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Even as civil nuclear energy is experiencing a real resurgence in interest, there is a need also to know pre-
cisely what is involved in the issue, whether it be nuclear energy itself, or the associated science and tech-
nology. And yet, overviews evidencing a good scientific level, as regards this type of energy, are scarce…
To make good this virtual absence, and highlight its own work in due manner, the French Alternative
Energies and Atomic Energy Commission (CEA:Commissariat à l'énergie atomique et aux énergies alter-
natives) is setting out, in the form of short monographs, a comprehensive overview of its own ongoing
research, in the area of civil nuclear energy.

Such research being diverse, and multidisciplinary, this series of CEAmonographs explores, and surveys
topics as varied, if complementary, as the reactors of the future, nuclear fuel, materials under irradiation,
or nuclear waste…

Aimed both at scientists hailing from other areas of expertise, wishing to appraise themselves of the
issues at hand, and a wider public, interested in learning about the present and future technological envi-
ronment, these CEA monographs set out the recent findings from research, together with their context
and the related stakes.

The first nuclear reactor that generated electric power, in
1951, was a liquid metal-cooled fast neutron reactor. In the
following years nineteen fast neutron reactors using sodium

as coolant were constructed, first as research nuclear reac-
tors, and then as power reactors.This Monograph describes
that history as well as the operating experience feedback
gained with those reactors, among which the three French
reactors RAPSODIE, PHÉNIX and SUPERPHÉNIX:design,
materials, measurements, instrumentation, in-service ins-
pection, components, operating experience reviews, etc.

The design principles of this reactor type are also detailed,
highlighting their significant potential assets: the ability to
burn all of the uranium fed to it, which would ensure world
power supply for thousands of years; the ability to recycle
all of the plutonium and uranium arising from spent fuel
treatment, thereby closing the cycle, which would minimize
ultimate waste. Today two high-power sodium-cooled fast
reactors are being constructed, one in India, and the other
one in Russia, and a number of projects are under study,
among which the ASTRID project in France. This
Monograph reviews the status of these developments
in 2013.

The deployment of this promising technology is slowed
down, especially due to overcost in constructing these reac-
tors in contrast with the water reactor type.The perspectives
of this deployment are analyzed in a technico-economic
chapter, in relation to the uranium resource evolution.
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Foreword

After a dazzling start in the 1950’s when, for many, it stood as the hope of an inexhaus-
tible, economically competitive energy source, nuclear energy experienced in the 1980’s
and 1990’s a rejection by majority public opinion in several Western countries, which sud-
denly brought its development to a halt.

Although the 1973 and 1979 oil crises marked the launch of massive equipment programs
in a few countries heavily penalized by oil imports, in particular France and Japan, they
were paradoxically followed by a gap in nuclear investments, first, in the United States, and
then in Western Europe. However, repeated oil market tensions and emerging concerns
over the possible depletion of natural resources, as well as expectable effects on climate
and the environment due to their large-scale burning should have, by contrast, enhanced
such investments.

There are surely many reasons for this pause, which can in part be explained by the acci-
dents at Three Mile Island in 1979, and Chernobyl in 1986, deeply impacting public opi-
nion. Fukushima recent accident legitimately raises again the same questions, although
the context is quite different.The pending issue is not so much whether reactors are tech-
nically able to withstand the most improbable events: Fukushima focuses renewed atten-
tion, indeed, on how to train operators and members of the decision-making line in charge
of tackling a severe dysfunction of engineered safety systems in the case of equipment
failure.

In France, whereas the siting of nuclear power plants had never - except for one case -
aroused a true debate in the population, a negative attitude emerged in the late 1980’s
concerning the nuclear waste issue. Given the growing difficulties of the French national
agency for radioactive waste management (ANDRA) in its search for an underground labo-
ratory site, the Government of the time decided to suspend work, set a one-year morato-
rium, and submitted the issue to the French parliamentary office for evaluation of scientific
and technological options (OPECST).

By adopting most of the OPECST’s recommendations, in particular its definition of a diver-
sified research program, and also the basis for a democratic debate with the populations
concerned, the French Act of December 30, 1991 on radioactive waste management thus
greatly contributed to calm the debate. Following a fifteen-year period, in which various
options for long-term radioactive waste management were investigated, the French Act of
June 28, 2006 made it possible to set out the basic framework for this management, to be
recognized as a necessity from now on.

In addition, the starting century is marked by collective awareness that our generation’s
energy needs cannot be met without concern for the environment, and without preserving
future generations’ right to satisfy these same needs. This is the concept of sustainable
development which our society will inevitably face, indeed.

Today, it goes unquestioned that global warming due to increasing greenhouse gas emis-
sions is a human-caused problem.Only the extent and consequences of this warming are
still debated.

Sodium-Cooled Nuclear Reactors 5



Industrialized countries, who are for the most part the origin of the current situation, hold a
particular responsibility, which should induce them to voluntarily reduce emissions of these
gases. By its very nature, nuclear energy is not concerned by this type of emissions, while
being able to produce a relatively abundant, reliable, and economically competitive energy
source. Quite naturally, it is therefore expected to be the predominant energy source.

Even if the worldwide situation is still contrasted, more especially in Europe, several coun-
tries (China, South Korea, Finland, India, South Africa, Poland, the United Arab Emirates…)
have already decided to make huge investments in developing this energy, and do keep this
option after Fukushima accident.Others are very close to taking this step, in particular Great
Britain and the United States, who seem to be determined to launch programs for the
construction of new nuclear power plants by the end of the decade, picking up a process that
had been on hold for thirty years.

Following France’s national energy debate that took place in the first half of 2003, the French
Strategic Orientation Act on energy passed in June 2005 established the decision to build
an EPR demonstrator reactor, to pave the way for the replacement of currently operating
power plants.

A number of signs thus lead us to believe that a worldwide revival of nuclear energy is taking
place.Nevertheless, the future of nuclear energy in our country, as in many others, will lar-
gely depend on its capacity to properly address the following two concerns:

- The first concern has to do with its social acceptability, for it is crucial that nuclear energy
be deployed under optimum safety and security conditions, generating a minimum amount
of ultimate waste, and the latter be fully controlled with regard to its possible impact on health
and the environment.The shock caused by Fukushima accident can but enhance this safety
requirement as an absolute priority.

- The second concern relates to the availability of its resources: it is important to guarantee
a long-term supply of fuel, by preparing to resort to systems which are more economical in
terms of natural fissile materials and, above all, less dependent on market fluctuations.

These topics are a key part of the CEANuclear Energy Division’s work. Indeed, this Division
plays a major role in the research work aimed at supporting the nuclear industry in impro-
ving reactor safety and competitiveness, providing the Public Authorities with the elements
necessary to make choices on long-term nuclear waste management, and, finally, develo-
ping the nuclear systems of the future.These systems, mainly fast neutron reactors, exhibit
highly promising improvements with regard to waste management and raw materials use.

As a fervent partisan of the broadest possible dissemination of scientific and technical know-
ledge, it seems to me of the utmost importance that this research work, which calls upon a
wide range of scientific disciplines, and often ranks as among the best in the world, should
be presented and explained to all those who would like to form their own opinion on nuclear
energy.This is the reason why I welcome the publication of these DEN Monographs with
deep satisfaction, indeed. No doubt that close reading of these works will afford an inva-
luable source of information to the, I hope, many readers.

I would like to thank all the researchers and engineers who, by contributing to this project,
willingly shared their experience and knowledge.

Bernard BIGOT,
CEA Chairman
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Introduction

Fig. 3. PHÉNIX construction site in 1970.

Fig. 4. Open pit uranium mine.Fig. 2. Enrico Fermi’s pile.

Then started the great age of fast reactors. All major develo-
ped countries engaged in that new process: the United States,
Russia, the United Kingdom, Germany, and, of course, France
where RAPSODIE diverged in 1967, and where PHÉNIX was
built as soon as 1968. A dozen reactors were then under
construction all over the world.

Yet changes did emerge.Whereas Russia chose lead-bismuth
fast reactors for their naval propulsion reactors, the United
States developed pressurized water reactors, i.e. the precur-
sor of water reactors which gradually became the power reac-
tors most used all over the world. In addition, as uranium sur-
veys led to the discovery of ever increasing amounts of
uranium, the cost of uranium collapsed, and prospection came
to a halt as supply was secured in the short term.

Irène CURIE and Frédéric JOLIOT discovered artificial radioac-
tivity in 1934. In 1939, JOLIOT, HALBAN and KOWARSKI, as they
were studying uranium fission, discovered a chain reaction

could be achieved, and then filed a
patent application dealing with the prin-
ciple of fission reactors able to produce
energy, a genial anticipation indeed.

As the war burst out, the adventure
went on in the United States.Thus, the
first Enrico FERMI’s pile, based on
delayed neutrons, was built and opera-
ted in this country, demonstrating in
1942 that a fission reactor could be
controlled.

From this step the process sped up,
and, in 1951, the first power-generating

nuclear reactor was operating. It was called EBR1, and it was
a liquid metal-cooled fast reactor. Only seventeen years ear-
lier had artificial radioactivity been discovered, a noteworthy
fact, indeed!...

Why a fast reactor?…Strangely enough, the first reason is rela-
ted with technological assets: liquid metals are good coolants,
and can operate at high temperature and without pressure,
which significantly simplifies the design of the vessels and cir-
cuits of these small reactors.The second and major reason is
that uraniumwas scarce at that time.Large-scale surveys were
initiated, but this material then appeared as a strategic material
liable to become rare and costly. Now, the breeding properties
of liquid metal-cooled reactors were already known, and gave
a hint of a quasi-infinite potential of electrical power generation,
with a continuously renewed fuel.

Sodium-Cooled Nuclear Reactors 7
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8 Introduction

Fast reactors then went into harsher times. In addition to ope-
rating troubles of some prototypes such as PFR in the United
Kingdom, European antinuclear opinion movements focused
on fast reactors which displayed a serious “drawback”:making
nuclear power a long-term energy source lasting thousands
of years. The German reactor SNR-300 was to be built, but
never started up, and was officially shut down in 1991. The
SUPERPHÉNIX reactor, the largest sodium-cooled fast reac-
tor ever built and operated in the world, diverged in 1985, and
was shut down a dozen years later after a chaotic operation
during which a high number of long periods of administrative
shutdowns took place due to a constant political opposition.

However, despite less favorable political and economical cir-
cumstances, the adventure of sodium-cooled fast reactors is
going on. PHÉNIX was the last European fast reactor when it
was shut down in 2009.But in Russia, India, China and Japan,
reactors of this type are under operation or under construc-
tion. For a number of other potential benefits are still being evi-
denced in these reactors: environmental performances, waste
minimization, closed fuel cycle, minor actinide transmutation…

Today using sodium-cooled fast reactors still ranks as one
of the few known, validated means to provide mankind with
a nonpolluting, and almost inexhaustible energy.This is not a
detail, indeed. Such is the exciting adventure that this
Monograph will try to make you experience.

Joël GUIDEZ,
Nuclear Energy Division

Fig. 5. SUPERPHÉNIX divergence curve signed by the participants. Fig. 6. PFBR (a sodium-cooled fast reactor) under construction
in India.
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Why Fast Neutron Reactors (FRs)?

Fast neutrons or thermal neutrons?
The principle of nuclear reactor operation is to sustain and
control a nuclear chain reaction*. Fission is the property for
the nuclei of the heavy elements belonging to the actinide*
(uranium, plutonium…) family to split into two smaller nuclei
referred to as “fission products*” under the impact of a neu-
tron. Each fission is accompanied with a significant release of
energy, and the emission of two to three neutrons which, in
turn, are able to induce a new fission and sustain the reaction.

These neutrons generated during fission display an average
energy of about 2 MeV. As they have not been slowed down,
they are referred to as “fast neutrons*”.

At this energy level the probability for a neutron to split a fis-
sile* isotope* is relatively low. See, for instance, on Figure 7
the Pu 239 fission probability (i.e. the “cross section*”) as a
function of the incident neutron’s energy.

At 2 Mev, the fission probability is only of the order of one
barn*, whereas at a lower energy, and beyond the region of
nuclear resonances* inducing very strong variations in the
cross section, the fission probability reaches several hundreds
of barns, and even more for very low energies, i.e. lower than
one electronvolt.

The interest of a strong fission probability is to minimize the
proportion of fissile nuclei required in the reactor core*. In the
early age of nuclear energy growth, fissile isotopes were a rare
resource. The only available was U 235 which occurred in

natural uranium with an 0.7% content. Hence the selection of
the route in which neutrons arising from fission are slowed
down to be brought to this low energy domain.These neutrons
were then called “thermal neutrons*”.

Slowing down neutrons requires to introduce an element of
low atomic mass into the reactor so that neutrons can be gra-
dually slowed down through successive collisions on this
material. See the corresponding illustration on Figure 8.

The materials that best meet these specifications are heavy
water D2O and graphite. As a matter of fact, the first two
nuclear reactor types* which emerged were heavy water-
cooled natural uranium reactors (i.e. the CANDU type, still cur-
rently used), and natural uranium gas-cooled graphite-mode-
rated reactors (typically the French UNGG1 type, that was
finally abandoned). The benefit of these reactor types is to
require no enriched uranium, and to operate with natural ura-
nium.

The “light” H2O water, in contrast with heavy water, is an excel-
lent moderator, but exhibits a high undesirable neutron cap-
ture level that does not enable a reactor to be operated with
natural uranium. This reactor type could finally be developed
thanks to advances in uranium enrichment, and today stands
for the major part of the worldwide power reactor fleet.

Why Sodium-Cooled Fast Reactors?
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Fig.7.Variation in Pu 239 capture and fission cross sections
as a function of the incident neutron’s energy.
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12 Why Fast Neutron Reactors (FRs)?

The principle of fast neutron reactors* (FRs) is to directly use
neutrons arising from fission, which requires a far larger
amount of fissile material.This amount (or “inventory”) will then
consist of either highly enriched uranium, or plutonium.As will
be seen later on, plutonium generated in thermal neutron reac-
tors stands as the privileged fuel for fast reactors. So it is
necessary to produce plutonium in thermal water reactors
before considering the industrial development of the fast reac-
tor type.

Plutonium and nuclear reactors
Output
According to IAEA data, 435 nuclear reactors were operatio-
nal worldwide in late August 2012, with a net installed power
of 370 GWe.These reactors mainly are thermal neutron reac-
tors operating with enriched uranium.

This fleet consumes about 50,000 tons of natural uranium
every year, and generates plutonium and minor actinides (Np,
Am and Cm) which are assessed to amount to 70 and 8 tons
respectively.

Separation*
Since the seventies, France has developed industrial capaci-
ties for treating light water reactor fuels in order to extract the
plutonium generated in reactors. Such capacities are the first
step required for a process of using the plutonium resource
instead of considering it as a waste. France produces about
10 tons of Pu every year.

Recycling* in water reactors
Since 1987, EDF has been recycling the plutonium resulting
from EDF fuels treatment in twenty or so reactors of its fleet.
Similarly, EDF reuses an approximate 60% of the uranium
recovered during this treatment for making the fuel of the four
Cruas nuclear power plant reactors following the enrichment
step.Such a strategy allows 17% of the yearly natural uranium
consumption to be saved. This percentage could reach
20-25% if all spent UOX fuels* were treated, and if the whole
of recovered valuable materials were reused.

Yet the principle of recovering valuable materials and recycling
them in water reactors exhibits limits, indeed, due to the degra-
dation of their isotopic quality all along their use (lower propor-
tion of fissile isotopes with respect to the proportion of absor-
bing isotopes). Owing to this isotopic degradation, plutonium
cannot be recycled several times in current water reactors.

This is the main reason why plutonium is recycled no more
than once in water reactors today.Though techniques for trea-
ting spent MOX fuels do exist, the latter are currently stored
pending their further treatment for recovering valuable mate-
rials, especially plutonium.

Why Pu recycling is limited in water reactors

Plutonium is generated in reactors from U 238 which is turned
into Pu 239 after a first neutron capture followed by two disin-
tegrations. Pu 239 in turn generates higher isotopes of pluto-
nium by successive captures* up to Pu 242.This generation
line can be seen on Figure 9 that indicates the generation
of Pu isotopes in a uranium oxide (UOX) fuel irradiated to
60 GW d/t.

The nuclear physics characteristics of Pu isotopes are quite
various.Table 1 gives a comparison of their fission and capture
cross sections in a neutron spectrum corresponding to that of
a MOX fueled PWR.

Table 1.

Pu cross sections in MOX PWRs

Fission Capture Fission/
cross cross capture
section section ratio
(barn) (barn)

Pu 238 2 13 0.15

Pu 239 38 21 1.80

Pu 240 0.6 42 0.01

Pu 241 44 16 2.80

Pu 242 0.5 24 0.02

Fig. 9. Generation of the various plutonium isotopes in a PWR
from UOX fuel and as a function of specific burn-up.
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Fig. 10.Variation in the neutron multiplication factor as a function
of the moderator density in UOX PWRs and MOX PWRs.
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Fig. 11. Pu 240 capture and fission cross sections
(source: JEFF library).
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Due to their nuclear structure, even isotopes of Pu practically
do not undergo fission, and mostly capture neutrons. Thus,
they are neutron poisons that affect the reactor core's neutron
balance.

Odd isotopes alone, Pu 239 and Pu 241, have a fission pro-
bability higher than the capture probability, and so are able to
sustain the nuclear chain reaction.

Pu even isotopes buildup during irradiation degrades Pu reac-
tivity potential. In order to compensate for this degradation, Pu
mass has to be gradually increased in the core. Here a physi-
cal limitation related to the reactor safety has to be taken into
account.

The safe operation of the reactor requires negative “reactivity
feedback” coefficients.These coefficients express the core res-
ponse to the various perturbations liable to take place. The
coefficient that translates a variation in core reactivity in the
case of a lower water density, referred to as the “moderating*
coefficient”, is one of the major structuring coefficients which
has to be constantly negative, including in the extreme case
when water would disappear as a result of boiling (e.g., in the
case of a loss-of-flow accident).

Variations in the core multiplication factor as a function of water
density in the case of an UOX fuel and a MOX fuel, and for
various Pu contents, are mentioned on Figure 10.

In the case of an UOX type fuel, the moderating coefficient is
always negative (blue curve).

A lower density of water decreases neutron moderation. This
results in an increase in the mean energy of neutrons (this is
referred to as the “neutron spectrum hardening”). The predo-
minant consequence is an increase in neutron capture by
U 238 which leads to a lower core reactivity.

For a MOX fuel, this effect is compensated by a decrease in
the neutron capture of Pu 240, which displays a giant reso-
nance of almost 100,000 barns at 1 eV (Fig. 11).

Thus, the MOXmoderating coefficient tends to be null for inter-
mediate densities.Beyond this level, in situations of core water
draining, the moderating coefficient increases owing to the
high increase in the number of neutrons generated by high-
energy Pu 239 fission.

If the rate of the variation in the moderating coefficient is iden-
tical, the amplitude varies as a function of the Pu content.
Beyond the 12% Pu content in MOX, the moderating coeffi-
cient turns positive, which is unacceptable.

The Pu content in MOX depends on management strategies
(specific burn-up*), as well as on strategies selected for
spent fuel treatment (dilution rate of MOX fuels with UOX
fuels). For a burnup of 60 GW d/t and a dilution level of 70%
UOX/ 30%MOX at the reprocessing step, after one or twomul-
tirecycling operations, the Pu content reaches the 12%. So it
is not possible to go beyond.

Fast reactor assets

Capability of Pu multiple recycling

In a fast neutron reactor, all Pu isotopes are fissile. Figure 12
shows a comparison between the fission-to-absorption ratios
of the various isotopes, respectively in a thermal and a fast
spectrum. In a fast reactor, even isotopes have a positive
contribution in the neutron balance, and do not induce a
“poisoning*”, as is the case in thermal reactors.
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Thus the Pu reactivity potential experiences little evolution as
regards the fast neutron spectrum. The Pu content remains
relatively steady, and multiple recycling is possible up to rea-
ching an equilibrium situation (stabilization of Pu isotopy).

This is illustrated on Figure 13, which shows the evolution of
the Pu reactivity potential during its irradiation in a converter
fast reactor.The top curve corresponds to an initial Pu arising
from UOX fuels irradiated to 60 GW d/t.The bottom curve cor-
responds to an initial Pu arising from spent PWRMOX* fuels.

ensure the transmutation* of U 238 to Pu 239, and 0.3 are
necessary to compensate for sterile neutron losses by fission-
less captures in structural materials and by neutron leakage
out of the core.

The values of this parameter called η for U 235 and Pu 239
are mentioned in Table 2.

Table 2.

Values of the number of neutrons
generated by absorption of U 235 and Pu 239η = @B//B, Thermal spectrum Fast spectrum

U 235 2.07 1.9

Pu 239 2.10 2.4

So only Pu 239 used in a fast neutron reactor makes it pos-
sible to use all the energy potential of the natural uranium
resource.

Starting from a plutonium and depleted or natural uranium
based fuel in an approximate 20/80 proportion, part of ura-
nium will disappear,but plutonium will be generated, and is
likely to be the vector of the next fuel. So in theory 100% of
uranium can be burnt, instead of the 0.7% used in current
water reactors.

Impact on the energy potential
of worldwide conventional resources

Uranium is not a rare resource. It can be found everywhere
and in large amounts, in seawater, rivers and the ground.The
only challenge is to find sufficiently concentrated deposits to
allow for a low mining price. As a matter of fact, this chal-
lenge gets less important with fast reactors, due to the follo-
wing facts:

• Today, using water reactors means a uranium cost that only
accounts for 4% of the per kWh price. Using fast reactors
will mean an even lower cost, accounting for a hundred
times less, that is a negligible portion of the per kWh price.
So this would allow for a natural uranium cost a hundred
times higher than the current cost without impacting the
economical competitiveness of the reactor type: this would
make the available amounts almost inexhaustible with res-
pect to consumption;

• Depleted uranium* alone, already available following
enrichment activities, would mean thousands years of
power supply with a fast reactor fleet;

• A restart in prospection, which was stopped due to uranium
falling prices, would increase the available amounts, as
assessed in the IAEA’s “Red Book” [1].

