expressed 
as a fixed fraction of the original capital investment. Typically a value of 5% is 
used for nuclear power plants. These also must be covered by revenues obtained 
from the sale of electricity. 

If a power plant is owned by a private utility, then also taxes must be paid 
on revenues collected to cover capital expenses. The calculation of these taxes 
is complicated and dependent on the tax laws of the different countries. 

There is no market for commercial size LMFBR plants yet. SUPER 
PHENIX-1 is at present the first plant of this size. For this 1200 MW(e) LMFBR 
plant the projected direct net capital costs (without fuel and financing costs) were 
reported to be 13 billion (109)FFrs (1.85 billion US $). In addition, 4 billion FFrs 
(570 million US S) in interest during construction and 1 billion FFrs 
(143 million US $) in foreign exchange losses against the French Franc were 
estimated. NERSA, the owner of SUPER PHENIX-1, financed 30% internally 
(equity) and borrowed the remaining 70% from different lending sources in 
Switzerland, the Federal Republic of Germany, the Netherlands etc. The average 
interest rate was about 12%. The cost for the first two cores was given to be 
2.4 billion FFrs (345 million US $) [IX-33], 

This leads to an installed cost per kilowatt of roughly 15 000 FFrs or about 
2000 US S, which is somewhat more than twice that of a French PWR. 

Considerable design efforts have been started in recent years to reduce these 
high capital costs. For both CDFR and SUPER PHENIX-2 design progress has 
been made giving hope that the capital costs can be decreased considerably. 

In the case of CDFR the primary reactor tank has been reduced to a dia-
meter of 19.2 m. This could be achieved by changing from a triple- to a double-
rotating shield plug above the reactor tank. In addition, the weight of the roof 
structure could be reduced. Twin fuel charge machines are mounted in the central 
rotating plug to access the core and blanket regions and to transfer assemblies 
to the loading ramp at the side, which is used to transfer assemblies out of the 
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FIG.IX-2. Comparison of building lay-out of SUPER PHENIX-1 and CDFR (Source: 
Ref. [IX-26]). 

vessel to a storage tank via an A-frame arrangement similar to that used in SUPER 
PHENIX-1. The diameter of the four primary sodium pumps and of eight IHXs 
could also be reduced. Two-stage pumps with higher rotation speed will be used. 
Fairly dramatic reductions in the size of the containment buildings have been 
achieved. A particular effort has been devoted to reduce the length of the pipe 
runs from the IHXs to the secondary pump and steam generators. Four secondary 
loops, each with one pump and two steam generators, are grouped on one side of 
the containment now. The primary containment thereby could be reduced to 
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FIG.IX-3. Comparison of reactor bloc of SUPER PHENIX-1 and SUPER PHENIX-2 
(Source: NOV ATOME). 

a diameter of 32 m and a height of 50 m. Figure IX-2 compares the SUPER 
PHENIX-1 building layout with that of CDFR [IX-26] . 

The French design team is working towards a similar objective in their design 
effort on SUPER PHENIX-2. The power output was increased to 1500 MW(e) 
while the primary reactor tank could be reduced to a diameter of 20 m. This 
could be achieved by increasing the core height to 120 cm and reducing con-
siderably the size (diameter and length) of both the four primary pumps and the 
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SUPER PHENIX-1 SUPER PHENIX-2 

TR.1 

FIG.IX-4. Change of containment building from SUPER PHENIX-1 to SUPER PHENIX-2 
(Source: NOVATOME). 

TABLE IX-6. TOTAL ELECTRICITY GENERATING COSTS FOR 
SUPER PHENIX (SPX) AND FOLLOW-ON LMFBR PLANTS IN FRANCE 
(Cost ratios based on PWR costs) [IX-27] 

Relative costs 

Component p W R g p x l SPX 2 + 3 SPX 4 + 5 SPX 6 + 7 

(1300 MW(e)) (1200 MW(e)) (1500 MW(e)) (1500 MW(e)) (1500 MW(e)) 

Plant 1 2.1 1.44 1.31 1.26 
capital cost 

Plant 1 1.69 1.37 1.12 1.12 
operational 
cost 

Fuel cycle 1 1.79 1.20 1.0 0.9 
cost 

Total 1 2.0 1.36 1.19 1.13 
electricity 
cost 
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eight IHXs. The distance between the IHXs and the steam generators could be 
decreased by one half which reduces the pipe length and the number of elbows 
to about 60%. The spent fuel will be stored in the reactor tank. The ex-vessel 
irradiated fuel storage tank will be deleted. The steel dome above the reactor 
tank will be eliminated. Figure IX-3 compares the reactor block of SUPER 
PHENIX-1 (1200 MW(e)) with the new design of SUPER PHENIX-2 (1500 MW(e)). 
The radial arrangement of the secondary circuits has been retained. However, the 
cylindrical concrete building of SUPER PHENIX-1 is changed into a rectangular 
containment building as shown in Fig.IX-4. With these design modifications 
SUPER PHENIX attains a material weight ratio in t/MW(e) which is only 60% 
that of SUPER PHENIX-1 [IX-26, IX-34], 

Both design teams claim that CDFR as well as SUPER PHENIX-2 could 
already attain capital costs only about 40% higher than present LWRs [IX-26, 
IX-27], For the commercial size plants to follow, the French CEA has given a 
forecast in 1982 (see Table IX-6). 

According to Table IX—6 SUPER PHENIX-1 capital costs are at present 
still by a factor of 2.1 higher than the capital costs of a PWR plant of the same 
nominal power in France. The operational costs (operational staff, maintenance, 
repair, etc.) for SUPER PHENIX-1 are estimated to be by a factor of 1.69 higher 
than for a PWR plant. For future commercial size LMFBR plants it is forecast by 
the French CEA that the capital cost ratio will decrease continuously from 2.1 to 
1.26 after 6 plants of the SUPER PHENIX type will have been built. For the 
operational cost ratio a decrease from 1.69 to 1.12 is estimated [IX-27, IX-35]. 
One should note, that eventually seven SUPER PHENIX plants with a total of 
10.2 GW(e) will have to be installed before the above cost targets can be attained. 

IX—3.4. FUEL CYCLE COSTS 

For the analysis of fuel cycle costs of LMFBRs, different processes and cost 
contributions that occur at different points in time must be considered. 
Figure VIII-lof Chapter VIII describes the fuel cycle of an LMFBR. The initial 
fissile fuel loading of Pu02 is obtained from an LWR reprocessing plant and depleted 
U02 is taken from storage of uranium enrichment plants. The fuel elements are 
fabricated in a MOX fuel fabrication plant. The fuel elements are transported to 
the LMFBR plant and loaded into the reactor core. After power generation over 
some 3 to 4 years they will have attained a maximum burnup, at present, of about 
70 0 0 0 - 100 000 MW-d/t. They are then unloaded and, after a certain cooling 
period, transported to a reprocessing plant, where the uranium, plutonium, fission 
products and higher actinides are chemically separated. The fission products and 
higher actinides are conditioned by vitrification processes after further storage as 
liquid HLW and then stored in a permanent waste disposal site. The uranium and 
plutonium are sent back to the MOX fuel refabrication plant to make up new 
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TABLE IX—7. MAIN PARAMETERS FOR THE 
FUEL CYCLE COST ANALYSIS 

Plant lifetime (a) 30 

Ex-core time (a) 1 .5-6 .5 

Maximum burnup (MW-d/t) 70 0 0 0 - 1 3 0 000 

Interest rate (%/a) 10 

Tax rate (%/a) 5 

Depleted uranium (US $/kg) 8 

Plutonium (US $/g) 4 - 1 2 0 

Fabrication 

- Core and axial blanket (US $/kg) 1200-3800 
- Radial blanket (US $/kg) 200 

Reprocessing, including transportation 1200—3200 
and waste disposal (US $/kg) 

fuel elements, whereas a small amount of surplus plutonium is available for further 
use in converter reactors or new LMFBR plants. 

For the fuel cycle cost analysis the following cost contributions must be 
taken into account: 

— costs of initial Pu loading 
— costs of depleted uranium for fuel loading 
— fuel fabrication costs 
— fuel transportation costs 
— fuel reprocessing costs 
— waste disposal costs 
— decommissioning costs 
— gain by selling surplus plutonium (breeding gain) from each unloaded and 

reprocessed fuel batch and by selling the remaining core inventory at the 
end of lifetime of the LMFBR. 

The fuel produces revenues while generating thermal energy and electricity 
in the LMFBR plant. For a detailed cost assessment the different timing of 
expenses within the fuel cycle must be considered; interest and taxes for each 
time period must be taken into account. Again the basic concept of present 
value of money is generally applied [IX-20, IX-29 to IX-31 ]. Table IX-7 shows 
the main parameters of interest needed for the fuel cycle cost analysis of LMFBRs. 
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REFABRICATION COSTS 
(US$/kg MOX FUEL) 

FIG.IX-5. MOX fuel refabrication cost as a function of refabrication plant capacity 
(Source: KfK). 

The following cost parameters are of main importance for LMFBR fuel 
cycle costs: 

MOX fuel refabrication costs 

The fuel fabrication costs directly affect the total fuel cycle costs. There 
are no commercial size MOX fuel refabrication plants in operation yet. Therefore, 
no established commercial prices are available. However, the cost range is known 
from fabrication of MOX fuel in pilot plants for prototype LMFBR plants. 
SNR 300 as a prototype LMFBR still has fuel fabrication costs of 
4400-6000 US $/kg MOX fuel. From the total costs given for the first two 
SUPER PHENIX-1 cores [IX-33] (subsection IX-3.3) one can deduce fabrica-
tion costs around 3800 US $/kg MOX fuel. This high cost situation is still 
typical for prototype LMFBRs and is valid for pilot plant conditions with a 
fabrication capacity of only 5 to 20 t HM/a. This is less than 1/10 of what is 
currently considered to be a commercial size plant of 250 t HM/a. Figure IX-5 
shows an assessment of these cost ranges for LMFBR MOX fuel fabrication costs. 
It is expected that future LMFBR fuel fabrication costs will move downwards 
from these present high values towards a lower limit, as the fuel fabrication plants 
will attain higher production capacities and more innovative fabrication procedures 
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will be introduced (see subsection VIII—3.2). The projected fabrication costs of 
a 100 t/a fabrication plant supplying about 5 GW(e) of LMFBRs are estimated to 
be in the range of 1600-2000 US $/t HM. 

For parametric studies in subsection IX—3.5 the MOX fuel fabrication costs 
are varied between 1200—3800 US $/kg MOX fuel. For simplicity these cost 
ranges include also the transportation costs from the MOX-fuel refabrication plant 
to the LMFBR plant. They are usually in the range of 20 to 40 US $/kg fuel 
depending on the distance. 

Reprocessing and waste disposal costs 

The fuel reprocessing and waste disposal costs are equally important and 
also affect directly the total fuel cycle costs. Again, there are no commercial-
size LMFBR MOX fuel reprocessing plants in operation yet. Therefore, no 
commercial prices are available. However, the cost range can be estimated from 
LMFBR pilot reprocessing plants. They are still much higher than corresponding 
LWR fuel reprocessing costs. In the long run there is, however, no reason why 
LMFBR fuel reprocessing costs should be dramatically higher than LWR fuel 
reprocessing costs, although LMFBR fuel reprocessing plants will have smaller 
capacities. 

Commercial LWR fuel reprocessing costs are reported to range around 
1200 US $ (1983/84 cost basis) in French and British reprocessing plants. These 
costs already include the waste disposal cost [IX-36]. 

For parametric studies in subsection IX—3.5 the reprocessing and waste 
disposal costs are varied between 1200-3200 US $/kg MOX fuel. For simplicity, 
these cost ranges also include the transport costs from the LMFBR plant to the 
reprocessing plant. 

Fuel burnup 

The higher the burnup of the core fuel the smaller is the fraction of spent 
fuel to be unloaded, reprocessed and refabricated per year. Therefore, this 
contribution to the fuel cycle costs is inversely proportional to the burnup. 
For SUPER PHENIX-1 the maximum fuel burnup target is 100 000 MW-d/t. 
For SUPER PHENIX-2 the burnup target is 130 000 MW-d/t. Therefore, for 
parametric cost calculations in subsection IX—3.5 the burnup is varied between 
70 000-130 000 MW-d/t. 

Breeding ratio 

The influence of the breeding ratio on the economics of the fuel cycle 
costs is small. In the range of breeding ratios between 1.15—1.25, realized in 
present LMFBR plants, the annual breeding gain of plutonium does not lead 
to a remarkable economic advantage. 
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Price of plutonium and depleted uranium 

The price of plutonium cannot be influenced by the LMFBR system itself, 
as long as the LMFBR does not possess an essential fraction of the nuclear energy 
market. As long as the plutonium generated in LWRs is also recycled in LWR-Pu 
burners, its recycle value (price) will be dominant. This recycle value is essentially 
determined by the price of natural uranium, the price of uranium enrichment 
and fabrication of LWR fuel elements; i.e. the price of a standard LWR 23SU 
enriched fuel element and a plutonium enriched MOX fuel element for an LWR-Pu 
burner must be about equal. This is required for standard 235U fuelled LWRs 
and MOX fuel LWR-Pu burners to have equivalent fuel cycle costs [IX-37, IX-38]. 
At present the plutonium price must be very low to fulfil this condition, since 
MOX fuel fabrication costs are still high [IX-39], During the early phase of 
LMFBR introduction the plutonium price, therefore, will probably be low and 
will be coupled to LWR-Pu recycling. Later, when the price for natural uranium 
will rise, also the plutonium price may rise; but it can never exceed the price of 
equivalently enriched 23SU fuel (^20% for LMFBR cores). 

Under present conditions, a market price for plutonium cannot be predicted 
yet. Therefore, it is varied for parametric calculations in subsection IX—3.5 
between 0 - 4 0 US $/g plutonium. 

The total fuel cycle costs are very insensitive to the price of depleted uranium. 
Since the price of depleted uranium will be rather low this cost contribution can 
almost be neglected. 