Fig. 12. Comparison of fission-to-absorption cross section ratios
in PWRs (green) and fast reactors (orange).
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Capability to use all of the natural uranium

Natural uranium consists of 99.3% of the fertile isotope 238
and of only 0.7% of the fissile isotope 235.As previously seen,
U 238 is turned into fissile Pu 239 under irradiation. So it is
possible to use all the potential of the natural resource. This
requires a sufficient supply of neutrons.

The condition is that for one absorbed neutron, the number of
neutrons generated by fission be higher than 2.3: 1 neutron is
necessary to sustain the nuclear chain reaction by compen-
sating for the absorbed neutron, 1 neutron is necessary to

Evolution of Pu quality in fast reactor multiple recycling



As a conclusion, the gradual shift to a fast reactor fleet would
allow the “uranium availability” constraint to be suppressed,
and would make it possible to produce energy over an almost
infinite period of time.

Nuclear waste optimization

Spent UOX fuels that have undergone irradiation* in reac-
tors contain residual uranium, fission products, Pu generated
under irradiation, as well as the “minor actinides”, generated
in low amounts (neptunium, americium and curium), that
constitute long-lived high-level waste (LLHLW*).

The radiotoxicity* (i.e. radiological toxicity, in the case of
ingestion) of a spent UOX fuel irradiated to a burn-up of
60 GW d/t, and its evolution over time are shown on Figure 14.
As an illustration, its radiotoxicity level is compared with that of
the mass of natural uranium extracted from the mine and used
for its fabrication. It can be seen that the radiotoxicity of spent
fuel gradually decreases, and finally falls down to the natural
uranium level following a 250,000 year period of time.

The half-closed cycle strategy currently implemented in France
allows spent fuel to be treated separating U and Pu, on the
one hand from fission products (FPs), and on the other hand
from minor actinides. These FPs and minor actinides, that
constitute ultimate waste, are conditioned in vitrified waste
packages (also referred to as “glass packages”). The natural
evolution of the vitrified package radiotoxicity is also displayed
on Figure 14. The decrease is quite significant, and makes it
possible to reach the “natural uranium” indicator more quickly,
after about 10,000 years. A separating-recycling strategy
extended to minor actinides (Np, Am and Cm) would make it
possible to leave fission products alone as ultimate waste. As
most of fission products display a radioactive half-life lower
than thirty years, the radiotoxicity of the waste packages after

being made so “light” decreases at a quick rate to a level com-
parable to that of natural uranium after only 300 years.

Another advantage has emerged during the studies conduc-
ted by ANDRA in relation to the transmutation strategy: this is
the decrease in the century-scale thermal load of LLHLW pac-
kages, to which americium is the main contributor. For a dis-
posal concept similar to that currently investigated by ANDRA
(disposal in clay), the transmutation of this americium could
reduce the surface occupied by the waste repository to a fac-
tor between 5 and 10, according to the duration of the previous
step of glass package storage.

If minor actinides are removed from waste, they have to be
recycled in reactors so that they can be transmuted, the ulti-
mate target being to make them undergo fission.

In this case, still, the neutronic characteristics of the various
isotopes play a key role. The fission-to-capture cross section
ratios for the main isotopes constituting minor actinides are
shown on Figure 15.

If neutron captures are prevailing in these isotopes in the case
of a thermal neutron spectrum, these isotopes provide a fis-
sion-to-capture ratio much more favorable in the case of a fast
spectrum.

So actinide recycling in fast reactors makes it possible to
reduce the generation of elements of higher mass number, up
to californium or berkelium (very strong emitters of high-energy
gamma radiation), and to favor their destruction by fission
(which is the target, and in parallel helps contribute to power
supply).

Fig. 14. Evolution over time of long-lived, high-level waste
radiotoxicity according to various strategies.
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Doubling time

The linear doubling time is the time required for one reactor to
produce a plutoniummass sufficient for commissioning a new
identical reactor.

This quantity depends on the three following parameters:

• The reactor’s breeding gain*, defined as the net generation
(generation / consumption) of Pu expressed as an equiva-
lent Pu 239 for one fission;

• The specific power, given in MWth/kg of Pu, that expresses
the reactor’s Pu inventory;

• The fuel cycle time that cumulates in-pile irradiation time and
cooling time, prior to spent fuel treatment and refabrication.

The predominant parameter in computing the doubling time is
the breeding gain. The countries most ambitious in this field
currently, such as India or China, aim at very high breeding
gains of about 0.4 or 0.5, which, coupled with limited cycle
times, allows for very low doubling times, i.e. lower than twenty
years or so.

Remark: if considering a reactor fleet, it must be kept in mind that
several reactors are able to generate more quickly the Pu inventory
required to start up a new reactor.

Fast reactors: complementary
of water reactors for a sustainable
nuclear energy
The most part of the approximate 435 nuclear reactors in ser-
vice today worldwide only uses a tiny part of natural uranium,
i.e. the fissile isotope U 235 that only has an 0.7% content in
natural uranium.The issue of uranium resource sustainability
then stands a key issue to appraise the role likely to be played
by nuclear energy for worldwide energy supply over time. As
SFRs allow almost all of uranium to be used, they multiply by
a factor of about 100 the energy likely to be extracted from a
given mass of natural uranium, and multiply the time of pro-
ductive capacity by as much. In addition, taking account of the
use of available depleted uranium, as well as of further extra-
ction possibilities at much higher costs, if need be, production
times are found to be almost infinite.

Managing the plutonium produced in current reactors is ano-
ther key issue that conditions nuclear energy development.
Plutonium is an extremely concentrated energetic material: the
fission of one gram of plutonium releases nearly as much
energy as the combustion of two tons of oil. In contrast with
current-technology water reactors, fast reactors can use the
plutonium produced by the nuclear reactor fleet without any
restriction, thereby allowing its full use. Without fast reactors
plutonium would become a long-lived waste.

Last but not least, the issue of nuclear waste management
seems to be a major concern in public opinion with respect to
the long-term acceptability of nuclear energy.The current treat-
ment of spent fuels, as being conducted in France, already
allows this waste to be minimized. Moreover, SFRs make it
possible to transmute minor actinides into elements of much
shorter life, and so to further optimize the management of this
waste.

As a conclusion, fast neutron reactors are the ideal comple-
ment to currently operating water reactors in order to ensure
a sustainable nuclear resource able to supply energy for
dozens of thousands of years, while optimizing fuel cycle and
the management of all of waste.

Alain ZAETTA,
Reactor Studies Department
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Fast reactor flexibility in managing nuclear
materials

Within the perspective of a sustainable development, the SFR
technology brings a flexibility dimension which seems essen-
tial, as it enables the management of materials inventories to
be tailored to strategies recently adopted.To reach the target
of stabilizing fissile materials amounts, a SFR can operate in
a converter mode (i.e. it generates as much fissile material as
it consumes). So, once the reactor has started with plutonium
as the first load, the reactor operation can be ensured with
natural or depleted uranium alone as a makeup resource, with
no further addition of fissile material. As a result, if the fast
reactor fleet previously mentioned was to be shut down, SFR
cores could be gradually brought to the “burner”mode: the plu-
tonium inventory could then be quickly reduced.

If, on the contrary, the need to further develop the installed
capacity were to emerge, it would be possible to bring the
reactors of the fleet to a “breeder” mode, in order to generate
the fissile material required to start the operation of new reac-
tors. The ability to meet such a need is characterized by the
“doubling time*” concept (see the inset hereafter: “The dou-
bling time”).

Why Fast Neutron Reactors (FRs)?16



Fig. 16. Deposit of lead and iron mixed oxides in a lead coolant
circuit (ref.V.V. Ulyanov, Colloque de l’Académie des Sciences
sur les fluides caloporteurs, 2013).

lution-precipitation in impure liquid metals (Fig. 16), and
embrittlement by liquid metals.

The coolant safety topic involves stakes related to controlling
the toxicity risk (anoxia, in the case of a gas), and the fire risk
(in case of leakage). Another stake is accident control: plug-
ging risks, hence the need to be able to measure temperature,
pressure and flow rate in coolant, as well as leakage risks, that
have to be not only prevented, but also detected quickly in
order to avoid fires and explosions. In the case of a severe
accident, it is important to know coolant's behavior in its inter-
action with corium*.

Moreover, coolant has to allow for the reactor's maintenance
and in-service inspection. A fuel clad failure has to be detec-
ted either by chemical detection of fission products traces, or
by acoustic detection; deformations and cracks in the core’s
structure have to be detected, too, in an environment that is
not necessarily transparent, hence the use of methods that
may not be optical (Fig. 17).

Specifications of a fast reactor
coolant*
Why select sodium as coolant for a fast neutron reactor? For
other options are available, such as lead, moten salts,
helium…Let us review the criteria for coolant selection, as well
as the related stakes and technical or scientific problems.

The first asset in selecting a nuclear reactor coolant is that of
efficient removal of heat generated in the reactor’s core. In this
respect the selected coolant has to display a high heat capa-
city and a good thermal conductivity. Secondly, its viscosity
should not be too strong so as not to require an excessive
pumping power. At last, its phase transitions have to be
controlled: in the case of a liquid, its solidification and its vapo-
rization should be both avoided, the first one being liable to
induce a blockage, and the second, to cause a significant
change in its heat transfer properties.

Other constraints, of a neutronic order, have to be taken into
account: the primary coolant flowing in the reactor's core is
confronted with the neutron flux. Now the absorption of these
neutrons by coolant is to be avoided, which entails a strong
reduction in the coolant’s chemical and isotopic composition.
In the case of a fast neutron reactor, the neutrons are not to be
slowed down either, which excludes light elements. In addi-
tion, the reactor has to be in a steady state: its reactivity* has
to slow down if the core’s temperature increases, or if coolant
is vaporized. Finally, the coolant is not to be decomposed
under irradiation, or strongly activated, so that the reactor’s
maintenance and, then, dismantling can be carried out under
acceptable radiological conditions.Activation* problems quite
often originate in coolant’s impurities. So it is important to get
sodium of sufficient purity so that it can be used in a reactor,
and to maintain this purity level by appropriate chemical tech-
niques.

Coolant is in contact with the reactor’s structures, and with its
fuel.This contact is expressed by thermal-mechanical-chemi-
cal interactions which have to be controlled: structure-fluid
interactions in turbulent flow lead to vibrations, and possibly
cavitation, that are to be avoided.Temperature variations impo-
sed on the wall by a turbulent non-isothermal fluid may result
in the thermal fatigue* of materials. One of the major
concerns is how to cope with chemical interactions with
coolant, i.e. how to avoid corrosion, clogging, structural
embrittlement, andwastage*.That topic includes steels disso-

Why Sodium?
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Finally, the reactor will have to be dismantled some day, which
in particular will require coolant inertization* techniques.

In addition, coolant circuit components, especially pumps and
heat exchangers, have to be available on the industrial scale,
as well as the related control instrumentation.

Available options
for coolant
Given these very hard specifications,
it is clear that the choice of coolant can
be a predominant component in a
nuclear reactor's design, and that
there are few available options. In
practice, reliable coolants for fast neu-
tron reactors are sodium and its eutec-
tics (Na-K), lead and its eutectics (Pb-
Bi), gas (helium or CO2), and molten
salts (fluorides). It is true that there is
no ideal coolant in this list, and that
choices are still open, as all these
options are still being investigated in
relation to the fast reactor concepts
retained by the Generation IV
International Forum (Fig. 18-21).

Fig. 17. Photograph of an in-service
inspection robot.

Fig. 18.The sodium-cooled fast reactor (SFR).
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Fig. 19.The lead (alloy) cooled fast reactor (LFR).

The sodium-cooled fast reactor concept has experienced a
strong development, and benefits from an outstanding expe-
rience feedback. In its standard version (Fig. 18), it is often
based on a uranium-plutonium mixed oxide fuel (MOX), with
the possible addition of minor actinides.The fluid used for pri-
mary and secondary circuits is sodium.
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The concepts of gas-cooled fast reac-
tor (GFR) (Fig. 20) are based on
various fuel configurations (rods, plates,
prismatic blocks), various physico-che-
mical forms of fuel (especially ceramic-
based forms), and a helium coolant.
The core outlet temperature is about
850 °C; power generation is ensured by
a gas turbine which provides a good
thermal efficiency.

Several variants of molten salt reactors
(MSR) (Fig. 21) have been investigated,
and a few prototypes have been built.
Most of the concepts currently under
study are based on a fuel dissolved in a
fluorinated salt. This concept couples
the reactor with an online reproces-
sing* plant for continous extraction of
fission products.

In Europe these four coolant options
are being explored in parallel with pro-
jects ASTRID (a sodium-cooled fast
reactor, proposed by CEA), MSFR (a
molten salt fast reactor, under study at
CNRS), ALLEGRO (a helium-cooled

fast reactor, studied by a consortium of Eastern Europe coun-
tries), MYRRHA (a lead-cooled ADS*, proposed by Belgium)
and ALFRED (a lead-cooled fast reactor, a European project).

The benefits and drawbacks of these coolants are summari-
zed in the following table.

Among the four coolants under consi-
deration for fast neutron reactors,
sodium is the coolant that benefits from
the larger experience feedback.
Regarding the three other coolants
(molten salts, Pb, He), there is still a
long way to go to reach industrial
control. For instance, the state of know-
ledge and the difficulties related to the
selection of coolant materials is sum-
marized in the inset below.

Control rods

Helium

Generator

R
ea
ct
o
r

co
re

Reactor

Turbine

Heat sink Heat sink

Electrical
power

Compressor

In
te
rc
o
o
le
r

Recuperator

P
re
co
o
le
r

Control
rods

GeneratorReactor

Turbine

Heat sink

Electrical
power

CompressorIntercooler

Recuperator

P
re
co
o
le
r

Reprocessing
unit

Cold plug

Purified
salt

Cooling
salt

Heat
exchanger

Emergency tanks

Pump

Pump

Fig. 21.The molten salt reactor (MSR).

Fig. 20.The gas-cooled fast reactor (GFR).

The concept of lead-bismuth-cooled fast reactor (Fig. 19) has
experienced a development in the USSR in relation to naval
propulsion.The coolant under consideration is metallic lead or
a lead/bismuth eutectic, transparent to fast neutrons.The fuel
is of the MOX or nitrous type, and may contain transuranians.
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Table 3.

Water Sodium

Cost and availability of coolant fluid. Available at a negligible cost. Available at a low cost.

Temperature at which the coolant Bad. Good.
can be used.This temperature can Temperature limitations are due
directly impact the yield to boiling and corrosion.
of the energy conversion system.

Figure-of-merit in relation to heat Very good. Excellent.
transfer: heat capacity, thermal
conductivity.

Neutronics aspects, Poor. Good.
transparency to neutrons. Light water absorbs neutrons; the high Sodium little absorbs neutrons.

moderating power of liquid water restricts Of a very low moderating power. It is compatible
its use to thermal spectrum reactors. with a fast spectrum. Sodium is very little activated.

Corrosion, erosion, clogging. Poor. Good.
High-temperature water is corrosive. Sodium is very little corrosive

for the reactor's structures.

Technology: purification and control We know how to do. We know how to do.
of the coolant physico-chemical state.

Technology: seals, leaktightness, Medium. Medium.
leak detection. Sodium-cooled reactors operate at a quasi-

atmospheric pressure, which is an asset.

Technology: large-sized components. The technology is mature! Heat exchangers* to be developed
if a gas tertiary coolant is selected.

Technology: reactor inspectability. Excellent.Visual inspections are possible Bad.
in some areas during shutdowns. Of course, the reactor is little activated, but sodium

is not transparent.The periodic inspection
of surfaces in an opaque medium is difficult.

Safety. Good. Good as regards neutronics
Vaporization risk, with a strong modification (very few risks of reactivity-initiated accident)
of neutronic characteristics, and thermal-hydraulics (broad margin to boiling).
and of water coolant heat transfer. Bad as regards physico-chemistry

(takes fire in the air, and strongly reacts with water).
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Helium Lead Salts

Expensive. Lead is available at a low cost; Lithium is a rare and expensive resource.
bismuth is less easily available. The need to enrich lithium in Li 7

makes the bill heavier.

Excellent. Good. Good.

Bad. Medium. Medium.
The solid-gas heat transfer is poor, No problem of phase change. No problem of phase change.
which entails high flow rates for the working
coolant, under high pressure, and limits
the core’s power density.
The gas coolant flow involves a costly blowing
power.

Very good. Very good. Good, but not compatible with a very hard spectrum.
Neutron capture in the gas is very low. The Pb Bi variant experiences activation (Po 210 Need of Li 7-enriched LiF to prevent
Its moderating power is null, and it is generation), hence problems of radiation protection the reactor from generating a lot of tritium.
compatible with a thermal or fast spectrum. and coolant management during dismantling.

Risk of corrosion by helium impurities. Very bad. Corrosion control depends on controlling Bad.The salt is corrosive, chiefly because
Risks of abrasion by the dust entrained the redox potential and the temperature (too much of its impurities. Redox control is crucial.
by a high-velocity gas flux. oxidation means lead oxidation; too much reduction

means steels dissolving).Will the redox potential
in a commercial reactor ever be controlled
so efficiently? Risks of corrosion as well as of erosion
and clogging by mixed oxides PbFeO (slag).
Risks of embrittlement by liquid metals.

Technology to be developed. Emerging technology The technology does not exist. Salt cleaning
(redox control is crucial). by air bubbling is a major challenge,

which MSFR concept viability depends on.

Gas means problems of leaktightness. To be developed. To be developed.
Helium is a rare and expensive coolant…
especially in the case of leakage!

Many developments required Lead pumps are still to be developed. Plate-type Heat Exchangers (PHE) will be hard
(heat exchangers, thermal insulation, turbines). to design (corrosion), and little efficient (strong

temperature drop due to the poor thermal
conductivity of salt): this brings the secondary salt
very close to its solidification temperature.

Excellent. Bad. Bad.
The reactor is not much activated. Lead is not transparent.The periodic inspection Of course, salts are transparents (but are they still
Maintenance and repair in the reactor of surfaces in an opaque medium is difficult. so after irradiation?).Yet, no view port can resist
are easier due to gas transparency. fluorides… and the instruments themselves

(thermocouples, fission chambers…) will be affected
The core will experience high activation (as there
is no fuel clad), which makes it hard to inspect.

Good as regards neutronics Good as regards neutronics. Good as regards neutronics.
(fairly limited risk of reactivity-initiated accident). Medium as regards thermal-hydraulics Medium as regards thermal-hydraulics (the high melting
Good as regards physico-chemistry (the high melting temperature induces plugging temperature induces risks of plugging by solidification
(no phase change, and no chemical reactivity). risks by solidification at cold points). at cold points).
Bad as regards thermal-hydraulics: its coolant Bad as regards physico-chemistry Bad as regards physico-chemistry (risks of coupled
capability is lost in the case of a strong (wastage and clogging problems) and mechanics corrosion and clogging).The absence of first barrier
pressure drop. In the event of a breach decay (vulnerability to earthquakes due to lead’s (if fuel is liquid) allows fission products to flow
heat removal proves difficult. high density). freely in the primary coolant circuit,

with a risk of build-up in cold points.
Risks of oxifluoride precipitation in the case
of air ingress.



A few difficulties related to searching for materials compatible with a lead coolant
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Bernard BONIN,
Scientific Division

Lead displays a very strong corrosive power on the whole of
the metallic materials usually used in reactors, i.e. austenitic,
ferritic or martensitic materials. In particular, it dissolves nickel
in alloys.

The only protection against this dissolution is generating a
superficial oxide layer by maintaining a given oxygen level in
lead through controlled injection. In contrast, if this level is ill-
controlled, and gets too high locally, insoluble lead oxides may
form, and result in various disorders (this very phenomenon
induced incidents by core blockage on the Russian nuclear
submarines that used that coolant, to be abandoned later on).

The protective role of this oxide layer has two limits: tempera-
ture, with a limit around 480 °C, and the fluid velocity, i.e. a
limit around 2 m/s.So this protection is not sufficient for some
areas of the reactor and, especially, for the clad and pump
materials, where flow rates are high. Protective processes by
alumina deposition have been developed and give good
results for clads in some tests, but are not sufficient for pumps
in which other materials are under development.

Besides, this presence of oxides results in cumulative depo-
sits in exchanger and steam generator tubes that gradually
reduce the exchange coefficient. In this case, too, using pro-
tective alumina-based deposits seems to be required.

Other rather complex problems have also been evidenced
during tests, such as variations over time in the composition
of protective oxide layers, or fast corrosions in friction zones
between fuel sub-assembly clads and spacer wires.Research
and tests are underway in these areas so as to try and find
acceptable solutions referring to both the industrial feasibility
and the design safety of such a reactor.
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Sodium Physical and Chemical Properties

A well-known metal
Sodium is the most common of alkaline metals. It is often
found in nature, but only in the form of compounds (sea salt,
rock salt, sodium carbonates and nitrates), and it is the sixth
most abundant element in the crust of the Earth (i.e. about
2.8% of the earth’s rock). It is also present in large amounts in
seawater as sodium chloride combined with sodium bromide
and sodium iodide.

Sodium has been known since the Highest Antiquity.The ety-
mology of the word “sodium”, and the “Na” symbol have been
known from the remotest ages. The word neter is mentioned
in the Bible, the word natrium exists in Latin, and the word
natron in ancient Egyptian, in which it was used to call the
decahydrated sodium carbonate, a chemical compound used
for mummy preservation. In addition, the word natron was still

used in the Middle Ages, and the word natrium is still used
nowadays to refer to sodium in German. At last, the chemical
symbol Na is still used today to name sodium.

Sodium in its metallic form can be used to refine some metals
such as zirconium, potassium, silicon, tantalum…Other uses
are related to medicine, chemistry (styrene purification,
sodium methylate preparation…, paper pulp bleaching,
sodium vapor bulbs… Owing to its broad use in industry, its
cost is low. It can be used as a coolant in fast neutron reac-
tors, in some solar power plants, or in some chemical pro-
cesses in order to provide heat required for implementing che-
mical endothermic reactions.

Sodium is a silver grey, soft alkaline metal. The sodium atom
corresponds to the symbol Na 23, which means that it consists
of a nucleus of 11 protons and 12 neutrons, surrounded by 11
electrons distributed according to the 1s22s22p63s-1 formula.

Sodium’s atomic mass, for which the only natural isotope is
Na 23, has a mass of 22.9898 g. As all other alkaline metals,
sodium is a very reactive (reducing) element that easily losses
its outer electron. In most of its compounds, it can be found in
the form of Na+ cation, which obviously is its most stable confi-
guration.