Core and fuel rod design 

Present LMFBR cores are highly optimized in all design parameters. Detailed 
studies showed that an economic optimum for the fuel rod diameter is in the range 
of 8 mm. The optimum core height is in the range of 100—120 cm. 

IX—3.5. PARAMETRIC FUEL CYCLE COST STUDIES 

To show the functional dependencies of the LMFBR fuel cycle costs upon 
the most important parameters, as discussed in the previous subsection, a presenta-
tion as shown in Figs IX-6 and IX-7 is chosen. Figure IX-6 shows the total fuel 
cycle costs in 1983 dollars as a function of the burnup, the reprocessing and 
waste disposal costs, and of the refabrication costs as a third variable. The fuel 
cycle costs rise with increasing refabrication, reprocessing and waste disposal 
costs and decrease with increasing burnup. The plutonium price (20 US $/g Pu) 
and the ex-core time (2 years) are kept constant in Fig.IX-6. 

Figure IX-7 shows the total fuel cycle costs in 1983 dollars as a function 
of the ex-core time, the reprocessing and waste disposal costs, and of the plutonium 
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17 m i l l / k W ' h plane (1 .79XPWR) 

Re fabr i ca t ion Reprocessing and 
costs (US S/kg) waste disposal 

costs (US S/kg I 

A 3 0 0 0 1200 
B 4 3 0 0 1200 
C 3 8 0 0 2 2 0 0 
O 3 3 0 0 3200 

B u r n u p 
( M W - d / t ) 

70 0 0 0 
100 000 
100 000 
100 0 0 0 

8 .5 m i l l / k W h plane (0 .9XPWR) 

Re fabr i ca t ion Reprocessing and 
costs (US S/kg) waste disposal 

costs (US S/kg) 
1200 
1200 
1200 
2 4 0 0 
3 2 0 0 

FUEL CYCLE COSTS 
(mi l l /kW-h) 

B u r n u p 
I M W d / t ) 

100 000 
130 0 0 0 
140 0 0 0 
130 000 
150 0 0 0 

REFABRICATION 
COSTS ( u s $ / k g ) 

REPROCESSING AND 
WASTE DISPOSAL 
COSTS (US$/kg) 

PWR FUEL 70 000 
CYCLE COSTS 

100 000 130 0 0 0 

BURNUP (MW-d/ t ) 

FIG.IX-6. Total LMFBR fuel cycle costs as a function of the burnup, the reprocessing and 
waste disposal costs, and the refabrication costs (Pu price 20 US $/g, ex-core time 2 years, 
cost basis 1983) (Source: KfK). 

price as a third parameter. Again, the fuel cycle costs increase with rising plutonium 
price and rising reprocessing and waste disposal costs. At first sight, it seems sur-
prising that there is no strong dependence on the ex-core time for the low plutonium 
price range. However, this can be explained by looking into the details of cost 
contributions by interest rates, taxes etc. The expected stronger dependence on 
ex-core times appears more in higher plutonium price ranges. This may have con-
sequences on the usual requirements for short ex-core times (see subsection VIII—2.3 
and subsection IX—2.3). It means that in the early phase of commercial introduction 
of the LMFBR, when the plutonium price is still low, the ex-core time can be 
longer than two years, as usually required. At low plutonium price short ex-core 
times do not appear-necessary for economic reasons, but rather for strategic reasons 
(small natural uranium requirements of an LWR/LMFBR system, see sub-
section IX—2.3). 

Estimates by the French CEA forecast a cost development for the LMFBR 
fuel cycle costs as shown in the third line of Table IX—6. The cost estimates are 
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FIG.IX-7. Total LMFBR fuel cycle costs as a function of ex-core time, Pu price and reprocess-
ing and waste disposal costs (Burnup 100 000 MW- d/t, fuel re fabrication costs 2800 US $/kg, 
cost basis 1983) (Source: KfK). 

again put in relation to corresponding PWR fuel cycle costs. According to these 
forecasts, the fuel cycle costs of LMFBRs should drop somewhat below those of 
LWRs as soon as about 10 GW(e) LMFBRs are operating and as soon as the fuel 
cycle facilities have attained commercial-size capacity. If this forecast is translated 
into Fig.IX-6, one obtains the ranges of two planes defining the target parameters 
which must be achieved in order to fulfil these forecasts. 

The upper and lower planes assume fuel cycle cost ranges of 8.5 to 
17 mill/kW-h (1 mill = 10"3 US $). 

These cost ranges are related in Fig.IX-6 to the left column which represents 
1983 PWR fuel cycle costs in France and the Federal Republic of Germany [IX-40 
to IX-42], The lower plane corresponds to 0.9 of the PWR fuel cycle cost 
(average between France and the Federal Republic of Germany), whereas the 
upper plane represents the value of 1.79 times the PWR fuel cycle cost (see 
third line of Table IX-6). 



6 2 8 CHAPTER VIII 

Even if one concedes that these cost ranges, as indicated by the two planes 
in Fig.IX-6, can vary by as much as 25% according to somewhat different condi-
tions in different countries, the parametric analysis of Fig.IX-6 by way of example, 
leads to the following results: 

— the upper plane indicates the range in which the three different cost parameters 
burnup, fuel refabrication and fuel reprocessing costs can vary for a present 
commercial size LMFBR plant, e.g. SUPER PHENIX-1 (see alternative cost 
parameters A, B, C, D in Fig.IX-6) in order that the assumed fuel cycle costs 
of 1.79 times the PWR cost as shown in Table IX-6 be fulfilled. 

— the lower plane in Fig.IX-6 indicates the range in which the above three fuel 
cycle cost parameters of future commercial LMFBR plants such as SUPER 
PHENIX-6 and -7 (Table IX-6) would have to be located (see alternative cost 
parameters E, F, G, H, I). This certainly represents a tremendous challenge 
for the future LMFBR fuel cycle industry. 

However, it is generally expected that LWR fuel cycle costs will increase in 
the future because of rising natural uranium costs (on a 1983 cost basis). The 
development of such an increase of natural uranium cost can certainly not be 
forecast today. But the assumptions of Table IX—6 also imply that the conditions 
of a 10 GW(e) LMFBR fuel cycle park can only be achieved within several decades 
from now. Given the case that the situation of higher natural uranium cost and the 
availability of the commercial LMFBR fuel cycle roughly coincide, then the higher 
LWR fuel cycle costs will move the lower plane upwards and alleviate the conditions 
for the present cost parameters: burnup, fuel refabrication, reprocessing and waste 
disposal costs. 

One should recall, however, that the above considerations and the discussion 
of Fig.IX-6 implied a plutonium price of 20 US $/g. Should the plutonium price 
develop into a higher price range, the above tendencies will deteriorate somewhat 
according to Fig.IX-7. Conversely, if there is an over-abundance of plutonium 
leading to a decrease, the result improves slightly. Since this situation arises mainly 
from ex-core considerations, the fuel cycle costs can become greatly distorted 
depending on the philosophy adopted for treating the plutonium price [IX-43]. 
For this reason, several investigators [IX-44, IX-45] have suggested not assigning 
a value to plutonium. This would be especially meaningful in a closed nuclear 
power system, composed of LWRs and LMFBRs, large enough to be self-sufficient 
in plutonium. 

IX—3.6. TOTAL ELECTRICITY GENERATING COSTS 

After the discussion of the LMFBR capital, operational costs and fuel cycle 
costs it is adequate now to compare the total LMFBR electricity generating costs 
with those of the standard PWR system. This cost estimate is shown in Table IX—6 
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FIG.IX-8. Comparison of electricity generating costs of LWRs and LMFBRs (Source: KfK). 

(last line) as published by the French CEA [IX-27]. The conclusion of this cost 
forecast is that under present natural uranium price conditions the electricity 
generating costs of the LMFBR system will remain somewhat higher (13%) than 
those of the LWR system. This is essentially due to the more complicated design 
of the LMFBR plant requiring higher capital and operational costs. Similar con-
clusions are drawn by Owen and Omberg [IX-29]. 

However, it was stated earlier that the fuel cycle costs of LWRs depend 
upon the price of natural uranium. It is expected that uranium will become more 
expensive, when uranium resources become scarce and higher cost uranium ores 
must be used. There will, therefore, be a time period when the cost difference 
between the LWR system and the LMFBR system becomes smaller, because of 
rising fuel cycle costs for the LWR system, as shown in Fig.IX-8 for the different 
cost contributions and two different cost situations (low and high U 3 0 8 price). 
It is very difficult to estimate the date when this will occur, because uncertainties 
of a number of parameters are involved such as growth projection for nuclear 
energy, uranium ore resources, future capital and fuel cycle cost development etc. 

As was already explained in subsection IX-2.3, the LMFBR system operating 
in symbiosis with converter reactors, e.g. LWRs, is able to open up an essentially 
unlimited energy resource base. Eventually, a mixture of thermal converter reac-
tors (LWRs, HWRs) and breeder reactors (LMFBRs), therefore, must be compared 
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TABLE IX—8. SUMMARY OF LEVELLIZED DISCOUNTED ELECTRICITY COSTS [IX-42] 
(Discount rate 5%; 10~2 ECU/(kW-h) in January 1981) 

Nuclear Coal Ratio 

Coal/nuclear Investment O&M Fuel Total Investment O&M Fuel Total 

Ratio 

Coal/nuclear 

Belgium 1.26 0.57 0.68 2.51 0.59 0.32 2.59 3.50 1.39 

France 1.02 0.36 0.69 2.07 0.83 0.29 2.50 3.62 1.75 

Germany (Fed. Rep.) 1.58 0.47 0.82 2.87 0.79 0.60 3.32 4.71 1.64 

Italy 0.99 0.22 0.78 1.99 0.56 0.19 2.38 3.13 1.57 

Japan 1.34 0.47 0.76 2.57 0.95 0.42 2.51 3.88 1.51 

Netherlands 1.61 0.37 1.02 3.00 0.79 0.41 2.68 3.88 1.29 

Norway 1.26 0.44 0.78 2.48 0.82 0.43 2.27 3.52 1.42 

Sweden 1.75 0.45 0.85 3.05 0.84 0.49 2.74 4.07 1.33 

UK 2.85 0.34 0.93 4.12 1.73 0.35 3.82 5.90 1.43 

USA (Midwest) 1.85 0.37 0.67 2.89 1.03 0.37 1.52 2.92 1.01 
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with other essentially unlimited energy resources, e.g. coal and solar energy and 
later, if available, with fusion energy. When operating in a mixture with convertor 
reactors, the above excess cost difference of the LMFBR system plays a relatively 
minor role, because of the relatively low LWR capital costs. 

As can be seen from Table IX-8 in most countries of the WOCA except in 
the USA, electricity from nuclear power plants operating in the base-load mode is 
considerably cheaper than from coal-fired plants. If, for the commercial introduc-
tion phase of LMFBRs, one envisions a closed nuclear system (with no accounting 
for plutonium price) consisting of a mixture of e.g. 50 GW(e) PWRs and 10 GW(e) 
LMFBRs in the cost range as indicated in Table IX—6, one finds a mixed total 
electricity generating cost for this mixed nuclear energy system which is less than 
10% higher than that for a pure PWR nuclear economy. For base-load operation, 
the total electricity generating costs of the mixed nuclear system are still con-
siderably (30—75%) lower than the costs for coal-fired plants (except in the USA). 

In addition, for many countries other decision parameters, such as indepen-
dence of fluctuations on the world market or negative foreign exchange balance, 
are more important than, for example, a 20% cost difference in electricity generating 
costs (Table IX-6). 

It is not surprising to find that different nations regard the need for the 
development and introduction of the LMFBR as an energy system differently. 
Some nations which are poor in energy resources but have the financial and 
industrial potential are willing to run the risk of commercialization of the LMFBR 
system before it has reached full economic attractiveness. Other nations, most of 
them rich in resources, attempt to time LMFBR development programmes such 
that the full introduction into the energy market and the economic attractiveness 
are coincident. 

In any case, the industrial development of the LMFBR system and its full 
introduction into the energy market will require at least two, perhaps even three 
or more decades. 

IX—4. DEPLOYMENT CONSIDERATIONS 

IX—4.1. MOTIVATION FOR BREEDER REACTOR PROGRAMMES 

Many national energy programmes include nuclear power to cover an 
increasing share of the energy demand. This applies especially to countries 
whose fossil and hydroelectric energy resources are limited or too expensive. 
However, exploitable uranium resources of the world are also limited, and many 
nations depend on imported uranium even at the present time. 

The decisive advantage of fast breeder reactors is due to their ability to 
make use of around 60% of the constituents of natural uranium (see sub-
section VIII—3.1 ). Thus fast neutron breeders enable the nations to stretch the 
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uranium resources over many centuries, and at the same time to stabilize uranium 
prices on the world market. The long-term perspectives of breeder reactor techno-
logy have therefore prompted many industrialized countries to embark on a 
breeder programme — in several cases as partners of an international co-operation, 
in order to save some of the high expenses and to harmonize safety and safeguards 
standards. 

The complementary role that the LMFBR plays with regard to the LWR in 
such areas as uranium prices, use of plutonium, refabrication of fuel, in short, 
the use of uranium as a primary energy source, manifests itself in the close con-
nection between the industrial organizations — utilities, vendors, equipment 
manufacturers and engineering companies — involved in LMFBRs and LWRs. 
This connection between LWR and LMFBR will carry over into the licensing 
processes in the various countries. 

IX—4.2. PHASES OF A FAST BREEDER PROGRAMME 

A breeder system includes as the main technical constituents the fast neutron 
reactor core, the sodium system for the heat transfer from the core to the steam 
generators, the auxiliary equipment for the complete breeder reactor power plant, 
and — as an integral part of a breeder system — the fuel cycle facilities. 

A complete breeder reactor R&D programme can be characterized by the 
following phases: 

— Basic R&D, especially in fast reactor physics, fuels and materials, safety, 
components, and sodium technology. This phase implies the construction 
of numerous experimental facilities such as a fast zero-power reactor, 
plutonium laboratory, out-of-pile materials test facilities, and sodium loops 
with various types of test sections. 

— The results gained from the basic programme were used to design, construct 
and operate experimental fast power reactors of modest size (10 to 
100 MW(th)). At this stage, experience gained from light water reactor 
(LWR) technology has been helpful in the more complex breeder technology. 
A close co-operation between basic research and industrial companies has 
turned out to be very useful. This is also necessary with a view to training 
personnel for operating breeder plants. 

— Construction and operating experience of the experimental power reactors 
yield results which are indispensable for a breeder prototype power plant 
of the 300 MW(e) class. This applies in particular to the testing of fuel 
elements, protective instrumentation, and sodium components. To exclude 
risks in the operation of major sodium components in a prototype plant, 
it has proved to be very advisable to build large test facilities in which steam 
generators, intermediate heat exchangers, pumps, valves etc. can be endurance-
tested full-scale out-of-pile under realistic conditions. 
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- The last big step towards commercialization will be one (or several) demonstra-
tion power plants. The scale-up of components from the prototype to a 
near-commercial plant of about 1000 MW(e) will be a non-trivial problem 
requiring considerable additional efforts. At the present time it seems that,' 
while totally new 'inventions' are not needed any more, there are still many 
alternative concepts between which a choice has to be made (e.g. homo-
geneous versus heterogeneous core: see Chapter IV; pool versus loop: see 
Chapter VI). 

— Parallel to the development and demonstration of breeder reactor power 
stations, the technology and chemistry of the fuel cycle have to be developed, 
because a closed fuel cycle is an integral part of a breeder system. This means 
especially the reprocessing including its mechanical and chemical head-end, 
and the refabrication of mixed oxide fuel pellets from recycled plutonium 
(see Chapter VIII). 

Of course, these phases of breeder development are not strictly consecutive 
in time, but will overlap more or less. In fact, they will be interwoven by a closely 
knit network. International co-operation has turned out to be extremely helpful 
in various stages. For example, test irradiations of fuels and materials may be 
carried out in fast power reactors already available in partner countries. The same 
applies to joint safety studies and experiments in suitable facilities abroad. 

A detailed survey of the national fast breeder programmes and the present 
status of development is given in Chapters II and III. 

IX—4.3. ORGANIZATIONAL ASPECTS AND INTERNATIONAL 
COLLABORATION 

All in all, the R&D and demonstration phases of fast breeder systems have 
consumed decades of time and billions of dollars. For this reason, industry is 
being supported by very large public funds not only during the research periods, 
but also for the construction and operation of breeder power plants of up to about 
1200 MW(e). It has proved useful to work in close international co-operation in 
these phases, and there are strong trends also to build the first larger plants as 
joint ventures in order to share the costs. The same will apply to large breeder 
reprocessing plants in the future, because each of them will have to serve several 
power plants at the same time. This may also contribute to facilitate international 
safeguards measures to control fissile material flow. 

Each country interested in the deployment of breeder plants is facing prob-
lems of internal organization for project management and funding, and for 
adjusting its infrastructure. A close co-operation is necessary between governments, 
parliaments, licensing authorities, research centres, manufacturing industries 
(vendors), and electric utilities. The breeders will have to be 'embedded' in 
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a system already consisting of thermal reactor, fossil fuel and other power stations. 
Decisions to be taken will depend not only on technological and safety aspects, 
but very crucially also on political and economic conditions in the respective 
nations, in particular on the specific energy demand structure. 

As already emphasized, the complexity of the breeder programmes has 
induced a close collaboration between various countries (see especially sub-
section III—9.6 for the SEFOR co-operation and the respective subsections on 
international co-operation in Chapter II). The purpose of this international 
co-operation is not only to share expenses and to save time, but also to gain 
greater certainty and mutual support in the reliable design and safe operation of 
breeder reactors — by pooling know-how and experience. The co-operation 
may also result in a harmonization of the safety philosophies and of the licensing 
criteria of the participating countries. Last but not least, non-proliferation 
concerns make it urgent to implement sufficient safeguards, as suggested by 
INFCE. 

The most remarkable co-operation has come about in western Europe in 
recent years. After the Federal Republic of Germany had merged its project 
with Belgium and the Netherlands in 1967 (see subsection II—3.3), agreements 
on close breeder co-operation were brought about with France and Italy in the 
1970s (see subsection II—2.3). In 1984, UK joined this association (see 
subsection II—8.3). In many special fields, there are also co-operation agree-
ments on know-how exchange and joint experiments among the other 'breeder 
nations' and between them and the West European countries. International 
conferences on breeder safety etc. provide mutual information and the opportunity 
for critique by experts. 

IX—4.4. FUTURE PERSPECTIVES, BARRIERS AND FRONTIERS 

The development towards commercialization of breeder systems will imply 
a choice between various alternative subsystems, with a view to, among others, cost 
reduction, extended plant life, safety and breeding characteristics. Some of these 
alternatives concern materials for fuel rod canning (increasing burnup), absorbers, 
fuel element wrapper tubes, reactor vessel, piping, and steam generators. Certain 
concepts of inherently safe shutdown systems are under investigation. The 
primary heat transfer system can be arranged either according to the 'loop' or 
to the 'pool' concept (depending on whether primary sodium pumps and IHXs 
are positioned outside or inside the reactor vessel). There are very different steam 
generator concepts in the various plants so far with few indications as to which 
will be ultimately preferred. There also exist different alternatives for fuel and 
its fabrication methods, and for the geometrical arrangement of the fissile and 
fertile zones in the reactor core. These examples illustrate that, at the present 
time, various types of sodium cooled fast breeder reactors are still in 'competition'. 
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The time-scale of the national LMFBR programmes has been stretched 
considerably in recent years. On the one hand, this is due to the fact that political 
conditions in various countries have delayed the licensing procedures. These 
delays have caused a shift in the timing of follow-on projects and thus of the 
whole breeder development. The original aim of some countries to deploy several 
commercial fast breeder power stations before the end of this country, will thus 
not be realized. On the other hand, the predictable shortage of uranium will make 
itself felt later than expected, because the rate of construction of thermal nuclear 
power stations in the world has been reduced so that the cumulative uranium 
demand for these plants by the year 2000 will be definitely lower than according 
to earlier national energy programmes. This development has resulted in a 
temporary decrease of uranium prices in recent years. If this development 
continues in the future, or if extremely abundant uranium ore reserves are 
discovered, this would postpone the need for breeder reactors even further. 
Another source of uranium which might affect the LMFBR deployment plans 
would be the availability of uranium from seawater at very cheap prices. This 
would result in the production of large quantities of uranium which might obviate 
the need for breeders. To summarize: the time at which breeders will be required 
as well as the time at which they can be deployed has shifted into the future by 
some decades compared with predictions made 20 years ago. 

Generic factors which make it hard for breeders to compete with LWRs in 
the middle term have been partially discussed in previous subsections and can be 
summarized as follows: 

— construction costs will remain higher than for an LWR, due to the greater 
complexity of a breeder plant 

— fuel cycle costs, e.g. for mixed oxide fuel fabrication and high burnup fuel 
reprocessing, have to be reduced considerably in making the transition from 
the present pilot plant operation to economical industrial-scale operation 

— proliferation aspects regarding the materials processed within the closed 
LMFBR fuel cycle 

— the large size of commercial breeder power stations is only tolerable in a 
power grid system in which a shutdown of a plant would not cause a 'black-

• out' in the power supply of a region i.e. where the capacity of neighbouring 
plants is sufficient as a substitute 

— the introduction of a new plant system into a market with an older, simpler, 
established system is a difficult step in itself, independent of the particular 
type of new plants: this entails problems with licensing, personnel training, 
etc. adapting to a different design 

— the infrastructure required for a breeder economy including fuel cycle 
facilities. 
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It is the aim of the national LMFBR programmes to have the breeder techno-
logy commercially available when the market demands it. 'Commercially available' 
means that sufficient experience has been gained in the design, construction and 
operation of demonstration power stations, to allow normal market forces to 
determine the onset of purely commercial use of the technology. 
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Chapter X 

SUMMARY AND FUTURE TRENDS 

X - l . INTRODUCTION 

The status of the LMFBR technology as well as some of the factors which 
will impact fast breeder reactor deployment have been examined in the previous 
chapters. Here, an attempt will be made to summarize the situation and describe 
what might be termed 'the future of the LMFBR'. 

X—2. THE NEED 

The need for fast breeder reactors, and indeed nuclear power, to replace 
dwindling sources of fossil fuels, will be determined in large measure by the rate 
of growth of energy demand. Significant growth rates are expected over the period 
of the next fifty years, especially in the developing countries as they endeavour 
to catch up with the living standards of the industrialized countries. 

Fast breeder reactors utilizing known resources of nuclear materials can 
unquestionably supply the energy needs for centuries to come. There is no other 
alternative energy source for which the technical feasibility is proven. It is certain 
that the need for breeders will arise in the future. What is uncertain is when these 
advanced technologies will be required, and how soon the need will become urgent. 

There are uncertainties also in the extent and prices of uranium resources. 
It is possible that 'time could be bought' by use of higher conversion thermal 
reactors. However, this is not a long-term solution capable of satisfying world 
energy demand, whereas the symbiotic system of converter and breeder reactors 
could provide sufficient energy for many centuries to come. 

Only preliminary statements can be made about the economic aspects of fast 
breeder reactors in the future. There are good prospects for a substantial cost 
reduction in the middle or long term, so that — with uranium prices rising 
substantially after the turn of the century - competitivity of LMFBRs with 
LWRs is attainable. 

According to some recent cost estimates made in France and the United 
Kingdom on the basis of the experience in SUPER PHENIX-1 construction and 
of advanced demonstration plant concepts (see subsection IX—3), the ratio between 
the specific generation costs for electric energy by LMFBRs and those by modern 
PWRs might be reduced to values of 1.1 to 1.2 according to the assumptions made 
on uranium prices. Such analyses greatly strengthen hopes that future modifica-
tions in the design, construction, and operation of breeder systems may bring down 
the present costs to a range which would be acceptable compared with PWRs. 

6 3 9 
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Of course, economic competitivity is not, by far, the only criterion upon 
which the deployment of breeder systems will be decided. The assurance and 
reliability of long-term uranium supply may be an even more fundamental motive 
for various nations having scarce uranium resources of their own. 

Some countries, particularly Japan and countries in Western Europe such as 
France, which generally lack domestic supplies of fossil fuels, especially oil and/or 
natural gas, and have no uranium reserves plan to begin deployment of breeder 
reactors in the time-frame 2000 to 2010. The USSR, although it has large reserves 
of fossil fuels and nuclear resources, because of the location of population centres 
compared with the location of fuel resources, geographical conditions, and climatic 
problems, also anticipates the need for fast reactors at about the same time. 

Countries such as the United Kingdom, the Federal Republic of Germany, 
and the United States of America, with more extensive and accessible fossil reserves, 
find the need for the breeder reactor less urgent. It is possible, however, that even 
they would foresee utilization of the breeder before the middle of the next century. 

Of course, a breeder without reprocessing is no breeder! Thus, a mandatory 
requirement for the eventual utilization of breeder reactors is the closure of the 
fuel cycle. As long as thermal reactors are operating while commercial breeder 
deployment is delayed, the question what to do with the spent fuel of the thermal 
reactors in the meantime will persist. Among the different options which are 
usually considered, only the following have a positive impact on the introduction 
of a breeder programme: 

(i) Early reprocessing of LWR fuel for later recycling in LMFBRs 
(ii) Preserving spent LWR fuel elements in intermediate storage until later 

reprocessing for LMFBRs 
(iii) Early reprocessing of LWR fuel for recycling in LWRs or HWRs. 

Although the major part of the development towards the large-scale 
commercial plants has already been accomplished, considerable work is still needed 
for the related fuel cycle. There has been some operational experience, first on a 
laboratory scale then on a semi-industrial basis, but the fuel fabrication and repro-
cessing facilities remain to be developed further on a broad commercial scale. 

X-3 . THE PROBLEMS 

From more than 30 years of development and experience, the present status 
of LMFBRs can be characterized as follows: 

— The specific parameters of the fast reactor have been extensively established 
(breeding capability, neutronics data, stability parameters, etc.) 

- The technical feasibility and the operational reliability of LMFBR power 
stations has been demonstrated up to sizes of 600 MW(e) 
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— The LMFBR plant safety can be made at least comparable to that of modern 
LWR plants 

— The main basic choices, essentially stainless steel as structural material, sodium 
as coolant, and mixed oxides as fuel have proven to be excellent 

— LMFBR fuel can be reprocessed within some months after discharge from 
the reactor, and with sufficient thoroughness (about 0.4% of the plutonium 
left in the residue) even with high burnup fuel 

— Refabrication of fuel elements from recycled plutonium is being carried out 
at least on a semi-industrial scale. 

There are still a few difficulties to deal with: flux stability of the large cores, 
very peculiar thermal hydraulics of the sodium, realization of steam generators, 
in-service inspections etc., but on the whole there are no fundamental technical 
problems regarding the feasibility of any constituent of the breeder system. 
However, optimization of proven techniques for plant and fuel cycle cost reduction 
is required urgently. 

In contrast to the technical situation, which is 'in hand' or on the way to 
solution, is the availability of funds for the further development of the required 
technology and the capital investment in the facilities. There are seen to be 
definite problems in long-term investments, particularly since the investment 
capital market seems to be oriented on a short-time return basis. This means 
that the capital only will be available if, for example in Europe, some of the larger 
organizations such as EdF in France, CEGB in the UK, and several Federal German 
utilities might pool resources to finance the facilities. 

In Europe it has already been established that the commercial size fast 
breeder reactors will be built by means of an international co-operative effort. 
Operation of the breeder reactors is also anticipated to be on an international 
basis in western Europe. The same trend is seen in other facets of the nuclear 
area such as the reprocessing and enriching area. Thus it appears that co-operation 
is possible in Europe, not only for the construction and operation of reactors but 
also of fuel cycle facilities. 