Fig. 22. Liquid sodium.

Fig. 23. Primary sodium in the PHÉNIX reactor, as seen through
a penetration of the slab.
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Applied to reactor internals inspection, ultrasonic imaging
gives good images due to the great density difference between
steels and sodium. Efficient transmission of ultrasounds
through structures is favored by sodium’s low density.The lat-
ter also allows to get passive shutdown systems thanks to gra-
vity, whereas this is not the case with lead, which is also put
forward as a coolant for fast neutron reactors (FRs).

Density in the liquid state is lower than density in the solid
state.Volume expansion during the transition from the solid to
the liquid state is about 2.7%; so sodium’s behavior is reverse
compared to that of water. Given this feature, it is necessary
to implement specific procedures to melt sodium in storage
tanks or any other vessel: thus, it is recommended to melt the
sodium volume near the free surface, and then to gradually
melt the lower volumes.

Sodium viscosity at 400 °C can be expressed in the form of
the following equation [1]:

220.65log10? = –2.4892 + ���� – 0.4925 log10++
with ? in Pa.s and + in kelvin.
Its value at 400 °C is of the same order as that of water at
100 °C, i.e. 310 and 280 Pa.s respectively. Due to the simila-
rity between sodium and water density and viscosity values, it
is possible to carry out thermal-hydraulics experimental stu-
dies with water, especially to validate codes, or to characte-
rize flows in reactor components or vessels.Yet, sodium has
to be used when the aim is to further explore the mechanical
behavior of structures undergoing thermal-hydraulic instabili-
ties (jetting, thermal stratification…) liable to lead to thermal
fatigue, thermal striping damage* phenomena…

Structural materials wetting ability, referred to as “wettability”,
depends in a complex manner on temperature, sodium purity,
the structural material’s nature and surface state, especially in
presence of metallic oxides or adsorbed gases which signifi-
cantly modify boundary conditions between the structure's sur-
face and sodium. Sodium’s wetting characteristics on a solid
metallic structure change when sodium with a low oxygen
content is brought to a higher temperature for a few hours, e.g.,
to 300 °C during 24 hours. In such conditions metallic oxides
occurring on the material’s surface are dissolved.
Implementing such a procedure then induces very good
sodium / material's structure contact which is preserved at
lower temperatures, for example 180 °C, i.e. sodium tempera-
ture during fuel sub-assembly handling campaigns.

Given its very high reactivity, sodium does not occur in nature
in the form of a pure metallic element. Sodium salts are the
mostly used inorganic salts, due to their high solubility and
their moderate price. Some occur in nature. Most of others,
including sodium hydroxide, can be prepared without going
back to the metallic state. The metal itself, which is a strong
reducer, is very hard to get using chemical processes:
Humphrey DAVY, a British expert in chemistry and a physicist,
first isolated it in 1807 by electrolysis of molten sodium
hydroxide. Today sodium is produced by electrolysis of liquid
sodium chloride: it is prepared in an electrolytic cell in which
sodium chloride NaCl (40%) is mixed with calcium chloride
(60%) in order to lower the melting point to 580 °C. Na+ ions
are attracted to the cathode where sodium is formed. In as
much as calcium is less electropositive than sodium, calcium
is not formed at the anode.

Physical properties
For any physical property, we give the original reference from
which the physical properties of liquid sodium have been extra-
cted. There does not exist any “thermodynamic” consistent
reference database for sodium within the SFR community.We
use the term “reference base” in the meaning of a database
that has experienced a consistent internal thermodynamic cri-
tical review. Since 2012, the SFR community has launched a
dedicated study, aiming to produce such a consistent data-
base, within the frame of an IAEA initiative called “NAPRO”.

Owing to differences in the structure and the interatomic dis-
tances, most of sodium characteristics display a discontinuity
during the solid-to-liquid transition.Thus wemention a few dif-
ferent equations for each state, whether solid or liquid, but
obviously the liquid-phase characteristics are the most impor-
tant for sodium-cooled fast reactors.

At atmospheric pressure, sodium is a liquid between 97.85 °C
(its melting point) and 882.85 °C (its boiling point) [4]. The
broadness of this range means an advantage in terms of
safety for sodium coolant as it allows a fairly significant heating
of the cooling system before boiling. The melting enthalpy�Hmelting is 2.64 kJ.mol-1, and the vaporization enthalpy �Hvap
is 89.04 kJ.mol-1.

The critical temperature is relatively high. It is worth to point
out that according to authors the value assigned to this critical
temperature varies between 2,573 °K and 2,733 °K. [3]

Sodium density is always lower than that of liquid water in the
same conditions of temperature and pressure. Its value is
about 850 kg/m3 at 400 °C, and gets lower when temperature
increases in accordance with the following law:

A = 950.0483 - 0.2298 (+-273.15) - 14.6045.10-6 (+-273.15)2 +
5.6377.10-9 (+-273.15)3
with A in kg.m-3, + in kelvin [1].
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• Vacuum distillation is not a very efficient cleaning technique
before any inspection or repair of the reactor’s internals.Yet
it is worth to point out that evaporation, which only depends
on sodium's vapor partial pressure, can be enhanced, in
conditions distinct from boiling, e.g., by blowing with a hot
gas. As a general rule, designers select chemical processes
for treating sodium films occurring on structures after drai-
ning, for example water vapour or spray injection;

• Due to this low volatility, sodium flames occurring above a
pool fire are very short, and the heat produced by convec-
tion is low, in contrast with a hydrocarbon fire: so a pool fire
can be smothered by spreading an extinguishing powder.

As all other metals, sodium exhibits a very low electrical resis-
tivity:

Ae = 6.1405 10-8 + 3.5047 10-10 (+-273.15) + 5.6885 10-14
(+-273.15)2 + 1.66797 10-17 (+-273.15)3

with Ae in �.m, + and K.
These attractive conduction properties are widely used in the
technology and instrumentation developed for sodium: for ins-
tance, it is worth to mention level gauges, flowmeters, electro-
magnetic pumps, and sodium leak detection systems…

Sound velocity in sodium little varies, depending on tempera-
ture. It is given by the following relationship [2]:

C = 2,577.2 - 0.5234 (+-273.15)
for 373.15 < + < 643.15 K with C in m.s-1, + in K.
This formula can be extrapolated up to 1,673 K. So sound
waves can spread very easily through sodium. This property
is much used in under-sodium measuring and viewing tech-
niques, and makes it possible to free from sodium opacity for
a large number of in-service inspections.Temperature depen-
dence, however, remains low; nevertheless, measuring the
variation in the propagation time of a sound wave between two
points, i.e. the sensor and a fixed target, could allow detection
of a variation in sodium temperature. In order to ensure mea-
suring accuracy and avoid background echoes, it is necessary
to check that solid particles and gas microbubbles contained
in sodium occur in extremely small amounts.

Sodium’s thermal conductivity is very high [1]: about 76.6Wm-
1.K-1 at ’400°C. In contrast, water conductivity varies between
0.6W.m-1.K-1 at 20 °C and 0.465W.m-1. K-1 at 350 °C (under a
150 bar pressure), whereas sodium’s conductivity is 100 to
150 higher at atmospheric pressure.

In the case of solid sodium: > = 135.6 - 0.167 (+-273.15)
In the case of liquid sodium:> = 92.951 - 5.8087 10-2 (+-273.15) + 11.7274 10-6 (+-273.15)2
with > in W.m-1.K-1 and + in kelvin.
Due to this high thermal conductivity sodium has a low Prandtl
number, and displays a thermal-hydraulic behavior very diffe-
rent from that of water: thermal conduction in sodium is so fast
that the velocity profile has little effect on the temperature pro-
file.

Sodium specific heat is high [1], but a slightly lower than that
of water: thus, at 400 °C, it is equal to 1.25 103 J.kg-1.K-1 (water
at 20 °C: 4.18 103 J.kg-1.K-1).

In the case of solid sodium:
Cp = 1,199 + 6,491.10-4 (+-273.15) + 1,052.9.10-5 (+-273.15)2
In the case of liquid sodium:
Cp = 1,436.715 - 0.5805 (+-273.15) + 4.6273 10-4 (+-273.15)2
with Cp in J.Kg-1.K-1 and + in kelvin.
Sodium has a very high boiling point (the boiling point is by
definition the temperature at which saturation vapor pressure
is equal to atmospheric pressure): that shows that sodium is
not very volatile.

The saturation vapor pressure is given by the following equa-
tion:

Ln Ps = 23.99 -12,580.+-1 - 0.2241.Ln++1.712.10-22+6

with Ps in Pa and 371 < + < 2,573 K.
The fact that sodium is not very volatile has several conse-
quences:

• In normal operation, evaporation quickly reaches a steady
level (condensation = vaporization).As a result, in the various
gas plena, and more particularly in the primary vessel, mass
transfer towards the top slab’s colder wall is rather limited,
especially in presence of argon, due to the low thermal
conductivity of this gas. However, the sodium-cooled fast
reactor operating experience feedback has evidenced the
presence of sodium aerosols, possibly oxidized and deposi-
ted on the upper structures or in narrow spaces. So it is
necessary to foresee devices able to condense sodium vapor
and to trap aerosols, in order to avoid all potential problems
induced by their occurrence;
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Oxygen and hydrogen are the two major pollutants of sodium.
The respective solubilities of oxygen and hydrogen are very
low; solubility reaches an almost zero value at the melting tem-
perature (97.85 °C). This is a specific property of sodium in
contrast with other liquid metals, especially other alkaline
metals.

Concerning oxygen, using Noden’s solubility law [5] is recom-
mended:

2,444.5log10 [*(664)] = 6.250 – ����+(()
Concerning hydrogen, using Wittingham’s solubility law [6] is
recommended:

3,023log10 [&(664)] = 6.467 – ����+(()
All the elements steel consists of (Fe, Cr, Ni, Mn, C) are likely
to be dissolved in sodium. However, this phenomenon, which
depends on diffusion at interfaces, remains very low, because
the solubilities and diffusion coefficients of metallic species in
sodium are very low too.Oxygen contributes to steel corrosion
in core and fuel sub-assembly structures, and activated corro-
sion products are carried to other structures, especially to
cooled structures, such as intermediate heat exchangers
(IHX*), which results in their contamination.The main radioac-
tive contaminants are Co 60 and Mn 54. Corrosion kinetics
depends on the temperature and flow rate parameters, as well
as on sodium chemistry (mainly oxygen activity).Empirical cor-
rosion models have been put forward and validated referring
to experiments representative of operating conditions in a
reactor.

As steels tend to exchange non-metallic elements, such as
carbon and nitrogen, with the liquid metal, the effects of these
elements have to be taken into account for evaluating steels
corrosion resistance in liquid sodium, and for mass transfer
calculations, as well as for the evolution of induced mechani-
cal properties. For example, at high temperatures, the rate of
carbon diffusion in steel is sufficiently high to cause changes
in carbon concentrations in cladding materials. The effects of
these evolutions on steels corrosion resistance at tempera-
tures lower than 600 °C are generally marginal. Stress corro-
sion cracking phenomena may take place in presence of
aqueous soda when the component, wetted by a residual film
of sodium, is polluted by moisture which reacts with the resi-
dual sodium layer. Thus, above 80 °C for ferritic steels, and
above 110 °C for austenitic steels, intergranular or transgra-
nular cracks may occur. So residual aqueous soda has to be
removed on components and narrow spaces using a suitable
flushing and drying procedure (dew point of -20 °C), before
refilling the circuit of interest with sodium.

Chemical properties
As a result of sodium's tendency to lose its outer electron, it is
endowed with reducing characteristics, like all alkaline metals.
Its reaction with water generates sodium hydroxide and
gaseous hydrogen: the latter's presence leads to risks which
have to be assessed when sodium is used for chemistry or as
a coolant.This reaction is strongly exothermic (162 kJ.mol-1 of
Na) and extremely quick. So the sodium-water interaction
liable to take place in a steam generator is an incident the
consequences of which have to be conveniently assessed, so
that they may be taken into account in the design basis of sys-
tems used for ensuring this event's detection and the compo-
nent’s safety.

Yet, this strong reactivity with water is positively used for deve-
loping cleaning processes for structural materials wetted by
sodium during handling operations, as well as for converting
large amounts of sodiuminto sodium hydroxide, in the end of
the reactor’s operation, during dismantling.

Solid sodium is quickly oxidized in air, and liquid sodium burns
above its melting point, i.e. 97.8 °C if it is dispersed as dro-
plets, and above 140 °C, if it is in the form of a liquid sheet.
That leads to the generation of sodium peroxide Na2O2, or, in
the case of low oxygen content, of sodium oxide Na2O, of
hydrated sodium hydroxide (NaOH-xH2O), and of sodium car-
bonates (Na2CO3 and NaHCO3) in variable proportions
depending on the air being more or less humid, or more or
less loaded with carbon dioxide.The sodium flame has a quite
characteristic yellow-orange color, and corresponds to the
589 nm-wavelength sodium emission line.Temperature within
the flame may reach 1,340 °C.Given this high chemical reac-
tivity, liquid sodium should be handled extremely carefully:
liquid-phase sodium has to be stored or used in presence of
inert gas (without oxygen or moisture), e.g., with nitrogen or
argon.Specific means have been developed to detect sodium
leakage, based on the installation of insulated electrical
conductors (bead-fitted wire, metallic tissue…); in the case of
a sodium leakage, the conductor is put in contact with the pipe,
and this short circuit triggers an alarm.

In order to cope with the effects of sodium fires, several
approaches have been developed, generally based on limiting
the oxygen available for combustion: specific collecting
devices, referred to as “smothering pans”, partitioning the
volume of the galleries followed by pipes… Specific fire-extin-
guishing powders have been developed, among which the
“Marcalina” powder developed in France, consisting of sodium
carbonate and of lithium mixed with graphite: fire-fighters
spread it on fire in order to insulate it from the air.

Sodium Physical and Chemical Properties26



�References

[1] G.H. GOLDEN and J.V. TOKAR, “Thermophysical properties of

sodium”. ANL-7323, Argonne National Laboratory, Illinois, USA, August

1967.

[2] SHUH, PANYing, and Clyde C.SCOTT “Attenuation measurements of

sound and performance of ultrasonic transducers in 600 °F liquid Na”,

APDA-180, December 2005.

[3] P. PETIOT and J.-M.SEILER, CEN G (Grenoble), “Physical properties

of sodium: a contribution to the estimation of critical coordinates”,High

Temperatures High Pressures, vol. 16 (1984), pp. 289-293.

[4] PASCAL (P.), Nouveau traité de chimie minérale, vol. II, Lithium –

Sodium, éd. Masson et Cie.

[5] J.N. NODEN, “A general equation for the solubility of O2 in liquid

sodium”, British Report RB/B/N 2500 (1972).

[6] A.WITTINGHAM, “An equilibrium and kinetic study of the liquid sodium

hydrogen reaction”, Journal of Nuclear Materials, vol. 60 (1976), p. 119.

Neutronic properties
Sodium only has one stable isotope: Na 23. Sodium irradia-
tion by a neutron flux leads to the formation of radioactive iso-
topes. Two other isotopes are yielded: through reaction (n, ;),
Na 24 (half-life: 14.98 h), which makes it necessary to wait for
decay before performing some actions on primary coolant cir-
cuits, and through reaction (n, 2n), Na 22 (half-life: 2.58 years),
which has to be taken into account for sodium treatment during
dismantling. As a whole, these two reactions display a low
cross section: so sodium is little absorbing, which helps save
neutrons in the reactor, and is little activated. Both properties
are interesting for sodium use as a SFR coolant.

As a conclusion, sodium as a coolant has many assets: it dis-
plays very good thermal properties, a low viscosity, a low den-
sity, a low activation by neutrons, a very good compatibility with
materials, and a strong availability at low cost. However its
reactivity with air or water has to be coped with.

Christian LATGÉ,
Nuclear Technology Department
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Sodium-Cooled
Fast Reactor Design

During the construction and operation of the nineteen
sodium-cooled fast reactors currently under operation in the
world, various design options have been selected and tested.

Some selected options have been validated, and today bene-
fit from a quasi-consensus. For instance:

• The selection of a core displaying a high power density to
compensate for low cross sections associated with fast neu-
trons: this search for density leads to a core geometric design
based on hexagonal fuel sub-assemblies*;

• These sub-assemblies consist of bundles of fuel pins heli-
cally wrapped with spacer wire, placed inside the hexago-
nal wrapper tube* (HT);

• The sub-assemblies are fed at the bottom nozzle through the
diagrid supporting the core, with a sodium flowrate adapted
to each sub-assembly;

• Sodium selection for the secondary loop has been corrobo-
rated in all recent studies and projects;

• The selection of a “pool-type” reactor, in which pumps and
exchangers are located in the main vessel*, around the
core, seems to be the solution retained for all new projects
underway. Loop reactors used for some prototypes such as
RAPSODIE and, then, for reactors of higher power such as
SNR-300 or MONJU, have exhibited a certain number of limi-
tations;

• The selection of a suspended main vessel cooled by a
bypass flow of cold sodium a priori seems to be a reference
solution.

Yet a large number of options are still open for discussion. For
example:

• As regards fuel selection, each of the four possible types of
fuel, i.e. oxide, carbide, metallic, and nitride fuel, displays
advantages and drawbacks, and the four fuels are still in
competition in relation to project parameters dealing with
safety requirements and with spent fuel treatment, fuel fabri-
cation, and even breeding options;

• As part of seeking to minimize the void effect, new options
are being developed in the design of high power cores;

• The choice is still open between a suspended (PX, SPX1,
etc.) safety vessel and a bottom supported safety vessel
(e.g., in the Russian reactor type);

• The layout of the primary circuit and of the hot / cold sodium
plenum separation is variable;

• Several types are proposed for diagrid and strongback* at
the bottom, or for top slab;

• Regarding the fuel handling system, and for economical rea-
sons, giving up the sodium storage drum seems to be the
rule in all new projects.That leads to develop new solutions.
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As a matter of fact, safety criteria evolution for Generation-IV
reactors is a key component for the design of future sodium-
cooled fast reactors.Such new rules, especially those relating
to severe accident prevention and mitigation, could result in
new, crucial design selections in the coming years.

30 Sodium-Cooled Fast Reactor Design



31Sodium-Cooled Nuclear Reactors

General Design Principles

located between the primary coolant circuit and the
water/steam circuit (Fig. 25), for two main reasons:

1.As the water of the turbine circuit reacts with sodium, design
has to prevent that this reaction may take place in the pri-
mary circuit, for this would have unacceptable effects on
core safety;

2. Given the risk of sodium reaction with water, as well as the
risk of sodium fire in the event of pipe leak, sodium under
reaction should not be radioactive so as not to combine a
chemical risk with a radioactive release risk. So this is an
SFR design principle to have a nonradioactive sodium
“secondary” (or “intermediate”) circuit. So a deep, periodic
reflective process proved necessary to find a fluid other than
sodium for the “secondary” circuit, and ensure this power
transfer function, while avoiding the problems of reactivity
with water. The physical parameters of interest are the fol-
lowing:

• A good coolant, that is liquid a minima within the operating
range, and with margins with respect to solidification and

vaporization;

• A “commercial” product, i.e. acces-
sible in cost and volume;

• A product that does not react, or little
reacts, with water or primary sodium;

• A product whose leaks into the “pri-
mary” coolant circuit, or the water cir-
cuit can be dealt with;

• A product that does not corrode the
selected materials.

The last review of fluid candidates alter-
native to sodium was conducted bet-
ween 2007 and 2009. The report in
which it was dealt with, enhanced lead
or the lead-bismuth eutectic, that allows
a lower melting point. However, a dee-
per analysis shows that the drawbacks
of this solution are far stronger than the
benefits of interest. In particular, lead
chemistry is extremely complex, andFig. 24. Sectional view of the Russian BN-1200 reactor project.

A nuclear reactor (Fig. 24) comprises a core*, where
nuclear reactions take place, a system for removing the decay
heat generated in the core, and an energy conversion system
designed to turn the heat produced into electrical power. The
design of this whole is complex, for all the selections feedback
on these three components. The most structuring selection
probably is that of coolant*. Core design is dealt with in the
following chapter; here the topic is the overall architecture of
the reactor.

Assuming the reactor core is defined, with its own characteris-
tics of power, flowrate, pressure drop, etc., it is necessary to
prepare the transfer of this energy to the fluid that will drive the
turbine before condensing or cooling at the cold point where
the Carnot cycle will be closed.

A secondary sodium circuit
First of all, the whole set of SFRs built or under construction
is fitted with a “secondary” (or “intermediate”) coolant system

Intermediate heat
exchanger

Rotating plug

Reactor vessel

Safety vessel

Reactor pit

Reactor core

Primary sodium pump

Cold trap

Control rod drive
mechanism

Pump-diagrid
connection (LIPOSO)*

Core support structures

Core catcher
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*LIPOSO: a French acronym for Liaison
pompe-sommier, i.e. “pump-diagrid connection”.



Fig. 25. Sodium-cooled reactors generally have three circuits respectively called “primary”, “secondary” (or “intermediate”), and water/steam.

Fig. 26. Functional diagram of the pool-type / loop-type design nuclear steam supply system (NSSS).
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Pool-type or loop-type reactor?
Two main options can be considered for the layout of the pri-
mary coolant circuit in a sodium-cooled fast reactor: the “pool-
type” concept, and the “loop-type” concept (Fig. 26):

• In the pool-type primary circuit concept, the primary sodium
is fully contained in the main vessel in which primary pumps
(PP) and intermediate heat exchangers (IHX*) are immersed

the corrosion problems of materials are not solved within this
temperature range. In addition, a lead leak into the “primary”
circuit would entail severe troubles.

As a conclusion, sodium still stands as the best candidate for
“secondary” circuits in 2014.
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Fig. 27. Separation of the hot and cold sodium plena in a pool-type design.

• A lower activation of the secondary circuit, but this activation
can be coped with in the pool-type option through optimizing
neutron shielding;

• Some theoretical flexibility to go towards concepts with no
secondary circuit, and to test various energy conversion sys-
tems evoluting over time.

In contrast, a certain number of difficulties are associated with
the loop-type concept:

• The design criteria of pipes and branch connections in rela-
tion to a suitable pressurization level may induce an increase
in the number of loops, or a limitation of reactor power;

• The safety problems hard to cope with (guillotine break of
pipes, risk of uncovering or of gas carryover, inspection of
the primary pipes and of the double envelope vessel, archi-
tecture of decay heat removal systems and natural convec-
tion initiation, etc.).