Desirable points that initially prevailed for the fast breeder system — a high 
breeding ratio, a low specific inventory, a low ex-core inventory, and fast turn-
around times through the fuel cycle — have been losing their priority as a result 
of the recent reduction of energy demand. Thus, these points are no longer seen 
as major specifications in the core designs. It appears that the earlier arguments 
in favour of rapid deployment of large breeder reactors no longer are essential 
at the present time. 

From the standpoint of policy, a clear-cut political position is needed. Where 
clear-cut decisions have been made the question stops being debated; it is put out 
of the way; and the people have accepted the technology. 
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X—4. THE OUTLOOK 

What can be said of the future? Since a major problem is capital cost, the 
future mainly can lead to increased international ventures. These will provide 
a means of financing the large investments required for the plants and fuel cycle 
development. 

The following main reasons for international collaboration in 'tightening up ' 
breeder reactor work can be emphasized: 

(i) Cost reduction in R&D through information exchange and programme 
harmonization, avoiding useless duplications and pooling the efforts on 
large experimental facilities 

(ii) Construction and operation of jointly-owned, multinational reactor and 
fuel cycle plants yield experience which would be more expensive to the 
partners if each were to construct a separate national plant 

(iii) It should be easier to carry out a continuous international safeguards 
programme for protecting fissile material, after co-operation in R&D has 
already been established. 

At the same time it must be borne in mind that international co-operation 
means a lot of co-ordination work. To avoid unnecessary 'red tape', the 
organization should be as simple and transparent as possible. Otherwise bureau-
cratic procedures might hamper international progress rather than promote it. 

The future breeder development can be imagined to proceed along the 
following lines: 

(i) Designing, building and commissioning about three or four large commercial 
size plants within the already established European co-operation and in the 
USSR by the year 2000, and somewhat later in Japan and the USA. Thus, 
some operating experience will be available by the time commercial deploy-
ment on a larger scale is required. An accompanying R&D programme should • 
proceed in parallel with a detailed information exchange. This would improve 
considerably plant designs in successive plants in the various programmes. 

(ii) Some studies are proposing to continue R&D with a view to small LMFBR 
power stations, with additional inherent safety, and possibly lower cost 
characteristics, which might make them suitable also as a basis for a modular 
design of larger power stations. 

Decisions have been made for the near future that only pool-type reactors 
would be built in Europe and the USSR. The technical question which 
remains is whether Japan and the United States of America would continue to 
develop the loop system in the future. 

The time schedule for the deployment of commercial, i.e. full-sized 1000 MW(e) 
(or greater) serially produced, fast breeder reactor plants has changed in comparison 
with projections made about 15 years ago. This is partly due to the fact that the 
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FIG.X-1. Current status and planned facilities for LMFBRs and associated fuel cycle plants. 

construction of all types of power stations is proceeding at a much slower rate 
than anticipated in the 1970s. Thus, the time at which uranium will become 
scarce and much more expensive than it is at present has been shifted into the 
future by some decades. At the same time, the costs of fast breeder systems have 
become higher than foreseen - at least for the time being. The development of 
less costly plant concepts looks promising, but practical results will take their time. 

This means that fully commercial fast breeder reactor plants will enter the 
market rather late, but can still be in time when the present 'uranium glut' has 
given way to scarcity. This will possibly affect the various nations in a different 
way, depending on their indigenous materials resources, capital available and their 
respective development phase of nuclear energy. 

In the European countries which have decided already to harmonize their 
efforts, there are few doubts that several reactors will be on-line by the end of 
the century. Referring to the previous plans,'it may be seen that: in France, 
SUPER PHENIX-1, due to achieve criticality in 1985, will be able to provide 
sufficient experience for SUPER PHENIX-2, expected to be on-line by the mid-
19908; in the Federal Republic of Germany, SNR-2 might be available by the 
year 2000; and the UK could decide to build CDFR by the end of the century. 

In the USSR, BN 600 will be followed by BN 800, early in the 1990s, as 
the first of a series of perhaps twenty. Subsequently, BN 1600 would be on-line 
sometime after the year 2000. Japan is expected to complete MONJU around 
1990 and perhaps a larger demonstration reactor by the year 2000. All of these 
scenarios would obviate the immediate need for commercial size fuel cycle 
facilities until sometime after the year 2000. However, it would be expected 
that demonstration facilities would be employed as a means of preparing for 
large commercial size units (see Fig.X-1). 

In the longer term, after the year 2000, a series of then-proven LMFBR 
plants could be ordered with the consequent need for large-scale fuel reprocessing 
and fabrication facilities. The large-scale deployment of fast breeder reactors 
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would thereby be available by the time the liquid fossil energy reserves will be 
depleted, variously est imated to be sometime early in the twenty-first century. 
This would achieve the overall LMFBR objective of ensuring a long-term source 
of power for meeting world energy demand. 
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e.g. 
EIR 

ENDF 
ENEA 

ENEL 

EPDC 
EPRI 
ESK 

ESMERALDA 

ETEC 
ETR 
EURATOM 
EUREX 
eV 
EVST 
expt. 

°F 
FAUNA 

FBEC 
FBR 
FBTR 
FCA 

LIST OF ABBREVIATIONS 

reactivity dollar 
displacements per atom 
doubling time 

European Accident Code 
estimated additional (uranium) reserves 
experimental breeder reactors (USA) 
Stichting Energieonderzoek Centrum Nederland, 

Energy Research Center (Netherlands) 
Electricité de France, French national utility 
Enrico Fermi fast breeder reactor (USA) 
equivalent full power days 
for example 
Eidgenössisches Institut für Reaktorforschung, 

Institute for Nuclear Reactor Research (Switzerland) 
evaluated nuclear data file 
Energía Nucleare e Energia Alternative, Italian 

National Research Organization for Nuclear and 
Alternative Energies (formerly CNEN) 

Ente Nazionale per l'Energia Elettrica, Italian national 
utility 

Electric Power Development Corporation (Japan) 
Electric Power Research Institute (USA) 
Europäische Schnellbrüter-Kernkraftwerksgesellschaft, 

European Fast Breeder Company 
Versuchsanlage zur Untersuchung von Natriumbränden, 

test facility for studying large sodium fires (France) 
Energy Technology Engineering Center (USA) 
engineering test reactor (USA) 
European Atomic Energy Community 
enriched uranium extraction 
electronvolt 
ex-vessel storage tank 
experimental 

degree Fahrenheit 
Forschungsanlage zur Untersuchung nuklearer 

Aerosole, Research Facility for the Investigation of 
Nuclear Aerosols (Federal Republic of Germany) 

Fast Breeder Engineering Company (Japan) 
fast breeder reactor 
fast breeder test reactor (India) 
fast critical assembly (Japan) 
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FCCI fuel-cladding chemical interaction 
FCI fuel-coolant interaction 
FCMI fuel-cladding mechanical interaction 
FDHR failure of decay heat removal 
FEFPL experimental programme to determine fault 

propagation (USA) 
FFTF , fast flux test facility (USA) 
FHC fuel handling cell 
Fig. (Figs) Figure (Figures) 
FMEF fuels and materials examination facility (USA) 
FORTISSIMO see RAPSODIE (FORTISSIMO) 
FREGAT pilot reprocessing plant (USSR) 
FSF fuel storage facility (USA) 
ft foot 

g gram 
GAAA Groupement Atomique Alsacienne Atlantique, 

nuclear reactor architect-engineering company 
(France) 

gal gallon 
g-at. gram-atom 
GE General Electric Company (USA) 
GSP gel-supported precipitation process 
Gy gray 

h hour 
h"1 in-hour (unit of reactivity) 
HAW high-activity waste 
HCDA hypothetical core destructive (disruptive) accident 
H/D height-to-diameter ratio 
HEDL Hanford Engineering Development Laboratory (USA) 
HEF hot experimental facility (USA) 
HEPA high-efficiency particulate aerosol (filter) 
HERMES head-end and reprocessing facility on mock-up 

engineering scale (Belgium) 
HEU high-enriched uranium 
HFR high flux research reactor (Netherlands) 
HLW(C) high-level waste (concentration) 
HM heavy metal 
hp horsepower 
HTR, HTGR high temperature (gas-cooled) reactor 
HWR heavy water reactor 
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IAEA International Atomic Energy Agency 
ICR inventory-change report 
i.e. that is 
IHRWS insufficient heat removal without scram 
IHTS intermediate heat transport system 
IHX intermediate heat exchanger 
IIASA International Institute for Applied Systems Analysis 

(Austria) 
in inch 
INB Internationale Natrium-Brutreaktor GmbH, 

Belgian/Dutch/Federal German industrial 
consortium founded for the construction of 
SNR 300 

INEL Idaho National Engineering Laboratory (formerly 
NRTS) (USA) 

INFCE International Nuclear Fuel Cycle Evaluation 
inHg inch of mercury 
INTERATOM, IA Internationale Atomreaktorbau GmbH, 

reactor manufacturer (Federal Republic of Germany) 
IPS international plutonium storage 
ISA-1 experimental facility to investigate sodium-water 

reactions (France) 
ITREC pilot reprocessing plant (Italy) 
IUREP International Uranium Resource Evaluation Project 
IWGFR International Working Group on Fast Reactors 

(IAEA) 

J joule 
JAERI Japan Atomic Energy Research Institute 
JAPC Japan Atomic Power Company 
JOYO fast experimental test reactor (Japan) 
JRC Joint Research Centre (CEC) 
JUPITER joint US/Japanese programme for large core critical 

experiments 

K kelvin 
KBG Kernreaktor-Betriebs-Gesellschaft, utility for the 

operation of KNK (Federal Republic of Germany) 
KfK Kernforschungszentrum Karlsruhe, Nuclear Research 

Centre Karlsruhe (Federal Republic of Germany) 
kg kilogram 
km kilometre 
KMP key measurement point 
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KNK-II Kompakte natriumgekühlte Kernreaktoranlage, 
sodium cooled fast test reactor with thermal driver 
zone (Federal Republic of Germany) 

KOBRA critical facility for large cores (USSR) 
KVG Kenntnisverwertungs-Gesellschaft, know-how evaluation 

company for fast breeder technology 
(Federal Republic of Germany) 

KWU Kraftwerk Union AG, reactor manufacturer 
(Federal Republic of Germany) 

L litre 
LAMPRE Los Alamos molten plutonium reactor experiment 

(USA) 
LANL Los Alamos National Laboratory (formerly LASL) 

(USA) 
LASL Los Alamos Scientific Laboratory (now LANL) (USA) 
lb pound 
LCCEWG Large Core Code Evaluation Working Group 
LEU low-enriched uranium 
LLW low-level waste 
LMEC Liquid Metal Engineering Center (USA) 
LMFBR liquid metal fast breeder reactor 
LNG liquid natural gas 
LOA line of assurance 
LOCA loss of coolant accident 
LOD lines of defense 
LOF loss of flow accident 
LSPB large-scale prototype breeder (USA) 
LWGR light water cooled, graphite moderated reactor 
LWR light water cooled and light water moderated reactor 

m metre 
M molar concentration 
MAGNOX gas cooled graphite moderated reactor using a 

magnesium alloy as the cladding material (UK) 
man • rad 
man • rem 

r . units of collective dose man • Gy 
man • Sv 
MASF maintenance and storage facility (USA) 
MASURCA maquette surrégénératrice Cadarache, fast critical 

assembly Cadarache (France) 
max. maximum 
MBA material balance area 
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MBR material balance report 
mill ( = U S $ 10"3 = 0. W) 
MILLI laboratory-scale fast fuel reprocessing facility 

(1 millitonne/day) (Federal Republic of Germany) 
min minute 
min. minimum 

minute of angle 
MIR machine d'inspection pour réacteurs rapides, 

inspection machine for fast reactors (France) 
MLW medium-level waste 
mm millimetre 
mmHg millimetre of mercury (torr) 
mol mole 
mol. molecule, molecular 
mol. wt molecular weight 
MONJU fast breeder prototype reactor (Japan) 
MOX Pu0 2 /U0 2 mixed oxide fuel 
MOZART joint UK/Japanese critical experiments of 

LMFBR cores in ZEBRA 
m.p. melting point 
MPC maximum permissible concentration 
MSM modified source multiplication 
MW(e) megawatt (electrical) 
MW(th) megawatt (thermal) 

n neutron 
NDA non-destructive assay 
NDT non-destructive test 
NEA Nuclear Energy Agency (OECD) 
NEACRP Nuclear Energy Agency Committee on Reactor 

Physics 
NEANDC Nuclear Energy Agency Nuclear Data Committee 
NEI Nuclear Engineering International (UK) 
NERATOOM, NA industrial group for the development of nuclear power 

plants and plant components (Netherlands) 
NERSA Centrale Nucléaire Européenne à Neutrons Rapides, 

S.A., European utility group for the operation 
of SUPERPHENIX 

NIRA Nucleare Italiana Reattori Avanzati, nuclear industry 
group (Italy) 

NNC National Nuclear Corporation (UK) 
NNDC National Nuclear Data Center (USA) 
NNWS non-nuclear weapons states 



661 LIST OF ABBREVIATIONS 

NOVATOME fast breeder reactor manufacturing company (France) 
NRC see USNRC 
NRTS National Reactor Testing Station (now INEL) (USA) 
NUKEM industrial company for the processing of uranium 

fuels (Federal Republic of Germany) 
nvt neutrons-velocity-time 

OECD Organisation for Economic Co-operation and 
Development 

O/M oxygen-to-metal ratio 
ORNL Oak Ridge National Laboratory (USA) 
OSCAR adjusted nuclear data set (USSR) 

Pa pascal 
PAHR post-accident heat removal 
P/D pitch-to-diameter ratio 
PEC prova per elementi di combustibili, fast experimental 

test reactor (Italy) 
% per cent 
%o per mille 
PFR prototype fast reactor (UK) 
pH (as in pH7) hydrogen-ion exponent 
PHENIX fast breeder prototype reactor (France) 
PIL physical inventory listing 
PNC Power Reactor and Nuclear Fuel Development 