As a whole, the pool-type sodium-cooled fast reactor seems to
be the most promising concept in the current state of our
knowledge, and of our European baseline design and safety
requirements.

The primary circuit layout:
hot plenum / cold plenum
A pool-type reactor entails defining the layout in the main ves-
sel of the hot plenum (or hot pool) receiving sodium at core
outlet, and of the cold plenum (or cold pool) recovering cold
sodium at the exchanger outlet.

Five options can be considered (Fig. 27):

• Pool-type reactor fitted with a conical redan*. This is the
option retained on PHÉNIX, SUPERPHÉNIX, and on the two
power reactors currently under construction;

?

How to separate the hot
and cold sodium plena
in the pool-type design?

Conical redan Cylindrical inner
vessel containing
the components
(CICE)

Cylindrical inner
vessel surrounded
by the components
(CICI)

With no inner vessel Stratified redan

through the roof slab of this vessel.This very concept has been
retained for PHÉNIX, SUPERPHÉNIX, the Russian BN-600
and BN-350 reactors, and the two power reactors under
construction today, BN-800 and PFBR;

• In the loop-type primary circuit concept, primary pumps and
intermediate heat exchangers are located outside the reac-
tor’s primary vessel, which only contains the core, and are
connected with it through primary pipes.This concept was
used on the KNK German reactor, or on MONJU in Japan.
So the operating experience feedback from these reactors is
almost null for power reactors. That was rather a concept
adapted to small research reactors such as RAPSODIE.

The main advantages of the pool-type reactor* are as fol-
lows:

• Only one vessel containing primary sodium, which will favor
radiation protection in operating conditions, and give the
reactor a high thermal inertia under operation;

• A simplified flow path in natural convection, in contrast with
the loop concept in which natural convection in sub-assem-
blies requires a flow in the loops;

• A far lower risk of primary sodium leaks, since there is no
flow outside the vessel, and pressure in this vessel is not suf-
ficient to induce an ejection by an immersed tube (such an
incident occurred on RAPSODIE);

• A significant operating experience feedback (OEF) on seve-
ral reactors.

The potential advantages of the loop-type reactor* are low:

• An easier justification of the seismic resistance of the vessel,
which is smaller; however, components, too, are located in
vessels, and so a justification of the seismic resistance is also
required for all these vessels interconnected by big pipes;
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• Pool-type reactor with a cylindrical inner vessel surroun-
ded by the components (CICI 2), that is aimed at improving
the accessibility of vessel bottom structures, and protecting
the decay heat removal (DHR) systems and the primary tank
in the event of a containment design basis accident (CDA);

• Pool-type reactor with a cylindrical inner vessel contai-
ning the components (CICE 3), that is aimed at simplifying
the nuclear steam supply system (NSSS) design, and ensu-
ring better access to internals as part of ISIR4;

• Stratified redan pool-type reactor, that is aimed at the
main vessel’s compactness, the steel mass reduction, and
the improvement of the flow path for natural convection,
thereby favoring its initiation in accidental conditions;

• Pool-type reactor with no inner vessel and with a thick-
plate integrated diagrid / strongback, that is aimed at the
advanced simplification of vessel internals in order to opti-
mize inspection possibilities as much as possible.

The main selection criteria will be the following:

• The operating experience feedback (OEF) available for the
various solutions;

• The structural thermomechanical loading;

• Internals inspectability;

• The minimization of the required structures.

Fig. 29. Core support structures of the EFR project.

Fig. 30. Example of structural simplification.

Fig. 31. Example of integrated diagrid/strongback.Fig. 28. Example of a reactor fitted with a conical redan.

Alveolus
roof slab

Conical redan

Currently the options with no inner vessel and with a stratified
redan, that mean a strong simplification, raise a true questio-
ning about thermomechanical loadings, and cannot be retai-
ned in the present state of our knowledge.

As for the first three solutions, the potential advantages of the
two cylindrical inner vessel solutions are still low in contrast
with the conical redanwhich benefits from an outstanding ope-
rating experience feedback, and the cylindrical inner vessels
entail significant design basis problems that in fine may lead
to a more complex design.

Therefore the privileged option currently is the conical redan
(Fig. 28).

Diagrid and strongback
Sodium is supplied to the core’s sub-assemblies through a
volume where the pipes coming from the primary pumpsmain-
tain a pressure of a few bars: this is the diagrid*5.

The diagrid and the core as a whole have to be supported by
a structure called a “strongback*”.

Several alternatives can then be considered (Fig. 29-31). In
PHÉNIX*, SUPERPHÉNIX*, and then in the EFR*6 studies,
the diagrid was placed on the strongback.

2.CICI: a French acronym for Cuve Interne Cylindrique Interne aux com-
posants.
3. CICE: a French acronym for Cuve Interne Cylindrique Externe aux
composants.
4. ISIR: In-Service Inspection and Repair (or Repairability).

5. Diagrid: also referred to as “grid plate”.
6. EFR: European Fast Reactor project.
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This structure could also be simplified by integrating the dia-
grid and the strongback in a single structure.

So several versions can be put forward, the main final selec-
tion criteria being inspectability and industrial feasibility.

It is also worth noting that the safety demonstration requires
that these core support structures cannot experience any fai-
lure. The component fastening the core support structures to
the vessel has to be especially robust and inspectable.For ins-
tance, on PHÉNIX, an ultrasonic inspection of the core sup-
port ring was performed in 1999.

Vessel layout: cooled?
bottom supported? suspended?
Main vessel cooling / protection
The main vessel has to ensure the following functions:

• Providing support and layout to the core and the reactor block
internals.
It transfers to the reactor slab*, from which it is hung, the
loads of the whole set of reactor block internals, of sodium,
of the core, and of the sodium cover gas pressure. Slab fas-
tening as well as internals support and layout have to be
maintained in all operating conditions;

• Ensuring the containment of working primary fluids (sodium
and argon).
The design of a pool-type primary system entails that the
main vessel* assumes the containment of all the primary
sodium used for core cooling. Together with the upper clo-
sure (slab or roof, rotating plugs, core cover plug*, and com-
ponents going through them), the main vessel participates in
the containment of the sodium cover gas.So it stands as the
second containment barrier* surrounding the fuel.

Fig. 32. Examples of main vessel cooling weir. Fig. 33. Functional diagram of a safety vessel anchored
to the reactor pit (EFR).
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All along the reactor lifetime, this main vessel has to display a
sufficient resistance to the stresses it undergoes, which in par-
ticular means no significant creep.So it is indispensable to limit
temperature evolutions likely to induce unallowable stresses.
This goal entails that thermal cyclings related to variations in
the sodium level have to be avoided as well as, more gene-
rally, all sharp variations in temperature.

The solution retained on PHÉNIX, SUPERPHÉNIX, and EFR
is based on a main vessel cooling system, i.e. a circuit fed with
cold sodium collected upstream from the core (Fig. 32). It is
worth to note that the option of the main vessel’s protection by
an insulation immersed in sodium is periodically put forward,
and just as periodically rejected, not only because of a lack of
operating experience feedback, but also due to difficulties to
address safety problems (fastening mode, consequence of
loss of insulating panels, inspectability, maintenance, integrity
over time, etc.).

The safety vessel* (also referred to as the “guard vessel”)
surrounding the main vessel is designed to ensure the main
vessel containment in the event of sodium leakage, thereby
preventing core uncovering so as to maintain the capability to
cool by natural convection. Several options are then possible:

• Bottom supported (or laying) vessel
This is the option selected on Russian reactors. In this case
a bellows placed between the slab and the vessel accommo-
dates differential expansions;

• Suspended (or hung) vessel
This is the PHÉNIX and SUPERPHÉNIX option. In this case
this is the slab that accommodates the weight of this safety
vessel;

• Anchored to the reactor pit
In this peculiar design (Fig. 33) the reactor pit liner can be
used as a safety (or guard) vessel in the event of a main ves-
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sel leakage. Concrete is protected against excessive ove-
rheating by a an embedded cooling circuit; a layer of refrac-
tory concrete chemically inert with sodium, located in the
reactor pit liner rear part, makes it possible to cope with the
postulated case of a crack through the liner in the event of
main vessel leakage.

The slab
The PHÉNIX and SUPERPHÉNIX slabs consisted of a wel-
ded structure filled with concrete as a biological shield. Their
bearing plate was kept cold (60 °C) by a water coolant sys-
tem. The EFR project slab is “warm” (i.e. with a bearing plate
temperature lower than 120 °C) in order to limit aerosol depo-
sits on the upper closures. In the final version of the EFR 98
project, the slab is metallic: steel (16 MND5), thickness 850
mm, which means a great number of benefits, especially in
terms of safety and containment robustness.

Improvements will certainly have to be planned in order to
ensure the industrial feasibility of this slab.

The secondary circuit layout
The secondary system has to include, at the intermediate heat
exchanger (IHX*) outlet, a pipe bringing sodium to the steam
generator* (SG), and then, at the outlet of this component, an
elaborate pipe transferring cold sodium to the secondary
pump, that brings it back to the exchanger inlet.

In the eighties an optimization work had been performed to
suppress the expansion tank of the secondary pump used on
PHÉNIX and SUPERPHÉNIX.The functions of this tank were
transferred to the steam generator, hence the name “REGAIN”
for the concept. In addition to tank saving, that meant a major
simplification of lines.

This very concept was retained for EFR, and is still the best
adapted currently.

Possible improvements seem to be essentially related to using
an electromagnetic pump*, in substitution for the mechani-
cal pump, and using low-expansion materials, which would
mean further simplification of lines.

What about decay heat removal?
OnPHÉNIX, in the event of loss of the three secondary circuits,
decay heat* removal could be ensured by thermal radiation
from the main vessel to the reactor pit cooled by water circuits.

On SUPERPHÉNIX, that was no longer possible for the total
decay heat, because the emitting surface was not sufficient.
Dedicated circuits immersed into primary sodium allowed
decay heat to be removed through sodium/air exchangers.

This type of option is used on current projects of power reac-
tors under study or under construction.

What about replacing water by gas?
Even if today sodium / water reactions in steam generators are
situations that can be coped with, new safety rules make it dif-
ficult to keep large amounts of water and sodium in the same
building.

This is why studies have been initiated with a view to repla-
cing water by an inert gas. Two solutions are currently been
investigated: first, a solution in which a helium circuit transfers
energy to a building housing a conventional steam turbine,
and, secondly, an evenmore innovating solution in which nitro-
gen heated by sodium directly feeds a gas turbine (Fig. 34).

Fig. 34. Functional diagram of an energy conversion system (ECS) using nitrogen gas.
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Fuel sub-assembly handling
Sub-assembly handling is more complex in a sodium-cooled
fast reactor than in a water reactor, for no opening is possible
and the latter has to performed in a blind way. This is a key
item in terms of excess capital cost in contrast with a water
reactor (Fig. 35).

The system used on PHÉNIX to allow transfer to an in-sodium
storage drum*, that consists of a rotating plug*, a gripper*,
a ramp*, and a transfer lock*, displayed an excellent beha-
vior, and proved quite efficient. It was used again on
SUPERPHÉNIX. Yet, difficulties related to the storage drum
made it necessary later on to carry out every handling activity
in an inert gas.

That selection was assumed again in the Indian PFBR as well
as in the BN-1200 project. For it helps minimize the initial cost
of the handling system.So the operating experience feedback
from this handling in gas will be of high interest.

Many other alternatives do exist, such as using handling
casks, pantograph arms, etc.Their frequent drawback is a limi-
ted, or even non-existent, operating experience feedback.

Severe accident mitigation
In this field the evolution of safety rules is essential. In a reac-
tor such as PHÉNIX, there was no design basis for a severe
core meltdown accident.

In SUPERPHÉNIX, a core catcher* designed for recovering
corium debris was located under the strongback. This device
was adopted again for EFR, and is still currently used in the
BN-1200 project.

As regards the 4th-Generation reactors, the safety vessel or
reactor pit layout is being thoroughly investigated, with a view
to allowing the long-term retention of a whole molten core.

What power?
The selection of the reactor power conforms to an economic
approach identical to that prevailing for water reactors.
Tending to the lowest possible per kWh price leads most of
projects to target high powers, similarly to PWRs.

A smaller reactor requires a lower investment, but will generate
a more expensive electrical power. This choice may also
depend on demand: in isolated or little-consuming areas, small
reactors are preferable. Finally, small reactors display a higher
capability for industrial standardization and mass production.

Moreover, small reactors have advantages in relation to safety.
Now, interesting threshold effects can be seen in sodium-
cooled fast reactors as follows:

• A first threshold around 200MWe for decay heat removal that
can then take place merely by thermal radiation from the
main vessel to the reactor pit;

• A second threshold around 100MWe, at which the core state
is especially robust regarding safety: thus, in the RAPSODIE
end-of-life test and starting from the rated operating condi-
tions, primary pumps had been stopped and control rod drop
had been prevented simultaneously. Core heating and rela-
ted expansions had then directly induced the reactor shut-
down with no notable rise in sodium temperature and, in par-
ticular, no risk of boiling;

• Finally it is worth to mention that small reactors display a
negative reactivity coefficient with respect to sodium voiding.

Another interesting item in the process of selecting a fast reac-
tor, compared to a small reactor, is the possibility for the core
to experience long operating periods of time as it burns pluto-
nium it generates.When theTerra Power7 teammembers star-
ted their studies, they took as the first step a “cigar reactor”
that generated its plutonium, and then burnt it, so as to drop
reprocessing, proliferation, handling, etc. In practice, as the
project had developed, they finally reached the step of a rather
conventional sodium-cooled fast reactor (SFR), excepting the
fact that the core is first designed for a very long operating
time, about ten years or more. This long-lifetime single core
design has been used again in other American projects of
small reactors (see infra the paragraph about new projects,
p. 179).This also results in research on clad materials able to
withstand corresponding fluences.

Fig. 35.The handling control room in the PHÉNIX reactor.

7. “Bill Gates’ reactor”.
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Breeder or burner reactor?
Fast reactors display a high flexibility in managing materials
and, especially, plutonium. Still using the same concept, and
playing on blankets* and on fertile* materials distribution,
several operating modes are available:

•Converter* (or “isogenerator”) mode: the reactor generates
as much fissile material (plutonium) as is consumed;

• Breeder* mode: the reactor generates more fissile material
than is consumed. Hence the “doubling time*” that is the
time required for the initial amount of plutonium to be dou-
bled. The plutonium obtained can so be used to start up new
reactors periodically, thereby setting up a fleet of operational
reactors.This breeding can be obtained by putting at the per-
iphery of the core depleted uranium blankets, referred to as
“fertile blankets”, that will lead to an overall breeding ratio
greater than 1 (1.16 on PHÉNIX) following spent fuel treat-
ment;

• Burner* mode: if no fertile material is placed within, or
around, the core, the reactor will consumemore fissile mate-
rial than will be generated. This can be used in some situa-
tions to transmute (“burn”) actinides, or military plutonium,
or, in the scheduled end of life of a nuclear fleet, to eliminate
products that would otherwise require further storage. For
example, after the United States/Russia disarmament agree-
ments, MOX sub-assemblies were fabricated and used on
the BN-600 reactor in order to eliminate Russian military plu-
tonium.

This property of fast reactors endows them with an ability to
adapt to the various decisions likely to be made in various
ages. Thus fast reactor deployment preserves future choices
of orientations.

Choices strongly related to safety
criteria evolution
The evolution of Generation IV reactor design is going on,
especially to meet new safety criteria.

Some options now seem to have reached a consensus: pool-
type reactor, secondary sodium circuit, suspended and cooled
main vessel, and REGAIN-type secondary circuit.

But other options are still open: bottom supported or suspen-
ded safety vessel, selection of the slab type, hot pool / cold
pool separation mode, reactor pit definition, in particular to take
severe accident mitigation into account, etc. One of them,
which is still being investigated, is a highly structuring option:
the possibility to replace water by a gas non reactive with
sodium.

Joël GUIDEZ,
Nuclear Energy Division

and François GAUCHÉ,
Innovation and Nuclear Support Division
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Fast Reactor Core Design

Fast reactor core physics
By definition a fast reactor core will have a population of fast
neutrons, i.e. with energy levels higher than those in a water
reactor in which neutrons are slowed down by water (they are
said to be “thermalized”) [Fig. 36].

If the approximate relationship is considered:

where the reactor’s power is expressed as a function of the
fission-released energy (%) of the neutron flux* (8) [both
assumed to be constant], of the fission sections (B), and of the
number of nuclei of the isotope of interest ()), it can be dedu-
ced that due to the low values of cross sections, the concen-
tration in fissile nuclei will have to be maximized, and the flux
level will have to be increased as much as reasonably achie-
vable in contrast with a PWR.

Maximizing the concentration in fissile nuclei will be done
through fuel selection. For example, if selecting a MOX fuel,
fuel will contain about 20% of plutonium.

As regards the neutron flux, it will be about 1015 neutrons.cm-2.s-1

in this type of reactor, that is an order of magnitude higher
than in a PWR, with an average energy of neutrons of about
400 keV.

The need to maintain the core’s fissile inventory within reaso-
nable limits makes it necessary to look for an extremely high
power density in a sodium-cooled fast reactor core, i.e. about
300 MW/m3, which means three or four times higher than in a
water reactor.

Here lies the interest of using sodium. Its outstanding coolant
qualities enable it to remove this power through heating by
150 °C within less than a second while flowing through the
core, and with a reasonable flowrate, without pressurization,
and with margins to boiling crisis far stronger than in a PWR.

Fig. 36. Compared spectra of three types of reactors: pressurized
water reactor (PWR) (thermal neutrons), molten salt fast reactor
(MSFR), and sodium-cooled fast reactor (SFR).

Table 4

Example of total cross sections (in barns) for three types of nuclear reactors

Isotope Slow neutron Epithermal* reactors Fast neutron
reactors (PWRs) (MOX-PWRs) reactors (FRs)B/ B- α = Bc /B B/ � B- α = Bc /B B/ � B- α = Bc /B

U 235 38.8 8.7 0.22 12.6 4.2 0.3 1.98 0.57 0.29

U 238 0.103 0.86 8.3 0.124 0.8 6.5 0.04 0.30 7.50

Pu 238 2.4 27.7 12.0 1.9 8.0 4.2 1.10 0.58 0.53

Pu 239 102.0 58.7 0.6 21.7 12.2 0.6 1.86 0.56 0.30

Pu 240 0.53 210.2 396.6 0.7 24.6 35.1 0.36 0.57 1.60

Pu 241 102.2 40.9 0.4 28.5 9.0 0.3 2.49 0.47 0.19

Pu 242 0.44 28.8 65.5 0.5 12.3 24.6 0.24 0.44 1.80
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Given these different energy levels interaction probabilities
between neutrons and occurring nuclei (quantified through
energy-tabulated cross sections*) are much lower (10 to
100 times lower) than in a pressurized water reactor (PWR)
[Table 4].

i
i

iR NEP σΦ= ∑
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to quite an appreciable change in cross section. Thus, the
Doppler effect leads to an increase in resonant absorption,
especially to an increase in resonant capture by uranium 238
(fissionless capture), and so to a decrease in the multiplica-
tion factor. This is why the Doppler reactivity coefficient is, in
practice, negative during a temperature rise. Given the distri-
bution of neutrons as a function of energy (Fig. 36) the contri-
bution to the Doppler effect mainly takes place in the 100 eV
- 10 keV range, with a peak around 1 eV.

So this effect has a negative and stabilizing, or regulating
effect.

Sodium void effect

The reactivity* effect associated with sodium coolant vapori-
zation, or a gas bubble, results from several antagonistic com-
ponents. Sodium is slightly capturing, and contributes to neu-
tron slowing-down through its elastic and inelastic scattering
reactions. So sodium voiding induces a direct, but slight,
increase in reactivity due to the disappearance of its capture
component, and a hardening of the neutron spectrum arising
from the decrease in neutron slowing-down. This spectrum
hardening indirectly induces significant effects on reactivity by
its incidence on the absorption and generation probabilities of
the other elements occurring in fuel.The decrease in neutron
slowing-down also enhances the neutron leakage* prevailing
in the core’s peripheral areas. The latter effect, referred to as
“leakage component”, tends to decrease reactivity. It is true
that sodium disappearance also causes a change in cross-
section self-shielding in heavy isotopes due to the variation in
the dilution rate. But the amplitude of this effect is negligible in
contrast with the spectrum component.The sodium void effect
in relation to reactivity is therefore the result of two major
effects, the spectrum component and the leakage component
which are of opposite sign.

The void effect is generally positive at the center of the core,
and negative at the periphery. Consequently, the smaller the
core, the lower the negative impact of the void effect (RAPSO-
DIE or PHÉNIX). In contrast, regarding cores of a larger size,
overall void coefficients turn positive, which raises a potential
safety problem, for a localized vaporization (e.g., due to a plug)
could lead to a localized increase of power, with risks of pro-
pagation.

So, for intrinsic safety reasons, core design will have to pre-
serve the lowest possible void coefficient. This can be achie-
ved through several combined solutions: change in core geo-
metry in order to minimize sodium volume, core flattening so
as to increase leaks (“pancaked core”), plenum* layout at the
top (thereby increasing leaks, too), mixing fertile and fissile
zones in the core, and even using nitride fuel (hence a more
efficient Doppler effect).

The temperature range is generally about 400 °C / 550 °C.

It can be also noted that this high neutron flux, with higher
energies, has both positive and negative consequences.

Positive consequences are flux availabilities, either to gene-
rate plutonium in the blankets* surrounding the core (bree-
ding mode), or to transmute minor actinides* (transmutation
mode) (see infra, pp. 163-172, the chapter “SFR fuel treatment
experience”).

The negative consequences affect materials. These fluxes
generate damage by atomic displacement (dpa*), which
makes it necessary to protect the vessel and the internals.
That also entails looking for materials able to withstand such
damage, both in fuel clads, and in hexagonal tubes containing
these clads (see infra, pp. 163-172, the chapter “SFR fuel
treatment experience”).

Reactivity feedback coefficients
For safety reasons a core has to be steady, in the sense of
reactor physics, and its design has to ensure a self-regulating
behavior in all its operating ranges. In other words, the whole
of the physical phenomena involved (reactivity feedback*)
during a normal or incidental operating transient has to result
in the recovery, without intervention, of a satisfactory equili-
brium state.

Reactivity feedback phenomena can be gathered into three
major families according to their origin:

• The Doppler effect* arising from variation in fuel tempera-
ture;

• Sodium-related effects (void effect*);

• Effects of geometrical variation such as core expansion or
compaction.

Doppler effect

It relates to the variation in the resonant absorption of the
nuclei occurring in fuel. It is related with a problem of relative
rate between neutrons and resonant nuclei, that display a ther-
mal agitation all the stronger as fuel temperature is high: this
is why this effect is referred to as the “Doppler effect”.

If the (low) rate of the target nucleus at the moment of the
impact is taken into account during the neutron-nucleus inter-
action, there is a very slight change in the relative neutron's
rate with respect to the nucleus, i.e. its rate in the center of
mass. The cross section, that depends on the relative rate, is
therefore changed. If the cross section slowly varies, this
change is minimal and, undoubtedly, negligible. But, near a
peak of resonance, this low change in relative rate may lead

Fast Reactor Core Design40



Fig. 37. Cutaway view of a “low void effect” core (CFV).
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This is the most efficient effect on core reactivity, for the latter
is extremely sensitive to core expansion effects by overhea-
ting. The spacing corresponding to that expansion induces a
decrease in power that compensates for the initiating overhea-
ting. This is the major reason why a fast reactor core is steady
with respect to any variation in power.

Thus, during RAPSODIE end-of-life tests, the primary pump
flowrate was cut while simultaneously preventing all the control
rods from dropping.Then the temperature rise in the core indu-
ced a core expansion that proved sufficient to allow power to
drop, and to limit that rise to an acceptable value.

For example, in PHÉNIX, the three reactivity coefficients 3, 0,
and ℎ relating to the variation in parameters core inlet tempe-
rature, average overheating, and power are negative:

3 = -2.5 pcm/°C ; 0 = -1.8 pcm/°C and ℎ = -0.5 pcm/MW.
In addition, reactivity sensitivity to core geometry may lead to
abrupt variations in reactivity in the event of mechanical motion
of the core. Thus, negative reactivity emergency shutdowns
(NRES*), or negative reactivity trips, observed in PHÉNIX –
referred to as AURN*9 in French – are attributed to a few mil-
limeter outward flowering* of the core, followed by a return to
the normal position. The precise cause of this motion is still
being debated.

In contrast, a core compaction might lead to positive variations
in reactivity, which should not be tolerated. This is why sub-
assemblies are laterally fitted with contact pads that come into
contact as soon as the inlet temperature increases. This pre-
vents any core compaction.

To sum up it all, fast reactor cores do have efficient thermal
feedback coefficients, indeed, that make it easy to control
them. It is noteworthy that seeking for a low or null void coef-
ficient of reactivity entails strong design constraints for the
cores of large-sized reactors.

Example of a new core design:
the concept of “Low void effect core” (CFV 8)
of the ASTRID reactor project

As their goal is to seek a core able to meet the new require-
ments assigned to 4th-Generation systems, CEA scientists
have proposed a new core design that reduces the sodium
void effect to a null, and even negative, value, whatever the
reactor power may be. (It is worthy to note that, in previous
designs, small reactors alone could display this property).The
physical phenomenon that has been enhanced is the “leakage
component”, brought down to the level of the “spectrum com-
ponent” through a clever combination of geometrical arrange-
ments (fertile plate, sodium plenum and absorber plate in the
upper part, “crucible” core configuration, reduced central
height of core). By adding design options that aim at limiting
reactivity loss during operation, as well as innovating architec-
ture and monitoring solutions, CEA teams have succeeded in
putting forward a consistent design that significantly improves
the natural behavior of this type of core during incidental or
accidental phases (Fig. 37).

This design is currently retained as a reference design for the
ASTRID prototype as part of the preliminary phase.

Sodium-Cooled Nuclear Reactors 41

8. CFV: a French abbreviation for Cœur à Faible effet de Vidange, “low
void effect core”.

9. AURN: a French abbreviation for Arrêt d’Urgence par (variation de)
Réactivité Négative, i.e. “emergency shutdown due to negative reactivity”.
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Controlling the reactivity of a fast
reactor core
So controlling the reactivity of a fast reactor core (fine control)
is made easier by the whole of (Doppler and thermal) negative
reactivity feedback coefficients. It relies on the occurrence of
delayed neutrons*without which no reactor control would be
possible, as well as on the use of control rods* able to com-
pensate for the gradual decrease in reactivity.

The effective delayed neutron fraction
(or effective beta)

Apart from prompt neutrons, the emission of a few neutrons is
delayed with respect to fission. These neutrons play a funda-
mental role in reactor kinetics: their delay of emission with res-
pect to fission may range between the second and the minute,
i.e. a very long time interval in contrast with prompt neutron
lifetime that is about one microsecond. A hundred of decay
chains can lead to the emission of delayed neutrons, all of
these being similar: a beta minus decay of a fission fragment
followed by a neutron emission (possible if the neutron resul-
ting from beta decay has an excitation energy higher than the
separation energy of a neutron). The delay time between fis-
sion and the neutron’s emission is due to beta decay, while the
neutron’s emission is almost instantaneous if it ever occurs as
a second step (de-excitation can also take place through
gamma emission).

Examples:
87Br => 87Kr => 86Kr + 1n (beta half-life: 54.5 s)
137I => 137Xe => 136Xe + 1n (beta half-life: 21.8 s)

Delayed neutrons are emitted at a little lower energy (0.2 to
0.6 MeV) than prompt neutrons (2 MeV on the average). The
two pathways leading to the longest time lags correspond to
the two previous examples. The others, a hundred of similar
processes, are gathered in practice into four other “pseudo-
chains” (i.e. a total of six groups of delayed neutrons), whose
characteristics are adjusted referring to the results of mea-
sures. For a given fissile nucleus, each 2 group of delayed neu-
trons is characterized by the :2 proportion of the delayed neu-
trons of this group among all of the (prompt or delayed)
neutrons emitted by fission, expressed in pcm*10 in practice.
The total proportion of delayed neutrons, referred to as the
effective beta*, or effective delayed neutron fraction (:.//), is
the sum of the :2 weighted by the importance of neutrons. As
regards a fast neutron spectrum, the :.// values for the various
isotopes of interest are mentioned in Table 5. Conventionally,
for a sodium-cooled fast reactor core, the effective beta is
about 360 pcm. In contrast, the proportion of delayed neutrons
in a water reactor is higher (about 700 pcm), which makes the
reactor less “dynamic”.

Table 5.

Values of effective delayed neutron fractions
(effective :) per isotope for a fast neutron
spectrum

Isotopes Effective : in pcm

U 235 670

U 238 1,680

Pu 239 220

Pu 240 270

Pu 241 490

Pu 242 640

Np 237 440

Am 241 110

Am 243 250

Cm 244 100

Cm 245 130

Reactivity loss and core reactivity control

Reactivity loss results from the evolution in fuel isotopic com-
position during in-reactor irradiation, and is distributed among
two terms: one only due to variations in fuel’s heavy nuclei iso-
topic composition, the other only due to fission products that
build up during fuel irradiation, and capture neutrons.The first
termmay be positive or negative; it depends on fuel breeding
gain*, that expresses the core ability to generate a greater or
lesser amount of fissile isotopes compared with those consu-
med. The second term is always negative owing to the only
capturing feature of fission products.

Control rods ensure core reactivity control.These rods fulfill a
threefold function:

• A safety function: ensuring a safe condition at shutdown;

• A fine control function: either to vary the reactor power level,
or to optimize power distribution in the core;

• A shimming function: with respect to reactivity loss due to
isotopic evolution during irradiation, and to variations in reac-
tivity associated with temperature rise and power increase.

They consist of very absorbing materials, typically boron car-
bide (B4C), that mostly capture low-energy neutrons.

10. pcm: a unit of reactivity (pour cent mille).
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Fast reactor core layout

Fuel selection

Designing such a core first involves maximizing the fraction of
fissile nuclei in the assembly geometry. For this purpose it is
possible to play on plutonium content in the case when MOX
fuel is selected. However, this content
has to remain limited, so that it does not
exceed 25 to 30% in the case of a
power generating reactor: for it is
necessary to keep a sufficient amount
of U 238 in the core, useful for both
converting fissile material, and keeping
a sufficient Doppler effect, thereby
ensuring a largely negative temperature
coefficient of reactivity. In practice, this
means a value around 20%. In order to
achieve flux flattening, it is possible to
get zones with different enrichments
(Fig. 38 and 40).

Carbide, nitride or metallic type fuels
can also be used (see infra, pp. 95-104
the chapter dealing with the “SFR
Energy Conversion System”).

Fuel sub-assembly definition

In order to get the highest possible fis-
sile material density, SFR designers
have selected a fuel sub-assembly geo-
metry comprising a hexagonal tube in
which is inserted a bundle of fuel pins
arranged in a triangular pitch. Each pin
contains the uranium and plutonium
mixed oxide ([U,Pu]O2) pellet columns.

Fig. 38. Mockup preparation of a SUPERPHÉNIX core handling.

Fig. 39. PHÉNIX reactor fuel clad and sub-assembly.
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A helical wire separates the pins, which allows to avoid hot
points by contact, to increase flow turbulence, and so to
improve heat exchange coefficients.

The flowrate in each sub-assembly is determined using a
“pressure drop device”, i.e. a mere opening in the lower part
of the sub-assembly. Fissile sub-assemblies are gathered in
several families called “coolant flowrate zones”. This makes it
possible to homogenize core heating.With the help of this geo-
metry, fuel fraction in the core can go to over 40%, whereas it
is about 30% in the case of a PWR. As sodium coolant has a
very good thermal conductivity (70W.m-1.K-1), this allows for
very high specific powers likely to exceed 300 MW.m-3. So,
removing the heat generated within fuel allows for a lower dia-
meter than in PWR rods for the clad containing the pellets.This
is why the term “pin*” is used, instead of “rod*” (Fig. 39).

Definition of fertile sub-assemblies
(or transmuters)

In the outer edge of the fissile core, fertile sub-assemblies can
be arranged as a blanket in order to improve the overall bree-
ding ratio. These sub-assemblies can also be cooled through
the diagrid and their specific pressure drop device. Similarly,
these flux zones can also be used to transmute minor actinide
targets in a heterogeneous mode.



44 Fast Reactor Core Design

Lateral neutron shielding and internal storage
systems

Beyond the fissile zone, neutron shields are required to reduce
fluxes on the reactor vessel, on structures, and on the secon-
dary sodium flowing through the exchangers. Internal storage
systems are required inside this zone, either to store failed fuel
elements, or to allow spent sub-assemblies to cool down
during one or more operating fuel cycles prior to removing
them during a refueling shutdown.

The typical overall layout of a fast reactor core

The resulting overall reactor core layout is as illustrated on
Figure 40. An example of this design type is the Indian PFBR
reactor under construction at Kalpakkam (Fig. 41).

As a conclusion, today the cores of all operating or planned
sodium-cooled fast reactors display very close layout features:
hexagonal wrapper tubes, clads separated by helical spacer
wires, blankets, neutron shielding, and internal storage sys-
tems.

Frédéric VARAINE,
Reactor Studies Department
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Fig. 40. General layout of the PHÉNIX reactor core.

Fig. 41.The Indian PFBR reactor core.
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SFR History
and Operating Experience Review

The very first kWh produced by a nuclear reactor arose
from a fast neutron reactor using NaK* as a coolant. That
took place on December 20, 1951, at the Idaho Falls
research center (United States), on the small prototype reac-
tor EBR1.The easy operation of this type of reactor, in which
high temperatures can be reached without increasing pres-

sure, was then quite attractive. So the USSR, the United
Kingdom and Germany also started building prototypes of
fast reactors. Pressurized water reactors were to be develo-
ped much later, especially thanks to the works carried out at
the United States in relation to naval Nuclear Steam Supply
Systems (NSSS).

Sodium-Cooled Nuclear Reactors



Fig. 42.The RAPSODIE reactor.

Fig. 43.Top view of the RAPSODIE reactor's rotating plugs.

secondary circuits, or core cover plug* with thermocouples
for sub-assembly monitoring (Fig. 44).

The reactor's operation took place with an excellent availabi-
lity factor, and a huge amount of results was quickly collected.
Some of these results, relating to materials and fuel, confir-
med the choices, and led to initiate studies for the power-gene-
rating PHÉNIX reactor, whose features were defined as soon
as 1965.

The French trilogy

RAPSODIE

In the late fifties France was already engaged in a natural ura-
nium, graphite-moderated, and carbonic gas-cooled (UNGG)
reactor program. So the fast reactor program appeared as an
excellent complement, particularly thanks to the breeding
option. As soon as 1958 a preliminary design of research (or
experimental) breeder named RAPSODIE was set out.
Sodium was selected as coolant, and was quickly preferred to
NaK. In late 1962 uranium and plutonium mixed oxide was
selected as fuel.

RAPSODIE is a loop reactor* (Fig. 42 and 43).Two primary
coolant circuits* are connected to the reactor vessel.Each of
them transfers its heat to a secondary sodium circuit*, which
removes energy through a sodium/air exchanger. So this is a
research reactor with no electrical power generation.

The facility was built between 1962 and 1966. Sodium filling
was performed in 1966, and the first divergence took place on
January 28, 1967. Its initial 20-MW th power was quickly
brought to 24 MW th, and then to 40 MW th in 1970 after a
core reshuffling (Fortissimo operation).

It is worthy to note that a certain number of design choices
adopted for this reactor were maintained in the following reac-
tors, e.g., hexagonal* sub-assemblies*, suspended vessel*,
overall sub-assembly design, sodiummechanical pump for the
main circuits, intermediate exchangers between primary and

SFR History
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Fig. 44.The core cover plug of the RAPSODIE reactor
with its thermocouples.

RAPSODIE permanent shutdown took place on April 15,
1983, following rather striking end-of-life tests. In particular, a
primary pump trip test was performed, by preventing control
rod drop, thereby demonstrating the intrinsic safety of this
reactor type.The operating times were, respectively, 900 days
at 24 MW, 3,460 days at 3,460 MW, and 1,020 days at
22.4 MW.

The RAPSODIE reactor brought many operating experience
results to the French fast reactor type, and confirmed the main
options retained for PHÉNIX, especially in relation to materials
and fuel. RAPSODIE was the reactor in which fuel “vaccina-
tion” methods were developed so as to avoid clad failures. In
this reactor, too, under flux swelling of materials was eviden-
ced, and led to the first improvement research.The broad
design lines for components and the core architecture were
also validated in that reactor.

PHÉNIX: the first operating period

In 1967, the PHÉNIX reactor’s basic design had already been
established by CEA in cooperation with constructors. The
option retained was a pool-type reactor* fitted with three
secondary loops. The latter comprised modular steam gene-
rators able to generate steam for turbine operation. The first
results of RAPSODIE had helped confirm the main design
options (Fig. 45).

In February 1968, preliminary work started on the site, to be
followed by the opening of the work site in October 1968. In
1969, an agreement “protocol” was signed between CEA and
EDF for the joint construction and operation of the nuclear
power plant, with cost sharing between CEA (80%) and EDF
(20%).That agreement “protocol” was to be fully complied with
till the reactor shutdown in 2009, that is for over fourty years.

The first divergence took place in August 1973 after a five
years’ work. The chief objective of the reactor was then to
confirm the options to be retained for the SUPERPHÉNIX
reactor, already under study.

That entailed proving the reliability of components and, gene-
rally speaking, of the options retained in this type of reactor,
improving fuel performance, and demonstrating the feasibility
of the reprocessing/fabrication cycle for fast reactor fuels.

The years 1974 to 1990 resulted in a very rich operating expe-
rience feedback which was directly transposed to
SUPERPHÉNIX:

• Problems emerged on the three main components: interme-
diate exchangers, sodium pumps, and steam generators.The
procedures for washing/decontaminating these components
were then developed (Fig. 46). The problems were unders-

However, incidents upset the reactor’s operation in 1978,
which led to decrease the reactor power from 40 to 22.4 MW
on June 30, 1980, and then to stop its operation in 1982. As a
matter of fact, sodium aerosols were detected in the double
enveloppe vessel of the primary coolant circuit on October 20,
1978.The vessel inlet piping was then suspected, but the inter-
vention conducted between August 1st, 1979 and February 2nd,
1980 did not suppress the defect. Leaks could finally be coped
with through the decrease in flow rate and power.Yet, a “burst”
measured in 1981, and then thermal-hydraulic disturbances
resulted in operation with power-to-flowmismatch in late 1981.
In January 1982 a leaktightness defect was detected on the
double envelope vessel of the primary coolant circuit: this
defect resulted in the double envelope vessel nitrogen volume
communicating with that of the interspace.The PHÉNIX reac-
tor, which started up in 1973, was then available to pursue the
whole of the irradiation tests initiated in RAPSODIE.So it was
decided to shut down the reactor, instead of launching a deli-
cate, expensive repair.

SFR History48



Fig. 45.The core cover plug of the PHÉNIX reactor.

Fig. 46.The handling cask of PHÉNIX large-sized components.

11. At a place known as “Malville”, in the small rural town of Creys-Mépieu.
(Editor’s note.)

in SUPERPHÉNIX.Thirty-two leaks occurred in PHÉNIX, ver-
sus 3 mini-leaks in SUPERPHÉNIX (excluding the leak on
drum vessel).

All that took place within a very satisfactory operating frame-
work, since the capacity factor was about 60% all along that
period of time, with extremely low releases, and a dosimetry
lower by a factor ten compared with the existing water reactor
fleet.

SUPERPHÉNIX

As early as 1970, and whereas the PHÉNIX reactor had not
yet diverged, CEA worked on a 1,000 MWe sodium-cooled
fast reactor project named “MIRA”. Finally, EDF preferred to
bring the power to 1,200 MWe. In July 1974, three electric uti-
lities (EDF, ENEL and RWE) joined in the NERSA company in
order to build and operate in France the SUPERPHÉNIX reac-
tor that was to be built on the Creys-Malville site (Isère)11. So
it emerged as a European reactor, financed by Italy (33%),
Germany (16%), and France (51%).

tood and resolved. The related solutions were transposed to
SUPERPHÉNIX, where these components did not face any
problem during the whole operating period;

• As regards fuel, upgrading the cladding material and the
hexagonal wrapper tube* allowed to increase the lifetime,
and to strongly reduce the swelling measured in RAPSODIE.
Improving the same materials, and better understanding
interaction phenomena helped eradicate clad failures.There
was no longer any of them in PHÉNIX after 1988, and there
was none of them in SUPERPHÉNIX. In addition, the
SUPERPHÉNIX type fuel was also tested in the reactor;

• Regarding fuel cycle, 520 sub-assemblies were reproces-
sed, resulting in 4.4 tons of plutonium, 3.3 tons of which were
re-used to fabricate sub-assemblies to be burnt in the reac-
tor. As of today, that experiment is still unique on this indus-
trial scale.The breeding ratio* measured was 1.16;

• The operating experience feedback from the whole sodium
technology made it possible to understand a certain number
of phenomena, such as thermal striping damage*, and to
minimize developments and difficulties. For example, there
were five sodium / water reactions in PHÉNIX, against none
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Fig. 47. Installation of SUPERPHÉNIX slab onto the reactor block
(November 1980).

Fig. 48. SUPERPHÉNIX dome.

Thanks to those acquired results the reactor did not expe-
rience more than three incidents in the sodium part:

• In May 1987, a sodium leak was detected on the storage
drum* in the vicinity of the safety vessel* surrounding it.
That leak was found to result from the corrosion of a steel
proposed by the German partner, but not used and valida-
ted in PHÉNIX.That piece of equipment was replaced within
an 18-month period by a gas containment allowing new and
irradiated fuel subsassembly transfer, but no longer allowing
fuel storage, which penalised the facility’s operation;

• In 1990, a primary sodium pollution resulting from air ingress
into the argon of the reactor cover gas plenum was detected.
It was revealed that the origin was a faulty membrane on a
compressor. Minor cause - major effect: as a result of other
political and administrative reasons, the reactor could not res-
tart until 1994;

• Lastly, in 1995, an argon leak on the inlet pipe of an interme-
diate exchanger bell, was localized and repaired in situ.

So the number of incidents was extremely low for a prototype
reactor of that size.

However, it is worth to note two significant issues in the
balance of plant of the reactor (BOP):

• The turbine hall roof collapsed in 1990 following an excep-
tional snowfall;

• The availability of two 600MWe turbines, instead of the 1,200
MWe turbine initially planned, led to significant operating
troubles in the first years (pumping, water hammers, etc.),
and to strong decreases in the availability factor.

The construction of this reactor started on the site in late 1976,
and went on until mid-1983 (Fig. 47-50).After the sodium filling
and the acceptance tests, the first divergence of the reactor
took place on September 7, 1985. Full power was achieved
on December 9, 1986.During those ten years the whole set of
results obtained in PHÉNIX were integrated into the design of
the reactor and of its fuel.
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Fig. 49. One of the SUPERPHÉNIX turbines. Fig. 50. Aerial view of SUPERPHÉNIX.

12. NERSA: a European company dedicated to the development of fast
neutron reactors, gathering EDF (51%), the Italian company ENEL (33%),
and the German company SBK (16%). [Editor’s note]
13. SAC: a French acronym for Système d’Arrêt Complémentaire.

would have coincided with the end of the arrangement proto-
cole signed with the NERSA company12 [3].

That fiasco was to leave in media and public opinion the
impression that SUPERPHÉNIX was a “big strange thing”
always broken-down or shut down, whereas that prototype had
perfectly integrated the PHÉNIX reactor experience, and would
have helped enhance French advances in this technology.

The post-SUPERPHÉNIX period

The first consequence of SUPERPHÉNIX shutdown was to
stop the studies initiated in relation to EFR (European Fast
Reactor), the European reactor project.

As regards PHÉNIX, the reactor was shut down after the
negative reactivity emergency shutdowns (NRES*), or nega-
tive reactivity trips – referred to asAURN* in French – that took
place in 1989 and 1990. An authorization to restart was gran-
ted in 1991 for two cycles, but it was finally decided to conduct
a safety review of the reactor in order to check its state, and to
comply with the new safety standards, under evolution since
the sixties. That safety review was followed by a refurbishing
period (Fig. 51), which was to last till early 2003.