Corporation (Japan) 
ppm parts per million 
PPS plant protection system 
PRDC Power Reactor Development Corporation (USA) 
PRIS power reactor information system (IAEA) 
PROTEUS * uranium (5% enriched) graphite moderated research 

and test reactor (Switzerland) 
PUREX plutonium and uranium recovery by extraction 
PWR pressurized light water cooled and light water 

moderated reactor 

R röntgen 
°R degree Rankine 
R&D research and development 
RACINE programme for physics experiments of large LMFBR 

cores in MASURCA (France/DeBeNe/Italy) 
fad radian 
rad unit of absorbed dose - 100 rad = 1 Gy 
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RAPS radioactive argon processing system 
RAPSODIE(FORTISSIMO) experimental fast test reactor (France) 
RAR reasonably assured (uranium) reserves 
Ref. (Refs) Reference (References) 
rem ( 1 0 0 r e m = l S v ) 
RSB Reaktorstrecke für Schnelle Brüter, test facility for 

LMFBR handling machines (Federal Republic 
of Germany) 

RTD resistance temperature detectors 
RWE Rheinisch-Westfälisches Elektrizitätswerk AG, 

Federal German utility 

s 
S 
SAC 

SAEA 
SAF 
SAI 

SAP 

SASCHA 

SBK 

SCARABEE 

SCK/CEN 

SCP 

SCTI 
SCTL 
SD 
SEFOR 
SERENA 

SG 

second 
siemens 
Système d'Arrêt Complémentaire, independent 

backup shutdown system (France) 
Southwest Atomic Energy Associates (USA) 
secure automated fabrication 
Science Applications Inc., science and engineering 

consulting company (USA) 
Service des Ateliers Pilote, fast fuel reprocessing 

pilot plant (France) 
Schmelzanlage für schwache Aktivitäten, test facility 

for the melting of low-level wastes 
(Federal Republic of Germany) 

Schnell-brüter-Kernkraftwerksgesellschaft mbH, 
Belgian/Dutch/Federal German utility group to 
operate SNR 300 

pool-type, high thermal flux reactor for safety 
experiments (France) 

Studiecentrum voor Kernenergie/Centre d'Etude de 
l'Energie Nucléaire, Nuclear Research Center Mol 
(Belgium) 

Système de Commande Principal, normal shutdown 
system (France) 

sodium component test installation (now LMEC) (USA) 
small component test loop (USA) 
standard deviation 
Southwest Experimental Fast Oxide Reactor (USA) 
Société Européenne pour la Promotion des Systèmes 

des Réacteurs Rapides Refroidis au Sodium, 
European Society for the Promotion of Fast Reactors 

steam generator 
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SGR 
SILOE 

SLSF 
SNEAK 

SNR-2 

SNR 300 

SP 
sp. 
sp. gr. 
sp. ht 
SPTF 
sp. vol. 
SPX, SUPERPHENIX 

SR 
SRE 
SS 

SSAC 

SUSI 

Sv 
SWG 
SYFRA 

t 
T i ' T 1 / 2 

TAPIRO 
TBP 

TC 
TD (th.d.) 
(th)(=(h), as in MW(th)) 

self-generated recycling 
light water cooled and moderated pool-type research 

reactor (France) 
sodium loop safety facility (USA) 
Schnelle Nullenergie-Anordnung Karlsruhe, 

fast critical zero power assembly 
(Federal Republic of Germany) 

fast breeder reactor power plant following the 
SNR 300 in the Federal German/Belgian/Dutch 
breeder reactor programme 

Schneller natriumgekühlter Reaktor, fast breeder 
prototype reactor (Federal Republic of Germany/ 
Belgium/Netherlands) 

strategic point 
specific 
specific gravity 
specific heat 
sodium pump test facility (USA) 
specific volume 
fast breeder reactor power plant following PHENIX 

in the French fast breeder reactor programme 
speculative resources 
(thermal) sodium reactor experiment (USA) 
stainless steel 
State's System of Accounting for and Control of 

Nuclear Material 
Schmelzanlage für Versuche unter simulierten Unfall-

Bedingungen, test facility for melting experiments 
under simulated accident conditions 
(Federal Republic of Germany) 

sievert 
safety working group 
système français, fast breeder technology licensing 

company (France) 

tonne 
half-life 
fast, low-power neutron source facility (Italy) 
tri-n-butyl phosphate, chemical agent used in fuel 

reprocessing 
thermocouple 
theoretical density 
thermal 
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THTR thorium fuelled high temperature gas cooled reactor 
TIG tungsten inert gas (welding) 
TLD thermoluminescent dosimeters 
TNO Organisatie voor Toegepasst Natuurwetenschappelijk 

Onderzoek, Organization for Applied Scientific 
Research (Netherlands) 

TOP transient overpower accident 
TOR traitement des oxydes rapides, fast reactor fuel 

demonstration reprocessing plant (France) 
TREAT transient reactor test facility (USA) 
TRU transuranic 

UKAEA United Kingdom Atomic Energy Authority 
ULHS unprotected loss of heat sink 
ULOF unprotected loss of flow accident 
Unat natural uranium 
UNIPEDE International Union of the Electric Power Producers 

and Distributors 
UP-1 Usine de Plutonium, thermal reprocessing facility 

(France) 
UPLCD unprotected propagation of local cooling 

disturbance 
URA unprotected reactivity addition accident 
USAEC United States Atomic Energy Commission 
USDOE United States Department of Energy 
USEPA United States Environmental Protection Agency 
USNRC United States Nuclear Regulatory Commission 
UTOP unprotected transient overpower accident 

V volt 
VEC variable energy cyclotron (ÜK) 
vol. volume 
vol.% volume per cent 
W E R Vodo-Vodyanoj energeticheskij reaktor, pressurized 

water reactor of the Novovoronezh type (USSR) 

W watt 
W/D wall-to-diameter ratio 
WEC World Energy Conference 
WOCA world outside centrally planned economies area 
wt weight 
wt% weight per cent 
WWER see W E R 
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ZEBRA zero energy breeder reactor assembly (UK) 
ZEPHYR zero energy physics reactor (UK) 
ZEUS zero energy uranium system (UK) 
ZPPR zero plutonium power reactor (USA) 
ZPR zero power reactor (USA) 
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A 

ABC: VII-5.8.1 
Absorber materials: IV-2.3.1, IV-2.3.4, 

IV—2.3.6, IV—2.3.8.1, IV—4.7, V—8 
Absorber properties: V—9 
Absorber requirements: V—9 
Absorber rods: IV-2.1.4, IV-2.3.1, 

IV-2.3.5.2, IV-2.3.8, IV-2.3.8.1, V - 9 . 4 
Absorbers: VI-3 .7 
Accident analysis: VII -1 , VII-2.2.3, 

VII—2.4 
Accident initiators: VII -2 , VII -8 .2 
Accident paths structure: VII—5.1 
Accident prevention: VII-2 .2 , VII-2.2.2 
Accidental releases: VII—2 
Acoustic methods: VII-4 .8 
ACRR: II—9.2.2, II-9.2.3 
Actinides: VII—4.12.1, VIII-2.2 , 

VIII-6.5.1.4 
AEROSIM: VII-5.8.1 
Aerosol behaviour: VII-5 .8 , VII-5.8.1 
Aerosol generation : VII-4.12.1 
Afterheat: IV-2 .1 , IV-2.1.5 
Air coolers: VII—4.7 
Aircraft crashes: VII -7 , VII-7 .3 , VII-8.1 
Albedo concept: IV—4.9 
ANABEL system: VII-4 .4 
ANL: 11-9.2.1,11-9.2.3 
Annular pellet fuel rods: VII-2 .2 .3 
APRICOT: VII—5.6 
Aqueous fuel reprocessing: VIII-5.1.2.1 
ARGO: II—2.3 
Assembly, see: Fuel, mixed oxide 
Assurance of supply: X—1 
AT-1 : II—2.2.3 
Attenuation of radioactivity release: 

VII—2.2.5 
Austenitic steel: V - 3 . 1 , V - 3 . 2 

— advanced development: V - 3 . 1 , V - 3 . 2 
— cladding material: V—3 
— duct material: V - 3 . 1 , V - 3 . 2 
— properties: V - 3 . 1 
— structural material: V—3.3 

Auxiliary systems: VI—8 
Averse risk limit line: VI I -3 .3 
Axial fuel expansion: VII—5.5 

B 

B e f f : IV—2.1.4, IV—2.3.8.1 
|3-radiation: IV-2.1.5 
Backfitting: VII -3 .2 
Backup reactivity shutdown system: VII—4.5 
Basic safety design: VII—2.2.1 
BDBA, see: Beyond design basis accident 
Benchmark 

- computational: IV—3.3 
- physical: IV-3 .1 , IV-4 .9 

Best estimate case calculation: VII-2.2.3 
Beyond Design Basis Accident (BDBA): 

VII -3 .2 
Biblis B: VII—8 
Blanket: V-4 .2 , VI-3 .1 , VI -3 .6 

- axial: V - 4 . 2 
- elements: V—8 
- pins: V—8 
- radial: V - 4 . 2 

Blockage of coolant channels: VII-5 .4 , 
VII -5 .5 

BN 350: 1 - 4 , I I -7 .2 , I I I -7 .4 
BN 600: 1-4,11-7.2,111-7.5, X - 3 
BN 800: 1 -4 , X - 3 
BN 800/1600: 11-7.2,111-7.6 
BN 1600: 1 - 4 , X - 3 
Boiling fuel/steel pools: VII-5.5 
Boltzmann equation: IV-2.3.2, IV-2.3.3.3 
Bonding: V-6 .1 

- helium: V-4 .1 , V-6 .1 , V - 9 . 1 
- sodium: V-2 .2 , V-6 .1 

BOR 60: II—7.2, III—7.3 
Boron carbide: V - 9 . 1 

- irradiation performance: V - 9 . 1 
- properties: V—9 
- rod design: V—9.1 

Bottled-up pool: VII-5 .5 
Bottom sedimentation: VII—5.8.1 
BR-1, BR-2: 1 - 4 , I I -7 .2 , III—7.1 
BR 5/10: 11-7.2,111-7.2 
Breeder development: X - 3 
Breeder reactor: I—1,1—2, X— 1 
Breeding (process): I—1,1-2 ,1-4 , IX-3 .4 
Breeding ratio: 1 - 4 , III—7.4, III—9.2, 

IV—2.1, IV—2.1.2, IV—2.1.3, IV—2.2.3, 
IV—4.5, X—2 
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Brownian coagulation: VII—5.8.1 
Burning rate of sodium fires: VII—4.12 
Burnup: I I I -2 .1 , I I I -2 .2 , III—3.1, III—6.1, 

III—7.3, I I I -7 .5 , I I I -8 .1 , III—8.2, 
III—9.5, III—9.7, IV-2 .1 .3 , IV-2 .2 .3 , 
IV—2.3.4, IV—2.3.6, IV-2 .3 .7 , IV-4 .7 , 
V—5.6, V—5.7, V—6.1, IX—3.4 

c 

C/E ratio: IV-2 .1 , IV-4 .2 , I V - 4 . 5 
CABRI: II—2.2.2, II—2.3, VII—5.5 
CACECO: VII—5.7.1, VII—5.8 
Carbide: III—4, III—7.2 
Carbide fuel: V - 2 . 1 , V - 2 . 2 , V - 6 . 1 

- irradiation performance: V—6.1 
- pin design: V—6.1 
- properties: V—2.2 
- stoichiometry: V—2.2 

Carbon-14: VIII -6 .5 .1 .2 
Catch pan: VI I -4 .12 
CDFR: 1 - 4 , I I -8 .2 .1 , III—8.3, VI I -4 .4 , 

VII—4.8, VII—5.7.1, X—3 
- refuelling: V I - 7 

Charcoal filters: V I I - 5 . 8 
Chemical explosions: VII—7 
Clad dryout: V I I - 4 . 8 
Clad material melting: V I I - 5 . 5 
Clad material movement: VII—5.5 
Cladding: V - 3 . 1 , V - 3 . 2 

- corrosion: V - 3 . 1 , V - 5 . 6 , V - 1 0 . 1 
- failure: V - 5 . 6 
- properties: V - 3 . 1 , V - 4 . 3 
- requirement: V—3.1 

CLEMENTINE: 1-4 ,111-9 .1 
Cliff edge: VI I -3 .1 
Closed fuel cycle: 1 - 1 , 1 - 2 , 1 - 5 , III—9.5, 

VI I I -1 , VI I I -2 , VIII—4.2 ff., X - l 
Coagulation: VII -5 .8 .1 
Co-conversion: VIII-5 .1 .2 .2 
Cold trap: V I - 8 . 1 
Collaboration, international: 1—4, X—3 

(see also: International co-operation) 
Columnar grains: V—5.1 
Common-mode failures: VII—4.6 
COMO: VI I -3 .1 
Complementary probability distribution: V I I -
Component failures: VII—2.4.2 
Computer codes: V I I - 8 . 3 

COMRADEX: VI I -5 .8 
Conditional probability: V I I - 8 . 2 
Consumption: I X - 2 . 3 
CONTAIN: VII -5 .7 .1 , V I I - 5 . 8 
Containment: I I I -6 .2 , A - I I I - 1 . 4 , A - I I I - 2 . 4 

- behaviour: V I I - 5 . 8 
- design: VI I -5 .9 , VI I -8 .2 
- isolation: VI I -4 .1 
- loading: VII -5 .2 .2 

Control rod 
- follower: IV-4 .3 , I V - 4 . 8 
- interaction effect: IV—4.3 
- worth: IV-3 .1 , IV-3 .3 , I V - 4 . 3 

Control system: III—6.2, III—7.4, III—9.6, 
A - I I I - 1 . 4 , A - I I I - 2 . 4 

Conversion: VIII—5.1.3 
Conversion ratio: IV-2 .1 .2 
Coolant: IV-2 .1 .2 , IV-2 .3 .2 , IV-2.3.5 .1 , 