That refurbishing entailed a certain number of safety upgra-
ding work:

• Inserting a central control rod*, known as the “complemen-
tary shutdown system” (SAC13), able to stop the reactor by
itself;

• Adding new ultimate decay heat* removal systems;

Yet the reactor problem was mosty mediatic.As soon as 1986,
the reactor construction and, then, operation clashed with a
vehement opposition, further spread by environmentalists and
media, sometimes in rather violent forms. There was a
casualty during an antinuclear demonstration on the site, and
even a rocket fire launched against the reactor building. That
intense political and mediatic pressure induced a great num-
ber of shutdowns for administrative reasons.

Over the ten years’ operation of the reactor 54 months were
to be dedicated to administrative procedures during which
the reactor could operate, but was not allowed to, versus
53 months of actual operation.

That operation was broken down into four time periods, among
which the longest was seventeen months, and some were
separated by four years of forced inactivity. Undoubtedly that
was not the most favorable background to start controlling that
prototype.

Yet, the capacity factor was found to be 57% in the last ope-
rating period, with an almost continuous operation in the last
year.

The reactor was shut down in 1997 due to both political and
economical reasons.That shutdown took place independently
from the opinion of the French safety authorities, on whose
request significant additional work had been performed, and
who had issued a favorable opinion on pursuing operation.The
reactor was shut down with utmost urgency, and, so, at the
worst moment for the French tax-payer, with a partially burnt
core and an unused fresh core (hence a cost of about two bil-
lion francs), i.e. about 24 TWh available, and not used [3].
Furthermore, EDF was obliged to repay its partners for half
the cost of the reactor project (the capital cost being about
26 billion francs). As a matter of fact, as mentioned in the
French Cour des comptes report, a shutdown in late 2000
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Fig. 52.View of the PFR reactor, in the foreground, and of DFR
on the Dounreay site (Northern Scotland), in the background.

and operated with acceptable
capacity factors until 2009. It was
shut down in March 2009, as it
had already used the number of
720 equivalent full power days
(EFPD) assigned by the French
nuclear safety authority.

That operation paved the way to
a significant test program dealing
with the possibilities of minor acti-
nide transmutation.

As a conclusion, the reactor total-
led thirty-five years of operation,
with an overall output of 26 billion
kWh for 4,580 equivalent full
power days.

Sodium-cooled fast reactors
worldwide
Table 6 on p. 54 displays all of sodium-cooled fast reactors
worldwide, that is, in 2012, six operating reactors, thirteen shut
down, and two under construction.

The fast reactor adventure began at Los Alamos, in the United
States, with CLÉMENTINE, a 25-kW small research reactor
loaded with plutonium and cooled with mercury. This reactor
was operational in 1949, and chiefly aimed at validating neu-
tronics studies. In 1951 the EBR-1 reactor at Idaho was the
first nuclear reactor in the world that generated electric power.
This reactor operated with NaK, a coolant that displays the
advantage of being liquid at room temperature. This type of
fast reactor, endowed with robust neutronics features, opera-

• Checking plant compliance with new seismic rules;

• Fire protection provisions;

• Setting-up new mounting poles and data loggers to be used
for monitoring;

• Steam generator repair / backfitting.

Inspection work allowed considerable progress in the area of
in-service inspections in sodium-cooled fast reactors. In parti-
cular, a partial draining of the primary vessel was carried
out in order to perform a visual inspection of internals.
Furthermore, developments in ultrasound measuring made it
possible to inspect the welds of structures totally immersed in
the lower part of the reactor.

It is worth to note that only two secondary circuits could be
repaired, so that the reactor operated at two-thirds power.

PHÉNIX final operation

After completion of all these works, and following a dozen
meetings of the Advisory Committee for nuclear reactors
(GPR14), between 1986 and 2002, the authorization to resume
operation was granted in January 2003.

The main goal was to conduct the actinide transmutation test
program initialled scheduled in SUPERPHÉNIX.

After a rather hard year 2003 (sodium / water reaction, sodium
leak out of a valve, instrumentation and control difficulties…),
the reactor achieved its full power in a steady way in late 2003,
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Fig. 51.The PHÉNIX reactor hall during the refurbishing work.

14.GPR: a French abbreviation for Groupe Permanent Réacteurs: one of
the seven Advisory Committees – or Standing Groups of experts – assis-
ting the French nuclear safety authority (ASN).



Fig. 53.The CEFR reactor (China).

Fig. 54.The MONJU reactor (seen from the beach).

SUPERPHÉNIX shutdown due to political reasons, and
MONJU repetitive failures (Fig. 54) went on hindering progress
of this reactor type inWestern countries. Besides, the nuclear
industry generally experienced a strong slowdown, and was
even abandoned in some countries such as Germany, follo-
wing Fukushima accident.

Currently, only Russia, with the connection to the grid of BN-
800 (800 MWe) in December 2015, and India, with the sodium
filling of PFBR (500 MWe) in early 2016, have power reactors
under operation within the framework of a scheduled develop-
ment of this reactor type.

So it is worth to note that a considerable accumulated opera-
ting experience does exist indeed for this reactor type, total-
ling in 2012, 418 operating years for the whole of these reac-
tors. Of course this value is to be interpreted as an order of
magnitude. By definition it includes the shutdown periods
resulting from outages due to technical or administrative rea-
sons. Besides, the commercial experience of the early reac-
tors remains limited, since they are small-sized reactors,
without steam generators, and exclusively dedicated to
research.

ted without pressure and could be a breeder.So it proved quite
attractive then, and all the major economical powers in that
age engaged in constructing research reactors aimed at tes-
ting the technology, and preparing the construction, if any, of
future power reactors.

Russia started BR-5/BR-10 in 1958, and then BOR-60 in
1968.The United Kingdom started DFR (another NaK-cooled
reactor) at Dounreay in 1959 (Fig. 52).The United States star-
ted EBR-II in 1961, EFFBR in 1963, SEFOR in 1969, and then
FFTF in 1980. France started RAPSODIE in 1967, and
Germany, KNK-II in 1977, alike Japan with JOYO. New colla-
borations and a large number of technical exchange took
place in relation to all these research reactors, and led to
consensus in a certain number of cases, especially on drop-
ping NaK, on the first materials selection for those reactors,
and on sodium chemistry. In contrast, a certain number of
options were to remain open, such as, for example, fuel type
selection, or choosing a supported or suspended vessel, a
loop-type or pool-type reactor, etc.

The interest of that experimental phase was to demonstrate
the feasibility of power reactors. Russia started BN-350 in
1972 (130 MWe); France started PHÉNIX (250 MWe) in 1973;
and the United Kingdom started PFR (250 MWe) in 1974.

But times have changed.New uranium resources were disco-
vered. Outstanding advances were achieved on pressurized
water reactors in the sixties and seventies, basing upon deve-
lopments of submarine propulsion reactors, thereby making
these reactors quite competitive.The United States shut down
FFTF in 1993, without any subsequent project, because their
endeavors were shifted to the water reactor type. Germany,
which had built SNR-300, KNK-II successor, never started it.
PFR faulty operation, together with oil discovery in the
Northern Sea, induced the United Kingdom to disengage from
the fast reactor type.Furthermore, Three-Mile Island, and then
Chernobyl accidents led to a global nuclear slowdown in the
Western world.

Only Russia and France pursed their industrial program on
fast reactors, with Russia starting BN-600 in 1980, and France
starting SUPERPHÉNIX in 1986 on the basis of the good
results obtained in PHÉNIX. Japan also started MONJU in
1994.

India is a special case.An active collaboration with France had
started on RAPSODIE very early, but had to be stopped
because India had not signed the NonproliferationTreaty.That
historical collaboration led to the startup in 1985 of FBTR, a
reactor much alike RAPSODIE, but with a carbide fuel, and a
small steam generator (13 MWe).

As regards China, which had recently displayed its eagerness
to test all the reactor types, it bought Russia’s CEFR (Fig. 53),
a small research fast reactor that diverged in 2010.
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Nevertheless the accumulated operating experience is still
quite significant, and has been largely integrated into the
design of the two new power reactors currently under opera-
tion, i.e. BN-800 (Russia) [Fig. 54] and PFBR (India) [Fig. 56],
as well as in a certain number of projects under study in the
world.

Joël GUIDEZ,
Nuclear Energy Division

�Bibliography

GUIDEZ (J.), Phénix, le retour d’expérience, EDP Sciences, 2013.

SAUVAGE (J.-F.), Phénix, une histoire de cœur et d’énergie, CEA

Marcoule.

VENDRYES (G.), Superphénix, Pourquoi ?, EDP Sciences, 1997, coll.

« Nucléon ».

Table 6.

Sodium-cooled fast reactors worldwide (2012)

Reactor (country) Thermal (and electrical) First divergence Permanent Number
output MW shutdown of operating years

EBR-I (United States) (NaK) 1.4 (0.2) 1951 1963 12

BR-5/BR-10 (Russia) 8 (0) 1958 2002 44

DFR (United Kingdom) (NaK) 60 (15) 1959 1977 18

EBR-II (United States) 62.5 (20) 1961 1991 30

EFFBR (United States) 200 (61) 1963 1972 9

RAPSODIE (France) 40 (0) 1967 1983 16

BOR-60 (Russia) 55 (12) 1968 44

SEFOR (United States) 20 (0) 1969 1972 3

BN-350 (Kazakhstan) 750 (130) 1972 1999 27

PHÉNIX (France) 563 (250) 1973 2009 36

PFR (United Kingdom) 650 (250) 1974 1994 20

JOYO (Japan) 50-75/100 (0) 1977 35

KNK-II (Germany) 58 (20) 1977 1991 14

FFTF (United States) 400 (0) 1980 1993 13

BN-600 (Russia) 1,470 (600) 1980 32

SUPERPHÉNIX (France) 3,000 (1240) 1985 1997 12

FBTR (India) 40 (13) 1985 27

MONJU (Japan) 714 (280) 1994 18

CEFR (China) 65 (25) 2010 2

PFBR (India) 1,250 (500) Under construction

BN-800 (Russia) 2,100 (880) Under construction

Total 418

Fig. 55. Construction of the Russian BN-800 reactor (July 2006). Fig. 56. Insertion of the slab into the PFBR reactor block
at Kalpakkam (India).
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Worldwide SFR Operating
Experience Review

A considerable operating experience is available for this
reactor type which in 2012 totalled 418 operating years asso-
ciated with all of sodium-cooled fast reactors

The early reactors of this type were low-power research reac-
tors that were not dedicated to commercial electricity genera-
tion (DFR, EBR-II, RAPSODIE, BOR-60, JOYO, KNK-II,
FBTR) [1]. As for the ENRICO FERMI reactor, which opera-
ted during a very short period of time, and FFTF, which did not
include any electrical power generation system, they cannot
be retained for analyses relating to operating experience.

Significant operating troubles emerged in three power reac-
tors.

BN 350
This reactor, which was shut down in 1999 and is under dis-
mantling, displays a mixed record. It experienced a rather large
number of incidents (clad failures, violent sodium / water reac-
tions in steam generators...) [2], but has featured a good capa-
city (or load) factor for twenty years or so. Apart from the first
operating years (1972 to 1975) marked by difficulties, espe-
cially steam generator design flaws, the capacity factor was
equal to 85% between 1976 and 1995 (i.e. related to a maxi-
mum net output capacity, 750 MWth, and then 500 MWth for
an initial rated (or nominal) power of 1,000 MWth). In the last
years, up to the permanent shutdown, the reactor has opera-
ted in a very little proportion due to lack of financing for both
the supply of core components (control rods and fuel), and the
necessary operations for improving safety.

The operating feedback from this reactor has been integrated
in the BN-600 reactor design.

PFR
This reactor, with a power comparable to that of PHÉNIX,
diverged in the same period (1974) at Dounreay (Scotland).
Up to 1986 the annual capacity factor did not exceed 12%,
mainly because of a design flaw of the steam generator eva-
porator modules (tube-to-tubesheet junction). During the best
operating period (1986-1991), this capacity factor had reached
39% on the average, with the same limitation due to the steam
generators, this time in relation to a material. The reactor
underwent permanent shutdown in 1994.

MONJU
A significant secondary sodium leak (640 kg) occurred during
the startup tests in 1995. A comprehensive safety review of
the facility was then carried out. Upgrading work was defined
in order to remedy the weak points evidenced by the incident,
mainly in relation to protection against sodium leakage. This
work was performed between 2005 and 2007 after a long per-
iod required for its approval by the safety authority and the
local authorities.Since that period the reactor's restart is under
preparation. All along this long shutdown period a very impor-
tant communication program has been conducted in an
attempt to gain the local population's trust.

After the Fukushima accident MONJU restart was re-asser-
ted as an official target.

Fig. 57.The PFR reactor at Dounreay (Scotland).

Fig. 58.The MONJU reactor.
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As a conclusion, there remain three examples of sodium-
cooled fast reactors displaying a significant electrical output,
on which detailed information is available for a capacity factor
analysis: PHÉNIX, SUPERPHÉNIX, and BN-600. The capa-
city factors mentioned are ratios between the net output capa-
cities supplied to the grid, and the output that could have been
supplied if the reactor had operated at a nominal power (i.e. a
maximum net output capacity) over 100% of the time period.

PHÉNIX
Four stages [3] can be distinguished in the NPP’s operating
thirty-five years:

• A stage for operation and demonstration of the reactor type,
from 1974 to 1990;

• An investigating stage following the negative reactivity emer-
gency shutdowns (NRES*), or negative reactivity trips (refer-
red to as AURN*) in French, from 1990 to 1993;

• A retrofitting stage from 1994 to 2002;

• A final operating stage at two-thirds power, from 2003 to
2009.

Output losses in the two operating stages can be analyzed as
follows.

PHÉNIX reactor operation (1974-1990)

During that period of time, design flaws on intermediate
exchangers (and, to a lesser extent, on primary pumps) led to
removing all the primary components for repair and backfit-
ting.

Similarly, sodium / water reactions that occurred on the steam
generator reheater modules in 1982 and 1983, and entailed
the replacement of all the reheaters, resulted in outages.

Operation with two secondary loops out of three, and at two-
thirds power, was possible on the reactor, which allowed some
output losses to be minimized during work. Despite these
events, the average value of the capacity factor (related to a
250 MWe rated power) over the whole of the period was about
60% (i.e. 21.4 TWh generated within 16.5 years).

Figure 59 summarizes output losses over this period of time.
It is worth to note the large share of steam generators (15%)
and of intermediate exchangers (30%), which alone cause
about half the losses.

During that period the reactor perfectly played its role of pro-
totype:

• At component level. Design flaws on exchangers, pumps
and steam generators were taken into account for
SUPERPHÉNIX, on which these components displayed
none of the prototype’s problems;

• At materials level. The materials used in PHÉNIX (particu-
larly steel-316 L) were qualified for SUPERPHÉNIX exclu-
ding steel-321, sensitive to stress relaxation cracking*, and
so to be subsequently dropped.

The reactor’s operation (2004-2009)

After a restart phase in 2003, upset by a fifth sodium / water
reaction, the reactor experienced a satisfactory operating per-
iod from 2004 to 2009.

Fig. 59. Distribution of PHÉNIX output losses between 1974
and 1990 (in % of lost electrical output).

Fig. 60. Distribution of PHÉNIX plant output losses between 2004
and 2008.
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SUPERPHÉNIX
In medias, and in the public opinion,
SUPERPHÉNIX has remained a reac-
tor that was shut down due to conti-
nuous, persistent dysfunctions. As a
matter of fact, if we refer to the capacity
factor over the period between
December 20, 1985 (i.e. the date of the
authorization for the operation beyond
30% of rated power) and February 2,
1998 (i.e. the date of the interministe-
rial decision of permanent shutdown),
the value is 6.3%. That would tend to
confirm the reactor’s malfunction.

However, a finer analysis shows that
this period of time may be divided into
three stages, as summarized on
Figure 62.

These stages are the following:
• 25 months’ outage for refurbishment following the three most
significant incidents;
• 53 months for operation as four successive periods of time;
• 54 months for administrative procedures during which the
reactor could operate, but was not allowed to do so.

If we refer to the maximum net output capacities effectively
authorized by the French nuclear safety authority (ASN15),
excluding the period of times during which the plant authoriza-
tion to operate was not granted, the resulting capacity factor is
20.6%, which is more representative of the actual value
indeed.

The twenty-five months’ outage for refurbishment are related
to three issues: leakage from the storage drum* vessel, pri-
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Fig. 61. Effective irradiation times compared with the goals
to be achieved for all of transmutation experiments in PHÉNIX.

Fig. 62. Operating experience results of the Creys-Malville plant (Isère) over eleven years (1986-1996).

The plant’s average annual availability factor (or unit capa-
bility factor) between 2004 and 2008 is 75% (excluding the
scheduled outage time, as defined by the plant operator), and
the capacity (or load) factor is 50% (i.e. related to a maximum
net output capacity of 145 MWe: 3.5 TWh generated within
5.5 years).

Figure 60 shows the distribution of output losses over this per-
iod of time.

Extending the plant operating time was aimed at conducting a
series of experiments on transmutation (Fig. 61). It resulted in
increasing the volume of periodic inspections. Optimizing
maintenance shutdowns to minimize the related time and out-
put losses has thus become amajor asset (40% of shutdowns
over the operating time).

So, as a prototype and research reactor, PHÉNIX displayed
honorable availability factors during its two operating times. 15. ASN: a French abbreviation for Autorité de sûreté nucléaire.



Fig. 63. Distribution of SUPERPHÉNIX plant output losses.
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Analyzing this operation shows much lower coefficients in the
first three periods (28, 37, and 26%) which start rising again
in the last period (57%). Analyzing the origin of plant shut-
downs gives the following results: 18% scheduled shutdowns,
13% due to core, reactor, secondary circuits, and steam gene-
rators, and 69% due to instrumentation & control and to
balance of plant (see Fig. 63).

In particular, the existence of two 600-MWe turbines induced
considerable problems (an operation more complex than with
a single turbine) and various difficulties in the turbine hall
water-steam circuits (particularly, “water or steam hammer”).
This played a notable role in the overall decrease in the avai-
lability factor (59% of shutdowns).After those troubled periods
of time, it is worth to note that during the year 1996, a year of
general requalification, the plant was connected to the grid
during 245 days, and the reactor was critical during 265 days,
i.e. 95% of the time excluding sheduled shutdowns.

As a conclusion:
• If excluding the periods without administrative authorization;

• If considering that teething troubles, as well as developments
for the balance of plant and the instrumentation & control,
were close to coming to an end;

• Taking account of the difficulties faced in implementing this
prototype, that experienced a fluctuating operation of a little
more than four years over an eleven-year time period, it can
be observed that the capacity factor was found to reach 57%,
and might have increased again with the facility being gra-
dually implemented.

It can be also noted that the Creys-Malville power plant faced
a remarkably low number of teething troubles for a prototype
of this size, and of this innovative level.

mary sodium pollution, and defect on
an intermediate exchanger bell inlet
pipe. It is worth to mention a climatic
event (exceptional snowfall causing the
turbine hall roof to collapse).Yet the lat-
ter had no impact on availability, for the
plant was shut down.

It can be observed that if the conse-
quences were significant in terms of
shutdown time, the number of events
was very low:

• Bad choice of material for the storage drum (a material not
used and not validated in PHÉNIX);

• Faulty membranes on a small primary argon compressor
(standard commercial equipment), hence air ingresses into
the reactor cover gas plenum and a primary sodium pollu-
tion;

• A defect localized on the weld of an exchanger bell inlet pipe.

This is outstanding, indeed, for a reactor of this size, which
was the first of the series.

Lessons learned from those events encouraged prudence with
regard to materials selection, inservice surveillance, mainte-
nance and quality of fabrications and assemblies (including for
equipment deemed to be “auxiliary”, but likely to impact plant
availability).

If considering the four authorized operating periods, the capa-
city factor is found to reach 41.5%.
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Fig.64. SUPERPHÉNIX control room.



Besides operating practices are not quite comparable between
the two reactors.BN-600 is fitted with an exceeding number of
equipment which enable it to operate at full power, with, e.g.,
a steam generator module out of service.

However, it can be seen that, after integrating operating expe-
rience knowledge related to prototype reactors and BN-350,
the BN-600 fast reactor has achieved availability factors com-
parable to those of water reactors since its startup thirty years
ago.

A mixed overall record
As seen hereabove, some sodium-cooled fast reactors had a
fairly good operating experience, indeed, whereas others had
to face various troubles.The startup of a reactor that is the first
of a reactor series generally requires an intermediate period
for adjustment, development, and options validation. Strictly
from the technical viewpoint, improving this design, and sear-
ching for innovations in various key areas (steam generators,
sodium circuits, fuel handling…) give hopes that future
sodium-cooled reactors will achieve availability factors of the
same order of magnitude as those of current commercial reac-
tors. Quite interesting data in relation to this issue will be pro-
vided by operating the Indian PFBR reactor (a 500-MWe reac-
tor under completion), and then the Russian BN-800 nuclear
power plant.

Joël GUIDEZ,
Nuclear Energy Division

BN-600
After a few problems during the first operating years, particu-
larly a few sodium / water reactions in the steam generators,
this reactor displayed a remarkable capacity factor.

Between 1982 and 2012, the BN-600 reactor had an average
capacity factor of 74.4%, with a yearly maximum value of
83.5%.

Comparing the availability factors of BN-600
andTRICASTIN-I water reactor

Let us compare the TRICASTIN-I PWR power plant
(995 MWe), which started generating power on May 31, 1980,
and the Russian BN-600 reactor (600 MWe), which started
generating power on April 8, 1980.

That comparison of performance was carried out in relation to
the 1980-2006 time period, that is over twenty-six years of out-
put.

Regarding TRICASTIN-I, the accumulated electricity genera-
tion was 153 TWh, i.e. a capacity factor of 71.8%.

Concerning BN-600, the accumulated electricity generation
was 91.1 TWh, i.e. a capacity factor of 71%.

So we can see that the two reactors display comparable capa-
city factors, even if we include for BN-600 the 1980 and 1981
years, which proved less good due to sodium / water reactions
induced by manufacturing flaws on the steam generators.