IV—2.3.5.2, IV—2.3.8.1 
- boiling: V I I - 1 
- loss: V I I - 1 

Co-processing: I I -5 .2 .3 , VIII -5 .1 .2 .2 
Core catcher: VII -5 .7 .1 , VI I -8 .2 

(see also: External core catcher) 
Core damage: VI I -2 .2 
Core debris: VI I -2 .2 .4 
Core design: I I I -2 .2 , III—6.2, III—7.4 

I I I -8 .2 , A—III—1.1, A—III—2.1, VI—3.1, 
IX—3.4 

Core destruction: V I I - 5 
Core destruction initiators: V I I - 8 . 2 
Core destructive accidents: VII—8.1, 

VI I -8 .2 
Core disruptive accident: V I I - 3 . 1 
Core instrumentation: VII—4.8 
Core material retention device: VII—3.2 
Core meltdown: I V - 4 . 8 
Core support plate: VII—5.6 
Cost estimates: X - 1 
Costs: IX—3.1 

- capital: I X - 3 . 3 
- electrical generation: IX-3 .2 , I X - 3 . 6 
- fuel cycle: IX-3 .4 , I X - 3 . 5 

COVA: VII—5.6 
Cover gas: V I - 8 
CRBR: II—9.2.1, III—9.8, VI I -4 .6 , VI I -5 .6 , 

VII—8 
.2 Creep 

- cladding: V - 3 . 1 
- irradiation induced: V—3.1 ,V-4 .3 , 

V - 5 . 6 
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Critical assembly (experiment): IV—2.2.3, 
IV-2 .3 .1 , IV—2.3.5.1, IV—3.1 

Cross-section: IV-2 .1 .1 , IV-2 .1 .3 , IV-2 .1 .6 , 
IV—2.2, IV-2 .2 .1 , IV—2.2.3, IV-2 .3 .6 , 
IV—3.1 

Cumulative complementary frequency 
distribution: VII—3.3 

D 

Damage propagation: VI I -2 .2 , VI I -2 .2 .4 
Damage severity: V I I - 2 . 3 
Danger coefficient: IV—2.3.4 
DBA, see: Design basis accident 
Debris beds: VI I -5 .7 .1 
Decay heat: IV-2 .1 .5 
Decay heat removal: V I I - 1 , VII -2 .2 .2 , 

VII—2.3, VII—4.1, VII—4.7, VII—8.2 
Decay Heat Removal System (DHRS): VI I -4 .7 
Decommissioning: VIH-6 .7 .1 , VI I I -6 .7 .2 
Decrease of aerosol concentrations: VI I -5 .8 
Defence in depth: V I I - 2 . 3 
Delayed (fission) neutrons: IV—2.1, 

IV-2 .1 .4 , IV-2 .1 .5 , IV—2.3.2, 
IV-2 .3 .3 .1 , IV-2.3 .8 .1 

Delayed Neutron Detector (DND): VII -4 .3 .7 

V I I - 4 . 8 
Deployment: 1 - 5 , X - 3 
Desalination: III—7.4 
Design Basis Accident (DBA): VI I -2 .3 , VI I -3 .2 
Design criteria: V I I - 4 . 2 
DFR: 1 -4 ,11-8 .2 .1 ,111-8 .1 

— decommissioning: VII I -6 .7 .2 
DHRS, see: Decay heat removal system 
Differential expansion feedback: V I I - 6 
Diffusion approximation: IV—2, IV—2.3.1, 

IV—2.3.2, IV—2.3.3.1, IV—2.3.3.2 
Diffusion equation (constant): IV—2.3.2, 

IV—2.3.3.1, IV—2.3.8.1, IV—4.8 
Dip plate: V I I - 5 . 6 
Disassembly phase: VI I -5 .4 , V I I - 5 . 6 
Discharge process: VII—5.6 
Dispersive phenomena: VI I -2 .2 .3 
Dispersive properties of core material: 

VII—5.2.1 
Displacement cross-section (dpa): IV—2.1.6 
Diversity: VI I -2 .2 .1 , VI I -4 .1 , VI I -4 .6 , 

VII—5 
DND, see-. Delayed neutron detector 

Doppler coefficient: 1-4,111—9.6, 
VII—4.10.1, VII—5.4, V I I - 6 

Doppler effect: IV-2 .1 .1 , IV-2 .3 .4 , 
IV—2.3.8, IV-2.3 .8 .3 , IV-4 .1 , IV-4 .6 .2 

Doppler experiment: IV—4.6.2 
Dose: V I I - 3 . 3 
Doubling time: 1 - 4 , IV-2 .1 .2 , IV-2 .3 .4 
Dryout of particle beds: VII—5.7.1 
Duct material: V - 3 . 1 

- design: V - 3 . 3 . V - 4 . 3 
- properties: V - 3 . 1 , V - 3 . 2 , V - 4 . 3 

DYNSHL: VII -4 .13 .2 

E 

Early fatalities: VI I -8 .2 
Early fuel dispersal: VI I -5 .5 
Earthquakes: I I -6 .2 .2 , VI I -8 .2 
EBR-I: 1 -4 ,11-9 .2 .1 ,111-9 .2 

- decommissioning: VIII—6.7.2 
EBR-II: 1 - 4 , II—9.2.1, I I -9 .2 .3 , III—9.5, 

VII—5.9 
Economic aspects: 1—5 
Economic competitivity: X - l 
Economy: 1 - 4 
EFFBR: 1 - 4 , II—9.2.1, I I I - 9 . 4 

- decommissioning: VIII—6.7.2 
Ejection of absorber rods: V I I - 5 
Embrittlement: V - 3 . 1 
Energy demand: X—1 
Energy independence: 1 - 2 
Energy releases: V I I - 2 , VI I -2 .2 .3 
Energy supply: 1—2 
Engineered barriers: VI I -2 .1 
Engineering aspects: 1—5 
Engineering mock-up : IV—3.1 
Enrichment (fuel): III—8.3, I V - 2 , V I - 3 . 3 
Environmental impact: VI I I -6 .5 
Equiaxial grains : V—5.1 
ESMERALDA: II—2.2.2 
ETEC: 11-9.2.1,11-9.2.3 
ETR: 11-9.2.2,11-9.2.3 
Eulerian mesh grid: VI I -5 .6 
Europium compounds: V - 9 , V - 9 . 2 

- irradiation behaviour: V—9.2 
- properties: V—9 

Event trees: V I I - 8 . 2 
Ex-core inventory: 1 - 4 
Ex-core time: IV-2 .1 .2 , VIII—2.1, VI I I -2 .3 
Expansion coefficient: IV-2 .3 .4 
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Expansion process: VI I -5 .6 
Experience (LMFBR): 1 - 5 
External containment : VII—2.1 
External core catcher: VII -5 .7 .1 
External events: V I I - 7 , VI I -8 .2 
External intervention plans: VII—3.2 
Ex-vessel core retention: VII -5 .7 .1 

F 

Fabrication (refabrication): 1 - 4 , VIII—2.3, 
VIII—3.2, VIII—3.2.1, VII1-3.2.1.1, 
VIII-3.2.1.2, VIII—3.2.1.3, VIII -3 .2 .2 , 
VIII—3.2.3, VIII-6 .5 .2 .1 , X - l 
- costs: IX—3.4 
- facility (fuel): 1 - 2 
- safety aspects: VI I I -6 .4 .2 

Failure of axial core support : VII—5 
Failure of Decay Heat Removal (FDHR): 

VI I -8 .2 
Failure of radial core constraint: V I I - 5 
Fast breeder reactor: I—1,1-2, X - l , 

- commercial: 1—4,1—5 
- demonstration: 1—4,1—5 
- experimental: 1-4,1—5 
- prototype: 1 - 4 

Fast fission (effect): IV-2 .1 .2 
Fast propagation : VII—4.8 
FBTR: 11-4.2,111-4 
FCA: II—6.2.1 
FCI, see\ Fuel-coolant interaction 
FDHR, see: Failure of decay heat removal 
FEFPL experiment: V I I - 4 . 8 
Fermi, Enrico: 1—4 
Ferritic steel: V - 3 . 1 , V - 3 . 3 

- advanced development: V—3.2 
- primary circuit material: V—3.3 

Fertile isotope: I-l 1 
FFTF: 1 - 4 , I I -9 .2 .1 , I I -9 .2 .3 , I I I -9 .7 , 

VII—4.4, VII—4.7, VI I -4 .10 , VI I -4 .11 , 
VII—4.12, VII—5, VII—5.9 
- fuel pin: VI -3 .2 .2 
- refuelling: V I - 7 

Fick 's law: IV-2 .3 .2 , IV-2 .3 .3 .1 
Filter columns: VI I -5 .8 , VI I -5 .9 
Filters for sodium aerosols: VI I -4 .12 .3 
Financing (availability): X—2, X—3 
Fissile isotopes: I—1 
Fissile material: VIII—2.1 

(see also: Plutonium) 

Fission energy production: IV-4 .4 .1 
Fission gas 

- plenum: V I - 3 . 2 
- release: V - 2 . 1 , V - 4 . 1 , V - 5 . 3 
- swelling: V - 2 . 1 , V - 3 . 3 

Fission product(s): VI I I -2 .2 , VIII-5.1.1.3, 
VIII-6 .5 .1 .4 
- behaviour: VI I -5 .8 
- yield: IV-2 .1 , IV-2 .1 .2 , IV-2 .1 .3 , 

IV-2 .1 .5 , IV-2.3 .3 .3 , IV-2 .3 .6 , 
IV-2 .3 .8 , IV—3.1 

Fission spectrum : IV—2.2.1 
Floods: VI I -7 .1 , VI I -8 .2 
Frequency of occurrence: V I I - 2 . 3 , VI I -8 .1 
Friction factors: VI -5 .1 .2 , VI -5 .2 .1 , 

VI—5.2.2 
Fuel, metal: 1 - 3 , 1 - 4 , III—8.1, III—9.1, 

III—9.2, I I I -9 .4 , V—2.3 
- irradiation behaviour: V - 2 . 3 
- properties: V - 2 . 1 , V - 2 . 3 

Fuel, mixed oxide (MOX): 1 - 3 , 1 - 4 , VI I I -3 .2 
- assembly: V - 4 , V - 4 . 1 , V - 4 . 2 , V - 5 . 6 
- design: V - 4 , V - 4 . 1 , V - 4 . 2 , V - 5 . 6 
- pellet: V - 4 . 1 , V - 5 . 6 

Fuel burnup: 1—4 
Fuel compaction : V I I - 1 
Fuel-Coolant Interaction (FCI): VII-2 .4 .3 , 

VI I -4 .8 , VI I -5 .6 
Fuel cycle: VI I I -1 , VI I I -2 , VI I I -2 .1 

- back-end: VI I I -2 , V I I I - 5 
- costs: IX—3.4 
- front-end: VI I I -2 , V I I I - 3 
- mass flow: VI I I -2 .2 
- resources: VII I -3 .1 
- safety aspects: VI I I -6 .4 

Fuel cycle, closed, see\ Closed fuel cycle 
Fuel dispersal: VI I -5 .5 
Fuel element (assembly): VI -3 .2 , V I - 3 . 5 
Fuel enrichment: IV-2.3 .8 .3 , V I - 3 . 3 
Fuel fabrication: 1 - 4 , X - l 
Fuel fabrication facility: 1—2 
Fuel failure: III—3.1, I I I -7 .2 , III—8.1 
Fuel failure detection: VI I -4 .3 .7 
Fuel irradiation: III—2.1, III—3.1, I I I -4 , 

III—5, III—6.1 
- testing: 111-7.2,111-7.3,111-8.1, 

I I I -9 .5 , I I I -9 .7 
Fuel management: IV-2 .3 .7 , VI I I -4 .1 

- energy production: IV—4.4.2 
- radiation: IV-2 .1 .5 
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Fuel melting: I I I -9 .2 , I I I -9 .4 
Fuel pin: VI-3 .2 , VI-3.2.1, VI-3.2.2, 

VI—3.2.3 
- design: V-4 .1 , V-5 .6 , V - 6 . 1 
- failure: V-5 .6 , V - 7 
- thermal performance: V—5.1, V—5.6 

Fuel slumping: VII—5.4 
Fuel/steel penetration: VII—5.5 
Fuels: 1 - 5 

G 

Gas bubble: V I I - 5 
Gas cloud explosions: VII -8 .2 
Gas-cooled FBR: 1 - 3 
Grain 

- columnar: V—5.4 
- equiaxial: V - 5 . 3 
- growth: V—5 

Group constants: IV-2.2.3 
Group cross-section (set): IV—2.2.3 
Growth rates: X - l 

H 

HAARM: VII-5.8.1 
Hazardous materials effects: VII -8 .2 
HCDA: VII—3.1, VII—3.2, VII—4.12, 

VII—4.12.1, VII—5.8 
Heavy isotope concentration: IV—4.7 
HEDL: II—9.2.1, I I -9 .2 .3 
Helium cooled FBR: 1 - 3 
Helium generation: V—9.1 
HEPA, see: High efficiency particulate filters 
HERMES: II—3.2.3 
Heterogeneity (effect): IV-2.3.2, 

IV-2.3.5.1, IV—2.3.5.2, IV-4 .1 
Heterogeneous core(s): III—9.8, IV—4.4.1, 

VI—4.1, VI—4.2, VII—5.4, VII—5.5 
High burnup fuel: 1 - 4 , X - 2 
High Efficiency Particulate Filters (HEPA): 

VII—5.8 
Homogeneous cores: IV—4.4.1 
Homogeneous/heterogeneous cores: VI—4.1, 

VI—4.2 
Homogenization: IV-2.3.3.3, IV-2.3.5.1, 
Hot channel, hot spot: V I - 5 . 1 , VI-5.1.4, 

VI—5.2 
Hot traps: VI -8 .1 
Hydrogen detection: VII-4.3.8 

Hydrogen release: VII-2.2.5, VI I -5 .8 
Hypothetical accident(s): 1 - 3 , VI I -1 , 