The values mentioned above should be interpreted with care,
for BN-600 has a base load operation, while TRICASTIN I
loses several operating points due to grid load variations.
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SFR Incident Review and Analysis

Nineteen sodium-cooled fast reactors have operated world-
wide, in nine different countries, between 1951 and 2013,
thereby totalling over 418 operating years.

This chapter summarizes the main events that occurred inon
these reactors, that is: sodium / water reactions, sodium leaks
and fires, aerosol-related issues, clad failures, unscheduled
rotations of the rotating plug, sub-assembly blockage, unsche-
duled variations in reactivity, materials problems, etc.

So it can be observed that all these events resulted in upgra-
ding and preventive provisions, which today benefit from a
consensus, and make it possible to both minimize incidents
and cope with their consequences in relation to the reactors of
the future. Here are mentioned only the operating problems
that occurred in the “sodium” part of fast reactors.The difficul-
ties encountered in the water/steam conventional part of the
reactor (BOP) are not dealt with here.

Incidents on fast reactors:
a truly open exchange
of information worldwide
Historically, collaborations between the various operating reac-
tors have always been very dynamic, either through bipartite
collaboration agreements, or through the TWG-FR (Technical
Working Group – Fast Reactor) thanks to the IAEA [1], or in
theWANO FBRGroup, and information exchange has always
been extremely open between all operating reactors.

On PHÉNIX startup, particulary steady relationships were set
out with PFR and KALKAR teams so as to ensure information
exchange. Several persons were seconded from PHÉNIX to
PFR, and reciprocally. Information exchange with Russia was
carried out in a continuous manner, through annual meetings.

Regarding Japan, very active collaborations were established
with JOYO and MONJU. During twenty years or so, two per-
sons, one from each reactor, were seconded to PHÉNIX, and
a person from PHÉNIX or CEA/Cadarache was seconded to
MONJU.

The relationship with India resumed in 2005 through reactor
safety seminars, and went on actively up to PHÉNIX shut-
down, together with a certain number of technical exchange.

Discussions started in 2006 in relation to the Chinese CEFR
reactor under construction. These discussions resulted in a
certain number of yearly exchange. In particular, a training
school for sodium-cooled reactor operators was then set up
on the PHÉNIX site, and several training sessions were held
for CEFR startup teams.

It is worth to note that this school for sodium-cooled reactor
operators, which used the PHÉNIX simulator, also held ses-
sions for Russian operators (financed within the framework of
a TACIS European agreement) and for Indian operators.

As part of this active collaboration, surveys of the operating
experience feedback relating to other reactors were carried
out for PHÉNIX [1], and were later reviewed in collaboration
with the Indian correspondents of the Kalpakkam Center [2].
Similarly, the IAEA issued fully comprehensive documents
dealing with the various incidents that occurred in sodium-
cooled fast reactors, and with their analysis [3].

So knowledge relating to these incidents is open, exhaustive,
and detailed.

Major incidents and related
operating experience feedback

Steam generator operation
(sodium / water reactions)

All steam generators (SGs) of the first generation have expe-
rienced sodium / water reactions.They are summarized in the
table below.

Table 7.

Sodium / water reactions on steam generators
of the first generation

PHÉNIX PFR BOR-60 BN-350 BN-600

Number High number
of sodium / 5 21 1 at the begin- 12
water ning, versus
reactions 3 after 1980

SFR History and Operating Experience Review
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Though these sodium / water reactions correspond to different
SG designs, three types of causes can be distinguished:

• Fabrication difficulties

Several sodium / water reactions occurred during sodium filling
or a short time later, due to fabrication flaws, especially on
Russian reactors.

For example, concerning the PFR, a crack was revealed in a
sheet/plate weld during sodium filling (1976).

• Fatigue cracking

A bad design, or inadequate operating modes induce thermal
shocks and mechanical fatigues.

Fatigue cracks then induce sodium / water reactions.Such was
the case, for instance, for the first four reactions that occurred
in PHÉNIX where spurious cold water ingress to the reheater
took place during startups, thereby inducing fatigue cracks in
tube welds.

• Corrosion

Corrosion phenomena may lead to a surface-breaking crac-
king and to a sodium / water reaction. Such was the case, for
example, on the PFR, where repeated corrosions occurred at
the tube-to-tubesheet joints of steam generators.

That was also the case of the fifth sodium / water reaction in
PHÉNIX.

In any case the flow rate of the steam jet under pressure reacts
with sodium, thereby creating a torch the end of which can
break through the neighboring steam generator tubes, and
even the SG wrapper later on.

In some cases the first sodium / water reactions have caused
significant damage due to the relatively high response times of
the detection system and to the SG draining or inerting times.

Let us mention in particular the following events:

• The 1st sodium / water reaction in PHÉNIX: 30 kg of water
reacted then.The upgrading work carried out allowed these
jets to be limited to between 1 and 4 kg;

• The reaction that occurred on PFR in February 1987, in the
tube bundle of reheater n° 2, through cracking of a tube as a
result of bundle vibrations. Thirty-nine tubes around the ini-
tial tube were broken through during the time required for
pressure decrease on the steam side. The corresponding
pressure buildup in the secondary sodium circuit led to the
break of the rupture disk;

• Significant sodium/water reactions that occurred on BN-350
(detected by satellite) and BN-600 (the most important reac-
tion took place in January 1981 with 40 kg of water injected).

The lessons learned from those incidents for future reactors
are the following:

In terms of protection:
• Indispensable reliability and quickness of the hydrogen
detection system;

• Automatic shutdown accompanied with a quick depressuri-
zation in the steam side;

• Design of a wrapper around the free-standing SG, capable
to withstand the most violent sodium/water reaction;

• Rupture disk membranes designed to limit pressure buildup,
if any.

Good prevention entails several requirements:
• An improved design with respect to thermal-mechanics so
as to avoid fatigue cracks;

• Suitable materials;

• A high quality of fabrication (100%weld control, non-overlap-
ping welds, etc.);

• A careful use (prevention of spurious thermal shocks, good
preservation of the circuit during draining, etc.).

In practice, understanding the reasons of those incidents, as
well as applying the corresponding prevention rules (see
above) made it possible to avoid sodium / water reactions in
SUPERPHÉNIX, and to suppress them on BN-600 from 1992.

As a conclusion, today sodium / water reactions in steam
generators are incidents whose impact can be significantly
reduced. In addition, they can be detected sufficiently early to
allow their control.Fig. 66. PHÉNIX: the initial hole on a steam generator tube

after the sodium / water reaction.
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• Still on the pumps, a problem on a primary pump of the PFR
reactor resulted in a significant oil ingress (assessed to be
17 liters) in the primary sodium. This incident occurred in
March 1991, and resulted in a plugging temperature rise to
300 °C, thereby inducing an outlet temperature rise in some
sub-assemblies, partially blocked by carbonated waste.

As a conclusion, all these issues are currently taken into
account, and due to their satisfactory feedback these compo-
nents do not raise special concern in the perspective of future
reactors.

Under-sodium handling experience

The under-sodium blind handling of the core sub-assemblies
was carried out in good conditions on the whole of the reac-
tors.

Yet, two severe incidents occurred as a result of an unschedu-
led rotation of the rotating plug during a sub-assembly hand-
ling.

On FBTR, in 1987, a rotation induced the deformation of a
sub-assembly and of a guide tube.Fabricating special devices
aimed at shearing and then removing these in-pile compo-
nents caused a two-year reactor shutdown.

On JOYO, the rotation of the rotating plug while part of the
experimental device was still inserted, also caused a certain
number of mechanical disorders in 2008. The corresponding
repairs have only been completed in 2015.

Regarding these two reactors it is worth to mention that, unlike
PHÉNIX, they did not have a viewing device to check that
there was no more device ensuring a connection between the
core cover plug and the core itself before the rotating plug was
actuated.

Other problems (sodium deposition, seizing phenomena, swel-
ling…) proved minor, and could be coped with locally.

As a conclusion, sodium handling was performed in satisfac-
tory conditions on all these reactors providing an efficient
monitoring system such as a viewing device was used to
check the appropriate uncoupling of the rotating plug and of
the in-pile components.

Spurious sodium leakage or transfers

A large number of sodium leaks occurred on facilities, some-
times leading to fires.

The most severe leak, by its consequences, was that of
MONJU (about 640 kg of sodium) which led to the reactor
shutdown as early as 1995.

Fig. 67. PHÉNIX: extraction of a SG module for repair after a sodium /
water reaction.

Fig. 68. Cask for transferring PHÉNIX large-sized primary
components, ready for extraction from the reactor.

Operation of primary components
(pumps and exchangers)

The operation of these components generally proved excel-
lent.

Only the two following defects can be noted:
• For PHÉNIX exchangers, an initial design flaw which was
corrected on the reactor and on the following fast reactors;

• Concerning pumps, a technological defect on the hydrosta-
tic bearing* of PHÉNIX pumps: a bearing shrink-fitted on
the shaft, dropping as a result of unshrinking during a hot
thermal shock;
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Those leaks involved quite variable sodium volumes. Some
are lower than one gram (detected during inspections), while
others may be huge (e.g., four leaks over 300 kg in BN-600,
among which one of 1,000 kg).

The latter was due to a primary sodium leak in the inerted area
where this sampling flows.So there was no fire, but only a gra-
dual deposition through solidification over a long time, because
there was no operational detection under those circum-
stances.

These sodium leaks have quite various origins:

• Fabrication flaw;

• Design flaw, like the MONJU thermocouple thimble;

• Material-related problem: see for example steel-321 relaxa-
tion cracking*;

• Thermal striping damage*, as a result of the incomplete
mixing of fluid jets leading to temperature fluctuations and to
surface-breaking cracking;

• Corrosion, e.g., as a result of air ingress into the circuits;

• Operating error (e.g., during circuit defreezing and the rela-
ted sodium expansion).

Lessons were learned from these incidents in terms of design,
procedures for operating these circuits, leak detection, and fire
protection (sodium fires).

As regards the last two issues, we can mention the following
items:

• A diversified and redundant detection (bead detector, sodium
aerosol detectors, smoke detector, camera);

• The need for a fast and safe draining of the sodium circuits;

• Sodium zone partitioning in order to limit the amounts of avai-
lable air in the event of a fire;

• Protecting concrete grounds and walls using an insulator
covered by a metallic plate;

• The ability to perform the nitrogen inerting of some areas if
need be;

• Smothering pans able to neutralize large amounts of sodium.

A good example of this protection work is the work performed
since 2005 on MONJU, in which the whole of the provisions
above mentioned has been implemented.

In addition, it is worthy to note that understanding the origin of
these leaks made it possible to reduce their number over time,
while fairly improving their detection. For instance, PHÉNIX
experienced thirty-two sodium leaks, some of which accoun-
ting for a few kilograms, versus only three minor leaks for
SUPERPHÉNIX (apart from the storage drum leak).

Air or impurity ingress

In a sodium cooled reactor, preventing air or impurity ingress
into the circuits is an especially crucial issue. For in some
conditions that pollution may trigger mechanisms of cracking
corrosion (caustic stress corrosion).

Apart from ordinary operating troubles arising from this
constraint, especially in relation to the maintenance of circuits
during their draining, we can mention the three outstanding
incidents that occurred in this background.

SUPERPHÉNIX

In July 1990 a significant air ingress occurred in the primary
coolant circuit due to the faulty membrane of a compressor
allowing air inflow into the reactor cover gas plenum. A large-
scale purification campaign was required until September
1991 to perform the reactor restart.

Table 8.

Number of sodium leaks per reactor

PHÉNIX KNK-II PFR BR-5/10 BN-350 BN-600 MONJU SPX1

Number of sodium leaks 32 5 Over 40 18 15 27 1 3

Fig. 69. Examination of the circuit following a sodium leak
on the bellows seal of a PHÉNIX valve.
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PFR

A significant oil ingress (about 17 liters) occurred in June 1991.
It led to partial plugging of the pump filter, and was detected
through changes in the outlet temperature of the core sub-
assemblies. An 18-month outage was necessary for the reac-
tor refurbishing.

BN-600

In 1987, the BN-600 reactor experienced a short power tran-
sient from rated power. On January 21st, as the reactor was
operating at a rated power, the evolution of several parame-
ters could be observed during seven minutes: sodium level,
core reactivity, and reduced pump power.

After analysis the incident was attributed to the drop from the
reactor roof of a block of impurities formed in the upper part as
a result of insufficiently purified fresh gas. The sharp ingress
of these impurities disturbed core hydraulics and neutronics.

That event subsequently resulted in several clad failures and
the reactor shutdown. Since that date measures have been
taken in order to minimize gas leaks from the reactor cover
gas plenum, and to further enhance gas purification by NaK
sparging of fresh gas.The phenomenon has no longer occur-
red since 1987.

The operating experience feedback from these incidents for
the future has evidenced the need for a suitable monitoring of
the quality of fresh gas in the reactor cover gas plenum*, a
pump design preventing oil drops (intermediate recovery sys-
tem), and a permanent follow-up of sodium good quality.

Experiments on fuel and clad failures

Most of reactors have used a fuel consisting of uranium and
plutonium oxide, with an excellent operating experience feed-
back.

The other fuels used are enriched uranium oxide (BN-600),
carbide (FBTR), and metallic fuels in U.S. reactors. Nitride
fuels have also been tested on several reactors, among which
BN-600.

Regarding the whole of these fuels, advances in cladding
materials have gradually allowed clad failures* to be elimina-
ted, and burn-up* to be increased in quite a significant man-
ner. For instance PHÉNIX has experienced fifteen clad failures
until 1988, and then has experienced none at all, whereas
burn-up has gone on increasing.That good performance was
confirmed with SUPERPHÉNIX on which the 100,000 pins
used have exhibited no operating defect within a ten-year ope-
rating time.

It is worth to mention KNK-II clad failures.They were induced
by the use of grids instead of spacer wires*. Since that time
all of fast reactors use spacer wires for pin spacing.

Table 9.

Clad failures on the various reactors

PHÉNIX PFR BN-350 BN-600 KNK II

Number high number high number
of clad 15 21 at the begin- at the begin- 5
failures ning of life ning of life

As a conclusion, this field stands as a strong asset of the SFR
type, and R&D gives good hopes of new advances in this field
thanks to the use of new cladding materials.

Reactor operation and fine control / reactivity
variation

Several intrinsic features of this type of reactor make their
control easy, and allow significant safety margins:

• Self-regulating thermal feedbacks;

• The absence of poisoning* phenomena due to fission pro-
ducts;

• Not using any neutron poison* for reactivity control;

• The high thermal inertia brought by the volume of primary
sodium;

• The low pressure in circuits.

Operating the whole of reactors does not evidence difficulties
in the field of neutronics control.

However it is worth mentioning core sensitivity to variations in
reactivity in the event of a sub-assembly motion.On FBTR this
has led to positive variations in reactivity through core reposi-
tioning at reduced powers.These events have been explained,
and can be reproduced.

In PHÉNIX core compaction is impossible, for assemblies
come into contact through the pads of the hexagonal tubes. In
contrast, a core flowering* (also called core expansion)
towards the outside is mechanically possible, and results in
negative reactivity variations.Such reactivity transients occur-
red in PHÉNIX in 1989 and 1990. The investigations relating
to the initiating mechanism of core flowering led to the follo-
wing explanatory scenario: these events seem to be related
to the occurrence in the core periphery of moderating ele-
ments, a source of power release ill-assessed at the design



Fig. 70. Repair of the sodium header on a PHÉNIX steam generator.

Yet it is worthy to note that cautiousness is still recommended
in this area, and the qualification of these newmaterials is still
pending.

Sodium aerosols

Convection motions of the cover gas, from the lower hot areas
close to sodium surface to the colder areas, carry over sodium
aerosols which may deposit on the upper parts of the reactor.

This phenomenon entails operating constraints. All reactors
worldwide have experienced more or less significant troubles
due to sodium aerosol deposits, especially deposits in pene-
trations when the latter were too cold in the upper part.

Let us turn to the most striking cases:

• The rotating plugs*. In 1997, in BN-600, it appeared that
the efforts required to actuate the rotating plug had conside-
rably increased.The analysis of the phenomenon evidenced
thick aerosol deposits on the bearings (and in the bearing
cage). A disassembly of the whole equipement was perfor-
med with a view to cleaning;

• The control rods*. In several reactors (PFR, KNK-II, and
PHÉNIX), aerosol deposits induced partial control rod bloc-
kages. These incidents entailed design changes, improve-
ment of the monitoring instrumentation and of the operating
procedures, including, particularly, periodic rod inspection
tests in the reactor under operation.

Fuel sub-assembly blockage

Two incidents are to be reported:

• In October 1966, in EFFBR, a metallic plate was detached
from its support, and induced a sodium inlet blockage in
several sub-assemblies, which resulted in partial meltdowns.
Nowadays, all fast reactor sub-assemblies hold several side
ports on their bottom (or inlet) nozzle in order to avoid this
type of blockage by a loose part;

• In January 1985, in SUPERPHÉNIX, a neoprene plug was
forgotten in the bottom nozzle of a fuel sub-assembly during
its fabrication. As early as the power increase of the reactor,
that anomaly was detected by the instrumentation used for
measuring core outlet temperature. Most of nuclear power
plants now have procedures for checking pressure drop in
sub-assemblies before loading them into the storage drum
or the reactor.

step, that led to a local overheating, and then to a sodium
vaporization, thereby initiating core flowering.This scenario is
under validation [1].

Materials-related issues

The prototype status of these reactors has made it possible to
validate the use of a large number of materials, and to improve
them constantly. For example, turning to fuel sub-assembly
hexagonal tubes made of ferritic steel eliminated sub-assem-
bly swelling.The hardest troubles which were faced in this field
were the following:

Using austenitic steel-321

Extensively used in PHÉNIX and PFR, this steel displayed a
cracking over time in relation to welding residual constraints,
especially in hot areas.

This phenomenon resulted, in particular, in the gradual repla-
cing in PHÉNIX of almost all the parts made of steel-321, in
multiple and successive repairs on the steam generators of
the PFR reactor, and in the monitoring of all parts made of
steel-321 in the other existing reactors.

SUPERPHÉNIX storage drum

The fast cracking of the SUPERPHÉNIX storage drum* led
to dropping the material (steel-15-D3) for a use in sodium.
Similar incidents had occurred in the KNK-2 reactor at Kalkar.

So a broad range of proven materials is available today. But
developing new materials is still one of the promising lines for
improving the reactor type. In particular, it is worth to note
ODS* (oxide dispersion strengthened) steels that could help
reach a dose of 200 dpa* for clads, or new reduced-expan-
sion materials for secondary coolant systems and straight-tube
steam generators.

SFR Incident Review and Analysis66
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A precious operating experience
feedback
Sodium-cooled fast reactors have built up a considerable ope-
rating experience feedback in relation to materials, design,
sodium technology, and operating modes.

Furthermore, this experience was fully shared among the nine-
teen reactors under operation, either as part of bilateral colla-
borations, or at IAEA annual meetings.

This common experience, integrated into future reactors'
design, stands as a considerable asset regarding the ability to
achieve the safety, performance, and competitiveness objec-
tives assigned to this reactor type.

Joël GUIDEZ,
Nuclear Energy Division
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Dismantling Experience
of Sodium-Cooled Fast Reactors

Thirteen sodium-cooled fast reactors out of the nineteen
that have operated worldwide were dismantled or are under
dismantling.So a considerable operating experience is already
available in this field. Here again experience is internationally
shared, especially during the workshops and annual meetings
ofWANO (World Association of Nuclear Operators) and of the
IAEA, where these operations are described and discussed
(see for example References [1], [2] and [3]).

Specific dismantling features
of a sodium-cooled fast reactor
The balance of plant is fully dismantled according to the usual
procedures, but the “sodium” part of the reactor displays spe-
cific features for which technical provisions are tested and
tried.

Fuel sub-assembly washing

The first operation in reactor dismantling is removing fuels.The
latter have to be removed from sodium through the handling
path used during the operating stage, and then washed in
water to remove the residual sodium film.This is the usual pro-
cedure which does not raise particular problems.Then, accor-
ding to the countries, these sub-assemblies are sent either to
a storage site, or to a spent fuel treatment plant in order to
recover materials.

Yet it is worth to note the issue of failed
sub-assemblies for which additional
care has to be taken. For instance, in
Russia, these sub-assemblies are
immersed in a container filled with lead
pending their further storage.

Then the fertile sub-assemblies, the
various devices, and the lateral (or
radial) neutron shields are also remo-
ved. However, difficulties may be faced
in relation to absorber sub-assemblies,
for which washing and dismantling
techniques are still under study.
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Fig. 71. Evolution of Na 22 activity measured in primary sodium in PHÉNIX. Decay can be
observed from late 1990, following the reactor intermediate shutdown, and the new increase
in activity can be seen in 2004, during the reactor restart.
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Components washing and disassembly

The whole of components has to be removed for washing,
decontamination and disassembly if need be.The correspon-
ding procedures are known and, generally, have already been
applied during the reactor operation for repair or maintenance
operations. It can be noticed that some components can be
directly sent to the storage centers after washing and without
disassembly. Here again, there is no particular difficulty, apart
from managing the sodium and tritium risk during the opera-
tions.

Treating sodium from reactor circuits
and residual sodium

The tons of sodium in the primary* and secondary coolant
circuits* have to be treated.This is often done through devices
ensuring controlled injection of both water and sodium into a
device for turning residual sodium into sodium hydroxide
(soda), that may vary according to the reactors, but is still based
on this principle.Sodium hydroxide solutions can then be relea-
sed in a diluted state, or neutralized in order to generate salts,
or even turned into concrete as was the case in SPX-1.

As regards activity, secondary sodium generally displays very
little activity, and so does not raise any problem. Primary
sodium contains sodium-22 activity (half-life of 2.6 years), acti-
vated corrosion products if any, and, in the event of a clad fai-
lure during the reactor lifetime, a few fission products, mostly
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caesium.Concerning the reactors that experiencedmany clad
failures* (which is no longer the case in modern reactors),
caesium traps are used as filtration devices so as to reach the
desired activity levels prior to sodium elimination.

Figures 71 and 72 show the evolution measured in sodium 22
during PHÉNIX operation up to a plateau where there is an
equilibrium between Na 22 generation and disappearance.
Regarding caesium, the measuring carried out reveals an
increase in the caesium content due to the first clad failures.
Lastly, after the last clad failure, the value measured slowly
decreases in relation to caesium radioactive half-life (thirty
years for Cs 137).