VII—3.1 
Hypothetical core destructive accidents: 

VII—3.1 
Hypothetical events: VII -2 .3 

I 

1ANUS: VII—4.10 
ICECO: VII-5 .6 
ICEPEL: VII-5 .6 
ICEPL: VII—4.13.2 
IHRWS: VI I -5 , VII -8 .2 
IHX: VI—6.4 
Incident: VII-2.3, VII-4.2.3, VII -4 .10 
Incoherency: VII—5.2.1 
Incredible events: VII—2.3 
INEL: II—9.2.1 
Information exchange: 1—4 
Inherent safety : 1 - 4 , V I I - 6 
Inherently safe: VII-2.2.1 
In-hour equation: IV—2.3.8.1 
Initiating phase: VII—5.2.1 
Inner containment: VII-2 .1 , VII-5 .8 , 

VII—5.9, VII-8.2 
In-place coolability: VII—5.3 
In-service inspectability: VII—2.2.1 
In-service inspection: VI -9 , VI-9 .1 , VI-9.2 
Instrumentation: VII-4 .3 
Instrumentation of steam generators: 

VII—4.13.4 
Integral material movement: VII—5.2.1 
Interaction 

- chemical fuel/cladding: V-2 .3 , V - 5 . 5 
- mechanical fuel/cladding: V—4.1, 

V—5.4 
Interactions with concrete : V I I - 5.7.1 
Intermediate reactor: IV-2 , IV-2.3.2 
International co-operation: 1-4,1—5, X—2, 

X—3 
In-vessel core retention : V I I - 5.7.1 
Isentropic expansion energy: VII—2.2.3, 

VII—2.2.4, VII-5.2.2 
Isentropic fuel work potential: VII-5.2.2, 

VII -5 .5 

J 

JOYO: II—6.2.1, III—6.1, VII—5.9 



6 7 2 SUBJECT INDEX 

K 

k e f f , criticality value: IV-2.3 .3 .1 , 
IV—2.3.7, IV—2.3.8.1 

KADIS: VII -5 .2 .2 
KNK-II: 1 -4 ,11-3 .2 .1 ,111-3 .1 

L 

Lagrange mesh grid : VII—5.6 
Laminar flow: V I - 5 , VI -5 .2 , VI -5 .2 .1 , 

VI—5.2.2 
LAMPRE: III—9.3 
LANL: II—9.2.1 
Late fatalities: VI I -8 .2 
Lattice: I V - 1 , IV-2 .3 .2 , IV-2.3 .5 .1 
Lejpunski, A.I.: 1—4 
Licensing: V I I - 1 
Lightning: VI I -8 .2 
Limit lines: V I I - 3 . 3 
Limiting case calculation: VII—2.2.3 
Linear rating: V - 4 . 1 , V - 5 . 6 , V - 5 . 7 
Lines of assurance: VII—2.2 
Lines of defence: VI I -2 .2 , VI I -3 .2 
LMEC, see: ETEC 
Loading of the reactor tank: V I I - 5 . 6 
LOCA, see: Loss of coolant accident 
Local blockage formation: VII—4.8 
Local boiling: VI I -4 .8 
Local fault propagation: VII -2 .2 .3 , V I I - 4 . 8 
LOD: VI I -2 .2 , V I I - 3 . 2 
LOF driven TOP: VII -5 .2 .2 , V I I - 5 . 5 
Long-term coolability: VII—5.5.2 
Loop (concept): 1 - 3 , III—3.2, III—3.3, 

III—7.4, III—9.7, III—9.8, VI—6.1, 

VII -4 .13 .2 , X - 3 
Loss Of Coolant Accident (LOCA): 1 - 3 , 

V I I - 8 . 2 
Loss of coolant flow: VI I -4 .2 .3 , VII -4 .10 .2 
Loss o f flow accident : VII—2.2.3 

M 

Major incidents: VII—2.3 
Mass flow: VI I I -2 .2 
Mass transport: V—10.1 

- carbon: V - 1 0 . 1 
- metals: V - 1 0 . 1 

MASURCA: II—2.2.2 
Materials: 1—5 
Mechanical energy: VI I -5 .2 .2 

Mechanical energy release: VII—8.2 
Mechanical failure: VI I -5 .5 , V I I - 8 . 2 
MELT-III: VI I -4 .10 
Melt-through: VI I -5 .5 
Metal fuel, see: Fuel, metal 
Microstructure: V - 2 . 1 , V - 5 , V - 6 . 1 
Migration (of gaseous fission products): 

IV—4.7 
MILLI: II—3.2.3 
Mixed oxide, see: Fuel, mixed oxide, and 

Oxide fuels 
Modified Source Multiplication (MSM): 

VII—4.9 
MOL 7C experiment: V I I - 4 . 8 
MONJU: 1-4 ,11-6 .2 .1 ,111-6 .2 , X - 3 
MOX, see: Fuel, mixed oxide 
MSM, see: Modified source multiplication 
Multi-barrier concept: V I I - 2 . 1 
Multinational facilities: X—3 
Multiplication constant (parameter): 

IV-2.3 .8 .1 , IV-2.3 .8 .3 , IV-3 .1 , I V - 4 . 2 

N 

NABRAND: VII -4 .12 .1 
National programmes: 1—5 
Natural barriers: VII—2.1 
Natural circulation: III—2.1, III—8.2, V I - 2 . 1 
Natural convection : V I I - 1 
Need (for fast reactor): X - l 
Neutron balance: IV-2 .1 .2 , IV-2 .3 .2 , 

IV—2.3.3.2, IV-2 .3 .4 , IV-2 .3 .6 
Neutron density: IV-2 .1 .5 , IV-2 .3 .2 , 

IV-2.3 .3 .2 , IV-2 .3 .4 , IV-2 .3 .6 
Neutron distribution: I V - 2 , IV-2.3 .3 .1 , 

IV-2.3 .3 .3 , IV—2.3.4, IV-2.3 .8 .2 
Neutron energy: IV-2 .1 , IV-2 .1 .6 , 

IV-2 .3 .2 
Neutron fluence: IV-2 .3 .6 
Neutron flux: I V - 2 , IV-2 .1 .1 , IV-2 .1 .6 , 

IV-2 .3 .2 , IV—2.3.3.1, IV-2.3 .3 .2 , 
IV-2 .3 .4 , IV-2.3.5 .1 , IV-2 .3 .6 , 
IV-2 .3 .7 

Neutron importance: IV-2 .3 .4 
Neutron leakage: IV-2 .1 .1 , IV-2 .3 .2 , 

IV-2 .3 .8 .2 
Neutron lifetime, fieff: IV-2.3 .8 .1 
Neutron mean free path: IV—2.3.1, 

IV-2 .3 .2 
Neutron streaming: IV-2 .3 .2 , IV-2 .3 .5 .2 
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Neutron transport correction: IV—4.2 
Neutron yield: I V - 2 . 1 , IV-2 .1 .2 , 

IV—2.3.8.2 
New safety concepts: V I I - 3 . 2 
Nickel alloys: V - 3 . 1 , V - 3 . 2 
Nitride fuels: V-2 .1 .1 , V-2 .1 .2 , V - 6 . 2 
Non-aqueous fuel reprocessing: VIII—5.1.2.3 
NRT model: IV-2 .1 .6 
NRTS, see: INEL 
Nuclear data: IV-2 .2 , IV-2 .2 .3 , IV-2.3 .3 .1 , 

IV—2.3.6 
Nuclear energy (development): I X - 2 . 1 
Nuclear waste: IV-2 .1 .3 , IV-2 .3 .6 
Nusselt number: VI -5 .1 .2 , V I - 5 . 2 , 

VI—5.2.2 

O 

Operation: III—2.1, III—2.2, III—3.1, 
III—6.1, III—7.2, I I I -7 .3 , III—7.4, 
III—7.5, III—8.1, III—8.2, III—9.2, 
III—9.4, III—9.5, I I I -9 .6 , III—9.7 

Operational transient: VI I -2 .3 , V I I - 2 . 4 
Optimization 

— core: V I - 3 . 4 
— plant: V I - 2 . 3 

ORNL: II—9.2.1 
Outer containment: VI I -5 .8 , VI I -5 .9 , 

V I I - 8 . 2 
Overheating: VI I -4 .2 
Oxide fuels: V - 2 . 1 , V - 2 . 2 , V - 5 

— irradiation performance: V—5 
— microstructural changes: V - 5 . 1 
— pin design, see: Fuel pin 
— properties: V—2.1.1, V—5 
— restructuring: V—5.1 
— stoichiometry: V - 2 . 2 , V - 4 . 1 , V - 5 . 5 
— swelling: V - 4 . 1 , V - 5 . 2 

Oxygen/metal ratio: V - 2 . 1 . 1 , V - 2 . 2 , 
V - 5 . 5 , V - 7 

P 

PARDISEKO: VI I -5 .8 .1 
Particle beds: VI I -5 .7 .1 
Particle size: VI I -5 .7 .1 
PEC: 1 -4 ,11 -5 .2 .1 ,111-5 , V I I - 4 . 8 
PFR: 1 - 4 , II—8.2.1, III—8.2, VII -4 .3 .7 , 

VII—4.7, VI I -4 .8 , VII—6 
— refuelling: V I - 7 
— steam generator: VI—6.5 

PHENIX: 1 - 4 , II—2.2.1, III—2.2, VI I -4 .2 .2 , 
VII -4 .3 .7 , VII—4.4, VII—4.7, VI I -4 .8 , 
VII—6 
- IHX: VI—6.4 
- refuelling: V I - 7 

Physical barriers: VII—2.1 
Physics, fast reactor: 1 - 5 
Pin-plate discrepancy: IV—2.3.5.1 
Pitch/diameter ratio : I V - 1 
Plant design: VI -2 .2 , V I - 2 . 3 
Plant load factor: IV-2 .1 .2 
Plant Protection System (PPS): VII -2 .2 .2 , 

VI I -2 .3 , VII—4.1, V I I - 4 . 2 , VII -4 .2 .2 , 
VII -4 .2 .3 , VII—4.3, VII—4.6, VI I -4 .10 , 
VII -4 .10 .2 , V I I - 5 

Plant site acceptance: VII—3.2 
Plant transients : V I I - 4 . 1 0 
Plugging: V I - 8 . 1 . 
Plutonium: VIII-6 .5 .1 .4 

- isotopes: IV-2 .1 , IV-2 .1 .2 , IV-2 .1 .3 , 
IV-2 .2 .3 , IV—2.3.8.2, IV-2 .3 .8 .3 

- mass flow: VI I I -2 .2 
- price: I X - 3 . 4 
- transportation: VI I I -6 .1 
- vector: IV-2 .1 .3 

Pool (concept): 1 - 3 , I I I -2 .2 , III—3.3, 
III—7.5, I I I -9 .5 , A—III—2.2, V I - 6 . 1 , X - 3 

Porosity: V - 4 . 1 , V - 5 . 1 
Post-accident heat removal: V I I - 5 . 7 
Power coefficient: IV-2.3 .8 .1 
Power (density) distribution : I V - 1 , 

IV—2.3.7, IV—2.3.8, IV-3 .1 , I V - 4 . 4 
Power form factor: IV—4.4.1 
Power level: VII -4 .3 .1 
Power transient: I V - 2 , IV-2.3 .8 .1 
PPS, see: Plant protection system 
Precursor: IV-2 .1 , IV-2 .1 .4 , IV-2 .3 .2 , 

IV—2.3.4, IV—2.3.8.1 
Preheater, electric: V I - 8 
Pressure measurement : VII—4.3.4 
Primary circuit: I I I -2 .2 , I H - 6 . 2 , III—8.2, 

A—III—1.2, A—III—2.2, VI—2.1, VI—6.6 
Primary (circuit) system: V - 3 . 3 , V I I - 2 . 1 

- contamination: V—7 
- material: V - 3 . 3 , V - 1 0 . 1 

Primary pump coastdown: VII -4 .10 .2 
Probability of occurrence: V I I - 5 
Prompt neutrons: IV-2 .1 , IV-2 .1 .4 , 

IV-2 .3 .3 .1 , IV—2.3.8.1 
Propagation of a local coolant disturbance: 

VI I -4 .8 , V I I - 5 
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Protected transients: V I I - 1 , V I I - 4 
Protection during refuelling: VI I -4 .9 
Pumps: VI—6.3 

- design: I I I -6 .2 , A - I I I - 1 . 2 
- testing: I I -9 .3 .2 
- operation: III—2.2, III—3.1, III—7.4, 

I I I -8 .2 
PUREX process: VIII -5 .1 .2 .1 
PWR: V I I - 8 , V I I - 8 . 2 

Q 

Quality assurance: VII -2 .2 .1 , V I I - 2 . 3 
Quasi-Eulerian method: V I I - 5 . 6 

R 

R&D programmes: II—2.2.7, I I -3 .2 .2 , 
II—4.2, II—5.2.2, II—6.2.2, I I -8 .2 .2 , 
II—9.2.2, X—3 

RACINE: II—2.2.2 
Radiation dose: IV—4.9 
Radiation exposure: VIII—6.5.3 
Radioactive 

- decay: IV-2 .1 , IV-2 .1 .4 , IV-2 .3 .6 
- inventory: VIII—4.3 
- releases: VIII -6 .5 .1 .1 , VII I -6 .5 .2 

Radioactivity release: VI I -2 .1 , V I I - 2 . 2 
VII—5 

Radioactivity source term : VII—2.2.5 
Radiological safety (radiation level): III—2.2, 

III—7.4, I I I -8 .2 
RAPSODIE: I I -2 .2 .1 , III—2.1, VII -4 .2 .2 , 

VI I -4 .10 
Ray effect: IV-2 .3 .3 .2 
Reaction rate 

- ratio: IV-4 .3 .1 , I V - 4 . 4 
- traverses: IV-4 .3 .1 

Reactivity (effect): IV-2 .1 .4 , IV-2 .3 .4 , 
IV—2.3.6, IV-2 .3 .8 , IV-2.3 .8 .1 , 
IV—2.3.8.2 
- coefficient: I V - 3 . 1 , I V - 4 . 6 
- increase: V I I - 1 
- insertions: VII—4.2.1 
- loss: IV—4.7 
- ramp: V I I - 2 
- shutdown: VII—4.1 
- transient: VI I -4 .10 .1 
- worths: VI I -4 .2 .1 

Reactor 
- blanket: IV-2 .1 .3 
- core: IV-2 .1 .2 , IV-2 .1 .5 , IV-2 .3 .7 
- kinetics: IV-2 .1 .4 , IV-2 .3 .8 , 

IV—2.3.8.1 
- physics: IV-2 .1 , IV-2 .1 .4 , IV-2 .3 .3 , 

IV-2 .3 .3 .1 , IV-2 .3 .4 , IV-2 .3 .7 , 
IV—2.3.8.3, IV-2 .3 .8 .4 

- shutdown system: VI I -8 .2 
Re-criticalities: VII -2 .2 .3 
Redundancy: VII -2 .2 .1 , VI I -4 .6 , V I I - 5 
Refuelling, fuel handling: III—7.4, A - I I I - 2 . 1 , 

VI—7 
Release categories: VII—8.2 
Reliability of supply: X - l 
Reprocessing: 1 - 2 , 1 - 4 , IV-2 .1 .2 , VII I -2 .3 , 

VIII—5.2, X - l 
- costs: IX—3.4 
- disassembly: VIII-5.1 .1 .1 
- dissolver: VIII-5.1 .1 .1 
- gas cleaning: VIII-5 .1 .1 .3 
- head-end: VIII -5 .1 .1 
- product: VII I -5 .1 .3 
- programmes: II—2.2.3, II—3.2.3, 

II—5.2.3, II—6.2.3, II—7.2, I I -8 .2 .3 , 
II—9.2.4 

- radioactive aerosol releases: VIII-6 .5 .2 .3 
- safety aspects: VIII -6 .4 .1 
- separation: VIII—5.1.2 
- technical modifications: VIII—5.1.2.2 

Residence time: IV-2 .1 .2 
Residual risk: VI I -3 .2 
Resistance Temperature Detectors (RTD): 

VII—4.3.2 
Resonance self-shielding: IV—2.3.5.1, 

IV-2 .3 .8 .2 
Reventing: V I I - 8 . 2 
REXCO-HEP rezoning: VI I -5 .6 
Risk 

- analysis: 1 - 5 , V I I - 1 , VI I -4 .6 , V I I - 8 
- aversion: VII—3.3 
- operational: 1—3 

Roof (reactor): VI -6 .2 .3 
Rotating plug: V I - 7 
RTD, see: Resistance temperature detectors 

S 

SAC: VII—4.5 
Sacrificial beds: VII -5 .7 .1 
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SADCAT: VI I -5 .6 
Safe operation : VII—2 
Safeguards: I I -9 .2 .3 , VI I I -6 .2 , IX-4 .3 , X - 3 
Safety: 1 - 5 , V I I - 1 

- barriers (multiple) : 1—3 
- characteristics: 1—3 
- criteria: 1 - 5 , V I I - 3 
- design: V I I - 2 
- development: VII—2 
- goals: 1 - 5 , V I I - 3 , V I I - 3 . 3 

Sandbed filters: V I I - 5 . 8 
Sandia Laboratory: II—9.2.1, II—9.2.3 
SAP: II—2.2.3 
SAS3D: VII -5 .2 .2 , V I I - 5 . 5 
SAS4A: VII—4.10 
SASSYS: VII—4.10 
Scram signals: V I I - 4 . 4 
Secondary circuit : VI—2.1 
Secondary excursion: VII -5 .2 .1 , VI I -5 .2 .2 , 

V I I - 5 . 5 
SEFOR: II—9.2.1, III—9.6, IV-4 .6 .2 , 

VII—4.7, VII—4.10, VII—5.9 
Self-sufficiency: 1—2 
Sensitivity study: IV-2 .2 .3 , IV-2 .3 .4 
Shielding: IV-2 .3 .5 .2 , I V - 4 . 9 , V I - 3 . 8 
Shutdown system: 1 - 3 , V I I - 1 , VII -2 .2 .2 , 

VII—4.2.2, VII—4.5; see also: Control 
system 

SILOE: II—2.2.2 
SIMMER code: VII -2 .2 .4 , VII -5 .2 .2 , 

VII—5.5, V I I - 5 . 6 
SINTER: VI I -4 .12 .4 
Slumping: I V - 4 . 8 
SNEAK: I I -3 .2 .2 
SNR-2: 11-3.2.1,111-3.3 
SNR 300: 1 -4 ,11-3 .2 .1 ,111-3 .2 , A - I I I - 1 , 

V I I - 1 , VI I -2 .1 , VI I -4 .1 , VII—4.2.1, 
VII—4.2.2, VII—4.3.7, VI I -4 .4 , VI I -4 .5 , 
VII—4.6, VII—4.7, VI I -4 .8 , VI I -4 .10 .1 , 
VII—4.10.2, VI I -4 .11 , VI I -4 .12 , 
VII—4,12,4, VII—4.13, V I I - 5 , VI I -5 .2 , 
VII -5 .2 .2 , VI I -5 .7 .1 , VI I -5 .8 , VI I -5 .9 , 
VII—7.2, VII—8, VI I -8 .1 , VI I -8 .2 , X - 3 

- in-service inspection: VI—9.2.2 
- refuelling: V I - 7 
- steam generator: VI—6.5 
- tank: VI -6 .2 .1 

Societal risks: VII—1 
Sodium 

- boiling: 1 - 3 , V I I - 8 . 2 

- components: 1—4 
- coolant: 1 - 3 
- corrosion: V - 4 . 1 , V - 5 . 6 , V - 1 0 . 1 
- fires: VII -4 .12 , V I I - 5 . 8 
- flow measurement: VII—4.3.3 
- influence on material properties: V—10, 

V—10.2 
- leak and aerosol detection : VII—4.3.6 
- leaks: 111-2.1,111-2.2,111-8.1 
- level detection: VI I -4 .3 .5 
- pool fires: VI I -4 .12 , VII -4 .12 .1 , 

VI I -5 .8 
- properties: VI—2.1 
- purification: VI—8.1 
- reactivity: VII—5.4 
- spray fires: VI I -4 .12 
- technology: 1—4 
- vapour explosions: VII—2.2.3 
- void coefficient: 1—4 
- void effect: IV-2 .3 .4 , IV-2 .3 .8 , 

IV—2.3.8.2, IV—4.1, IV—4.6.1 
Sodium-concrete reactions: VII—4.12.4 
Sodium-water reactions: III—2.2, III—6.2, 

I I I -7 .4 , VII—4.10.3, VII—4.13 
SOFIA: VI I -4 .12 .2 
SOFIRE: VII—4.12.2 
SOMIX: VII -4 .12 .2 
Source terms: V I I - 5 . 8 
Spacer design 

- grids: V - 4 . 2 , V - 4 . 3 
- wire wrapping: V - 4 . 2 , V—4.3 

Specific inventory: X—2 
Spent fuel: V I I I - 4 . 2 , X - 1 

- storage: VI I I -2 .3 , VI I I -4 .4 
- storage pool: V I I - 8 . 2 
- transport: VI I I -4 .5 

SPRAY-II: VI I -4 .12 .2 
SSC: VII—4.10 
Steam coolant: 1—3 
Steam generator: III—2.2, III—6.2, III—7.3, 

I I I -7 .4 , III—8.2, A—III—1.3, A—III—2.3, 
V I - 6 . 5 
- failure: VI I -2 .2 .2 
- instrumentation: VI I -4 .13 .4 

Steam release: VII-2 .2 .5 
Strategies: I X - 2 . 3 
Streaming: I V - 4 . 8 
Structural material: IV-2 .1 .2 , IV-2 .1 .6 , 

IV-2 .2 .1 , IV-2 .3 .5 , IV-2.3 .5 .1 , 
IV—2.3.6, IV-2 .3 .7 , IV-2 .3 .8 
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Subchannel analysis: VI -5 .1 , VI -5 .1 .2 , 
VI—5.1.4, VI—5.2.1 

SUPER PHENIX: 1 - 4 
- costs: IX—3.3 
- fuel cycle parameters: VIII—4.1 
- fuel pin: V I - 3 . 2 
- in-service inspection: VI—9.2.1 
- refuelling: V I - 7 
- steam generator: VI—6.5 
- tank: VI -6 .2 .2 

SUPER PHENIX-1 (SPX-1): II—2.2.1, 
II—2.2.2, I I I -2 .3 , A—III—2, VI I -2 .1 , 
VII—4.1, VII—4.2.1, VII—4.2.2, VI I -4 .4 , 
VII—4.7, VI I -4 .8 , VI I -4 .10 .2 , VII -5 .2 .2 , 
VII -5 .7 .1 , VI I -5 .9 , VII—6, X - l , X - 3 

SUPER PHENIX-2 (SPX-2): II—2.2.1, 
III—2.4, X—3 

Superheat: V I I - 1 
SWAAM: VII—4.13.2 
SWAC: VII—4.13.2 
Swelling 

- absorber material: V—9.1 
- carbide: V - 2 . 2 , V - 6 . 1 
- cladding: V - 3 . 1 , V - 3 . 2 , V - 4 . 3 , 

V—5.4, V—5.6 
- duct: V - 3 . 2 , V - 4 . 3 
- metal: V - 2 . 3 
- oxide: V-2 .1 .1 , V - 5 . 2 

T 

Tails: VII I -3 .1 
Tank (vessel): III—2.2, III—7.4, A - I I I - 1 . 2 , 

A—III—2.2, VI—6.2, VI—6.2.3 
Tantalum: V - 9 . 3 
Target accuracy: IV-4 .1 , I V - 4 . 2 
Tertiary circuit (steam cycle): VI—2.1, 

VI—2.2 
Test loops, rigs, facilities: I I -2 .2 .2 , II—3.2.2, 

II—5.2.2, II—6.2.2, II—7.2, I I -9 .2 .3 
Thermal efficiency: 1—3 
Thermal propagation: VII—4.8 
Thermal reactors: I—1,1—2, X—1 
Thermocouples: VI I -4 .3 .2 
Thermoluminescent dosimeter: IV-4 .4 .2 
Thermophoresis: VII -5 .8 .1 
Thorium: II—4.1, IV-2 .3 .8 .2 , I X - 2 . 2 
Thorium resources: 1 - 2 , I X - 2 . 2 
Thorium utilization : 1—2 

Time dependence: I V - 2 , IV-2 .1 .2 , 
IV—2.2.1, IV-2 .3 .1 , IV-2 .3 .2 , IV-2 .3 .6 

TOR: II—2.2.3 
Tornadoes: VI I -7 .1 , V I I - 8 . 2 
Transient events: VI I -4 .10 .3 
Transitory phase: VII -5 .2 .1 , VI I -5 .3 , 

V I I - 5 . 5 
Transport equation: IV-2.3 .3 .2 , IV-2.3 .8 .2 
Transportation 

- Pu fuel: VI I I -6 .1 
- spent fuel: VI I I -4 .5 

TRANSWRAP: VII -4 .13 .2 
TREAT: II—9.2.2, II—9.2.3, VI I -5 .5 
Trip level: VII -4 .10 .1 
Tritium: VIII-6 .5 .1 .2 
Turbulent flow: V I - 5 , V I - 5 . 2 , VI -5 .2 .1 

u 
ULHS: V I I - 5 , VI I -8 .2 
ULOF, see: Unprotected loss of flow accident 
Unavailability: VI I -4 .6 
Uncertainties: VII -2 .4 .2 
Undercooling: VI I -4 .2 
Unlikely fault: V I I - 2 . 3 
Unprotected Loss of Flow Accident (ULOF): 

VII -2 .2 .3 , V I I - 5 , VII—5.4, V I I - 6 , 
V I I - 8 . 2 

Unprotected transients: V I I - 1 , V I I - 5 , 
V I I - 5 . 6 

UPLCD: V I I - 5 , VI I -8 .2 
URA: V I I - 5 , V I I - 8 . 2 
URA/LOF: V I I - 5 
Uranium 

- 233: IV—2.1 
- 235: IV—2.2.1, IV—2.2.3, IV—2.3.8.3 
- 238: IV-2.1 .2 , IV-2 .2 .3 , IV-2.3.8 .2 , 

IV-2.3 .8 .3 
- resources: 1 - 1 , 1 - 2 , VI I I -3 .1 , 

IX-2 .2 , X - l 
- price: 1 - 2 , X - l 
- supply: 1—2 
- utilization: 1—2 

UTOP: V I I - 5 , V I I - 5 . 3 

V 

Vessel, see: Tank 
Vibrocompaction: V—4.1, V - 6 . 1 
Void coefficients: VI I -2 .2 .3 
Void swelling: V - 3 . 1 , V - 4 . 3 , V - 5 . 6 
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W 

Wastage: VI I -4 .13 .3 
Waste 

- management: VIII—6.5 
- mass: VI I I -2 .2 
- treatment: VI I I -6 .6 , VII I -6 .6 .1 
- volumes: VII I -6 .6 .2 

Water migration in concrete: VII—5.8 
Water release from concrete: VII—5.8 
Wet scrubbers: V I I - 5 . 8 
Whole core transients: VII—4.10 
Wigner-Seitz approximation: IV-2 .3 .2 , 

IV-2 .3 .5 .1 

z 
ZEPHYR: 1 - 4 , 1 1 - 8 . 2 . 1 
Zero power facility : IV—3.1 
ZEUS: 1 - 4 , 1 1 - 8 . 2 . 1 
Zinn, W.H.: 1 - 4 
ZPPR: 11-9 .2 .1 ,11-9 .2 .2 ,11-9 .2 .3 
ZPR: 11-9.2.2,11-9.2.3 
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