Treating all of the circuits that have contained
sodium

The primary vessel and the secondary coolant circuits contain
sodium traces under the form of a film deposited on the walls,
and possible residual sodium at low points, which results in
retentions (puddles or cooled volumes) after draining.

The activities remain low. Concerning the secondary coolant
circuits, preliminary cuttings, and treatments based on the
humidified carbon dioxide technique, referred to as the “car-
bonation” process, can remove the remaining sodium traces.

As regards the primary coolant circuits, clearcut draining ope-
rations are carried out, sometimes with local suction or sipho-
ning operations.Then the retention areas have to be investiga-
ted and treated. The issue is to identify the areas where the
residual sodium volumes may have remained, and treat them
through a case-by-case procedure. It can be noted that since
the RAPSODIE accident in 1994 the use of alcohols to dis-
solve the remaining sodium puddles has been fully dropped.
Carbonation and water wash remain the privileged route
before the cutting / removal procedures.

An issue currently being investigated is
how to remove the mesos (agglomera-
tion of sodium and oxides) that may
have built up under the slab.

Dispositions for traps
containing active products

During the reactor lifetime, a certain
number of cold traps have collected all
the undesirable products (tritium, cae-
sium, fission products in the case of
clad failures, various oxides and
hydrides, corrosion products). If these
cold traps cannot be stored as is, com-
plex procedures for separating all these
components have to be tailored to the
case under consideration and to the
local legislation requirements.

Techniques using the enclosure of the cold trap itself as a ves-
sel for chemical reactions have been applied. Under some
monitoring conditions, heating the secondary cold trap makes
it possible to remove themost part of sodium and tritium before
cutout for dismantling. The issue is more complex for the pri-
mary cold trap if the reactor has experienced clad failures, and
if fission products* released during these failures are stored
there.

Dismantling a certain number
of reactors: overview

U.S. reactors: EBR-1, EBR-2, EFFBR, FFTF…

All those reactors were dismantled, or are under dismantling
(Fig. 73).

EBR-1 initiated the following general method, which was to be
later reused:

• Removing the core and the blankets;
• Draining and eliminating the coolants;
• Carrying out the wet CO2 inerting* of the vessel;
• Performing the final cutout of the structures;
• Transferring the cold trap* to a storage center as an overall
waste.

The cost of this dismantling as a whole was assessed to be
$28 M.

The same procedures were used again in EBR-2 and FFTF,
currently drained of their sodium and under dismantling.

It is also worth to mention the existence in FFTF of a caesium
trap which will be removed and treated separately (Fig. 74).
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Fig. 72. Evolution of caesium 137 activity measured in PHÉNIX
sodium samplings, the last clad failures having occurred in 1988.
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UK reactors: PFR and DFR

The same procedure was applied to the dismantling opera-
tions on the DFR (NaK*) and PFR (sodium) reactors (Fig. 75).
Yet it will be noted that the United Kingdom developed the
Water Vapor Nitrogen (WVN) process that was used for NaK
and sodium removal (Fig. 76).

The French NOAH16 process for direct destruction of sodium
with water was also used to destroy PFR sodium.

Fig. 73. Removing an exchanger of the EFFBR reactor.

Fig. 75. A test loop at Dounreay (Scotland) for investigating NaK/CO2
reactions.

Fig. 76. Final cutting of a sodium tank in PFR following its treatment
using theWVN process.

Fig. 77. Evolution in caesium 137 activity in the BN-350 primary
sodium during filtration.

Fig. 74. Caesium cold trap on FFTF.
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Nota bene. The demolition of the DFR reactor building was to prove
impossible. For this spherical building, a symbol of the Dounreay site and
of the early English nuclear reactors,was ranked as a historical monu-
ment. Not even its appearance should undergo any alteration!

16. NOAH: a French anagram for “NaOH”, sodium hydroxide.

Russian reactors: BOR-10 and BN-350

Regarding BOR-10, shut down in 2002, it is worth to note the
original attempts of treating the cold trap using nitrogen oxides.
Concerning BN-350, the dismantling of the reactor, which is
located in Kazakhstan, was performed with the help of the
United Kingdom.The sodium polluted by caesium as a result
of a large number of clad failures was purified using filters prior
to being eliminated.Figure 77 below shows the lower caesium-
137 content obtained through this filtration.
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After sodium cleaning, the caesium traps (Fig. 78) were filled
with lead, and stored as ultimate waste.Non-active secondary
sodium was reused in the industry.

The German KNK-II reactor

For the final phase, a cutting machine developed by a French
Company (PROTEM) was used for the final remote cutting of
vessels and structures (Fig. 79 and 80). In order to simplify
and speed up the operations, the KNK-II had not been washed
previously in order to minimize the amounts of residual

sodium.That choice led to many problems during the opera-
tions, and did not prove clever (cutting tools fouling, unability
to carry out thermal cutting, various difficulties related to the
presence of residual sodium and to resulting waste manage-
ment).

The case of the SUPERPHÉNIX-I
reactor
The dismantling of the SPX-1 reactor started in 1999, after
receiving the corresponding authorizations.

Phase 1: the first operation consisted of removing the core
and all the lateral neutron shields through the handling paths
made for this purpose (Fig. 81).

Fig. 80. Enlarged view of “Module 15”, the “cutting head” for cutting
vessels or structures up to 16 mm thick.

Fig. 79.The PROTEM machine,
a robot for remote cutting
of KNK-II vessels and structures,
and waste removal.

Fig. 81. Line for removing the core, and the various devices and shields surrounding the core.

Fig. 78.View of a caesium trap
used in BN-350.
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*APEC: a French abbreviation for Atelier
pour l’évacuation du combustible.
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Fig. 82. Special device for removing the lateral neutron
shielding.

Fig. 83.The primary vessel with its components and internals.

Fig. 84. Positioning of a handling cask
on SPX-1 for removing a primary pump.
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Fig. 85. Removal of a primary pump
in SPX-1, after cleaning by carbonation.

It will be noted that 82 lateral neutron shields (LNS) had to be
removed by a special device 14 m long, as these LNS are not
accessible through ordinary handling systems.

Phase 2: all the components likely to be extracted from the
primary vessel have then to be removed to undergo carbona-
tion (Fig. 83-85).



Fig. 86. Reaction tank generating soda from sodium and additional
water (NOAH process).

Fig. 88.View of SUPERPHÉNIX internals during the reactor’s
construction.

Fig. 90. Dismantling of PHÉNIX electricity-generating station (BOP)
at Marcoule.

Fig. 89. Identifying several retention areas to be processed
on the strongback, the pump bottom, and the siphon/redan.

Fig. 87. Blocks of concrete obtained from sodium.

The end of SUPERPHÉNIX dismantling is scheduled to take
place between 2025 and 2030 (final demolition of the buil-
dings). PHÉNIX dismantling (Fig. 90), which started in 2009,
will be carried out basing on this experience feedback.

Phase 4: once the vessel has undergone sodium draining,
internal structures can be accessed. (Fig. 88).

The main problem is then to identify possible sodium retention
areas (Fig. 89). Each of these areas is a special case indeed
which can be coped with individually (sodium scraping, local
suction after heating, local wet treatment, drilling, etc.). At the
pump-diagrid connections (LIPOSO*), remote laser cutting
operations were carried out by a robot in 2014.

Phase 5: after performing these operations to remove reten-
tion areas, an overall cleaning can be carried out in order to
prepare dismantling operations. A license is requested for
filling up the vessel with water, which opens the way to the
licensing for internals dismantling.

Phase 3:when all of the components have been removed and
cleaned, sodium has to be neutralized. SUPERPHÉNIX
sodium was particularly clean, as the reactor has experienced
no clad failure.However, it was requested that it should be tur-
ned into soda before incorporating the latter in concrete blocks.
The corresponding blocks were placed in an on-site storage
center.The NOAH facility fed with water and sodium produced
the soda used for the fabrication of the concrete blocks (Fig. 86
and 87).

Dismantling experience of sodium-cooled fast reactors74



A shared experience
A broad experience feedback does exist indeed in relation to
dismantling sodium-cooled fast reactors. This shared expe-
rience has led to a consensus in the general methodology to
be used, which includes a few features specific to sodium, but
does not involve particular technical difficulties.The most deli-
cate points lie in treating retention areas, and in the method
for treating primary cold traps.

Joël GUIDEZ,
Nuclear Energy Division

and Jean-Guy NOKHAMZON,
Division for Nuclear Cleanup and Dismantling
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Safety and Environment

SFR operation has shown a few benefits in contrast with
current water reactors in terms of environmental concern. For
today the liquid or gaseous releases of these reactors are
even lower than those of the operating PWRs. Similarly, as
regards dosimetry, refueling shutdowns without vessel ope-
ning, and with sodium handling, allow a lower overall dosime-
try under operation. Of course, SFRs also keep all the bene-
fits of a closed fuel cycle, of ultimate waste minimization, and
of the ability to transmute actinides, thereby further minimi-
zing the final radiotoxicity of this waste.

Concerning safety, comparing sodium-cooled reactors with
water reactors proves delicate, as each reactor type displays
intrinsic assets, as well as points for which safety provisions
have to be enhanced.This chapter especially emphasizes the
points for which sodium-cooled reactors had to develop spe-
cific techniques for controlling potential incidents, such as
sodium fires, sodium/water reactions, or, in neutronics, for
taking account of sodium voiding effects, or of core mechani-
cal compaction. In contrast, very positive intrinsic safety points
can be pointed out. For example:

• The strong thermal inertia and the high natural convection
capacity of sodium simplify all the problems related to decay
heat removal following the reactor shutdown;

• The absence of coolant pressurization simplifies the design
of the safety devices required in the event of coolant lea-
kage;

• The neutronics fine control is made easier by the absence
of poison (such as boron), the absence of xenon effect fol-
lowing the reactor shutdown, and very efficient thermal feed-
back coefficients.

In any case, following the Fukushima accident, all the safety
targets have been reviewed and enhanced by safety authori-
ties in the various countries so as to meet more stringent
requirements.Meeting these new requirements will be one of
the main stakes for all the reactors, and so for future sodium-
cooled fast reactors.

77Sodium-Cooled Nuclear Reactors
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SFR Safety

The Generation-IV fast neutron reactors have ambitious
safety goals. Western safety authorities demand that their
safety level be the same a minima as that of the Generation-
III water reactors.

In this approach it is necessary to take account of a certain
number of specific features of sodium-cooled fast reactors.
Some are favorable: the absence of pressure in the vessel
avoids the depressurization and loss-of-coolant problems cha-
racteristic of water reactors; the strong thermal inertia and the
broad margin to boiling are two factors that make decay heat*
removal easier; the reactor's fine control, and reactivity*
control are simplified thanks to the low neutron energy depen-
dence of cross-sections, and the absence of xenon effect*.
But other characteristics of these reactors are hard to manage.
The following issues, among others, have to be specifically
analyzed:

• The core is not in its most reactive geometry, and a core defor-
mation may induce a reactivity insertion.This raises the issues
of core motion dynamics and of the control of core geometry
deformations;

• The variation in sodium density in the center of the core (boi-
ling, or passing bubble) also induces a reactivity insertion, which
raises the issue of the “sodium void effect*”;

• Sodium reactswithwater and air, which
raises the issue of how to manage
sodium leaks and sodium/water reac-
tion.

Decay heat removal
(DHR)
In the event of a nuclear reactor shut-
down, “residual” power, most often
referred to as “decay heat”, is still being
released from the core, as a result of
the energy released by the radioactive
disintegration fo fission products. Thus
this decay heat, that accounts for 7% of

Fig. 91.The decay heat removal systems of a sodium-cooled fast reactor.
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the reactor’s rated power at the moment of shutdown, and 1%
after six hours, quickly decreases over time, but has to be
removed so as to avoid a spurious temperature rise liable to
lead to core meltdown.

In order to reach a high level of reliability, decay heat removal
(DHR) systems have to be diversified and redundant. The
main difficulty is taking account of the risks of common mode
failures:

• The common modes arising from design or fabrication flaws
can be managed thanks to suppliers’ diversification;

• Using sodium-air exchangers in which sodiummay freeze, if
it is cooled too much, is a sensitive issue, and the reliability
of their control in any possible situation is a critical issue;

• Using NaK circuits is a possible solution of diversification as
opposed to sodium in relation to the freezing risk;

• Malicious acts have to be taken into account as early as the
design stage in order to ensure a maximum protection and
reliability for decay heat removal systems.

Figure 91 below shows all the systems typical of a pool-type
reactor that are likely to be used for decay heat removal.

Safety and Environment
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Table 10 summarizes the options selected for PHÉNIX,
SUPERPHÉNIX and EFR.

In relation to all the reactors mentioned in this table, steam
generator water feeding is assumed to be unavailable, due to
lack of diesel generator sets: this is why this decay heat remo-
val mode using water as a heat sink is not mentioned.

All the systems with an active operating mode presented in
Table 10 can rely on internal emergency power supplies
(emergency diesel generator sets and, in some cases, storage
batteries).

Decay heat removal on SUPERPHÉNIX

Following the reactor’s shutdown, decay heat removal could
be ensured through three different ways:

1. In the event of an ordinary shutdown, decay heat was remo-
ved by the condensers of the two turbo-generator sets,
through the steam generators and the water-steam circuit, one
condenser being sufficient to fulfill this function; this decay heat
removal system did not have a seismic design basis, and did
not rely on emergency diesel power supplies.

2. In the case of water-steam circuit unavailability, decay heat
could be removed by the sodium-air exchangers placed on the
secondary loops (BPR) for this purpose; decay heat removal
only required two secondary loops supported by emergency
diesel generator sets, using forced convection on the air and
sodium sides, or three loops using natural convection (tests
had made it possible to check that natural convection actually

took place, and proved more efficient than was expected
according to calculations).

3. In the case of loss of the four secondary loops, decay heat
could be removed by the following systems:

• First, four independent sodium auxiliary cooling systems
(DRACS18 systems), each of them being fitted with an
exchanger immersed in primary sodium; decay heat remo-
val could be performed as soon as the reactor was shut down
by simply using either a forced-convection DRACS system
connected to an emergency diesel generator set and two
natural-convection DRACS systems, or two out of the four
natural-convection DRACS systems;

• Secondly, two independent water cooling systems (RVACS19

systems) laid out in the reactor pit absorbing the heat radia-
ted by the two vessels, these two systems being sufficient to
remove decay heat by themselves after about one month of
reactor shutdown.

The BPR and DRACS decay heat removal systems could rely
on emergency diesel power supplies in the event of loss of off-
site electrical power.Similarly to all the equipment fulfilling key
safety functions, or whose failure could question these func-
tions, they had a seismic design basis.

Table 10.

The decay heat removal systems of the PHÉNIX, SUPERPHÉNIX and EFR reactors

PHÉNIX SUPERPHÉNIX EPR

Active Passive Active Passive Active Passive Heat Sink

SGOSDHR Ordinary 3 DHR SG No No Not scheduled Air
loops loops per SG (operator but recommended

Requires intervention) by Ad’hoc Safety Club
secondary
pumps

BPR Dedicated No No 4 BPR Yes No No Air
circuit con- (Na flow
nected with through
the secondary secondary
system pump)

DRACS Exchanger No No 4 loops Yes: 6 loops Yes: 3 + 3 Air
in primary Na natural among which in natural

convection 3 active convection
(diversified)

RVACS DHR 2 circuits No 2 circuits No Not scheduled Water
through (diversified (not but recommended
reactor pit heat sink: sufficient by Ad’hoc Safety Club

water+air) for DHR)

17.DRACS: an abbreviation for “Direct Reactor Auxiliary Cooling System”.
18.RVACS: an abbreviation for “Reactor Vessel Auxiliary Cooling System”.



Core dynamic mechanics,
sensitivity to core flowering
The main challenges of the core dynamic behavior are the fol-
lowing:

• The variation in the core volume and its consequences on
reactivity. A radial displacement of a few millimeters at the
core periphery may have a significant impact. A 5-mm dis-
placement is deemed to be sufficient to induce negative reac-
tivity emergency shutdowns (NRES*)19, or negative reactivity
trips, such as those experienced by the PHÉNIX reactor in
1989 and 1990;

• Sub-assembly motions with respect to the diagrid and the
core cover plug (CCP), which may possibly make the control
rod drop difficult;

• Structural integrity, taking account of the risk of plastification
of inter-sub-assembly contact pads and of sub-assembly bot-
tom nozzles.

Fuel sub-assemblies are inserted into the diagrid. From the
mechanical viewpoint, they may be assimilated with beams
owing to their dynamical behavior. In the case of short displa-
cements (of about one millimeter in the sub-assembly head),
clearances in the bottom nozzle are not filled. In the case of
longer displacements, sub-assemblies can be
considered as being built-in.

The natural frequency of their first mode of vibra-
tion is about 3 Hz, and that of their second mode
about 20 Hz (PHÉNIX reactor). The dynamical
behavior of the beam bundle (i.e. fuel sub-assem-
blies and neutron shielding) is conditioned by the
occurrence of coolant and by contacts between
sub-assemblies.The fluid also induces an overall
decrease in the natural frequencies of vibration,
and an increase in damping. Contacts on pads
and on the sub-assembly head, as well as the
possible presence of a restraint ring limit the
bundle motion.

When the core undergoes a seismic excitation,
sub-assemblies tend to experience an overall
horizontal motion, with displacements with respect

81Sodium-Cooled Nuclear Reactors

Fig. 92. Calculation of fuel sub-assembly motion in the core
in presence of a pressure wave (NRES* or AURN* scenario).
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to the diagrid of about a few centimeters. Relative displace-
ments, with a variation in the core volume, are related with dif-
ferences in mechanical characteristics (masses or stiffnesses)
between the various existing structures (fuel sub-assemblies
and neutron shielding). These relative displacements are
short: less than 1 mm, compared with overall displacements of
four centimeters, during the Symphony program tests. These
relative displacements are limited by the presence of the fluid.
Contact efforts on pads are low. The risk of plastification of
sub-assembly bottom nozzles is limited if the reactor rests on
“aseismic bearing pads”, with reduced stresses. The addition
of a core restraint ring limits overall motions, but increases
relative motions.

Other excitations lead to core flowering* motions, and are
taken into account, especially in investigations relating to
negative reactivity emergency shutdowns (NRES*), for which
the most realistic cause of power oscillation from the physical
viewpoint is deemed to be the flowering of core sub-assem-
blies as a whole (Fig. 92). These excitations may be strictly
generic, such as the injection of a sodium volume, or applying
radial efforts onto sub-assemblies. What is at stake in the
investigations conducted in this field is to assess the radially
inward motion of core that follows an outward flowering of the
core. The presence of a core restraint ring tends to increase
the inward motion and core compaction. The plastification of
sub-assembly bottom nozzles limits this inward motion.

19. Also referred to as AURN*, a French abbreviation
for Arrêt d’Urgence par (variation de) Réactivité Négative,
i.e. emergency shutdown due to negative reactivity.



Fig. 93. Example of comparative calculation of the spatial distribution of the void effect
(expressed in pcm*/cm3) in two SFR cores of different designs under consideration for the
ASTRID reactor: the “homogeneous” core, and the “low void effect” core (CFV). The values
in the figure (expressed in pcm* and in dollars*) refer to the variation in reactivity induced
by a homogeneous sodium voiding of the core.
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Fig. 94. Insulation loss on a valve after a sodium
leakage in PHÉNIX.

Leakage: - 690 pcm
Central component: + 2,350 pcm
Voiding: - 4.8 $

The sodium void effect
In a sodium-cooled fast reactor, the voiding of part of the core's
sodium, expelled either by boiling, or by a passing gas bubble,
may induce a variation in reactivity. This voiding is the origin
of three feedbacks associated with the variation in sodium
density as a function of its temperature. (See above, pp. 39-
44, the chapter “SFR core design”):

• The decrease in neutron absorption, the effect of which on
reactivity is positive (i.e. an unfavorable effect from the safety
viewpoint);

• The decrease in inelastic scattering due to spectrum harde-
ning, the effect of which is positive, too;

• The increase in neutron leakage at the core periphery, the
effect of which on reactivity is negative;

• So there is a competition between three components, among
which two, prevailing at the center of the core, are unfavo-
rable to steadiness, and the last one at the core periphery is
favorable to steadiness.That provides two pathways for redu-
cing the overall void effect;

• Reducing the central effect by playing on the core compo-
nents (enrichment, sodium and fuel proportions, addition of
a moderator…);

• Increasing the leakage effect using a tailored core topology.

These principles are those that have been used as guidelines
for the design of the “low void effect” core (CFV) currently
adopted for the ASTRID reactor (Fig. 92).
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Sodium leakage
The occurrence of a crack in the circuits cannot be fully exclu-
ded, particularly at transition welds in the case of a flawed
weld, or an underestimated local loading.

The operating experience feedback in PHÉNIX reactors dis-
plays thirty-two leaks within thirty-four years. The amounts of
leaking sodium are variable (between a few grams and seve-
ral hundreds of liters). Only in three cases did a sodium fire
take place (Fig. 94).As regards SUPERPHÉNIX, 4 leaks were
recorded, among which 3 were lower or equal to a dozen
grams, the fourth being the leak, from the fuel storage drum,
of 75 m3 of sodium into the inerted inter-vessel gap.

Tests carried out on small sodium leaks have shown that at
200 °C the flow on the piping wall is fast, which helps leak
detection, whereas at 500 °C the products formed by air-
sodium-insulation reaction constitute a strong barrier for
sodium flow, thereby making leak detection less easy.
Experimental results have revealed that there is a risk of non-
detection in the case of steel piping corrosion for low sodium
flowrates at 500 °C (<1 cm3/min).

In order to reduce the risk of corrosion and evolution to a lar-
ger leak liable to induce a fire, detection efficiency is crucial.
Referring to the recorded results of the leak detection systems
operating experience in the three PHÉNIX, SUPERPHÉNIX
and MONJU reactors, it clearly appears that, in the case when
a space is arranged between the insulation and the piping,
corrosion under the insulation can be avoided. Moreover, in
such a configuration, detection systems based on the occur-
rence of sodium aerosols are well adapted.

Given the chemical reactivity of sodium with air, a leak that
cannot be detected sufficiently early can lead to a sodium fire.



Fig. 95. Exercise for the extinction of a sodium fire.

Sodium / water reaction
For each of the reactor’s intermediate circuits, the exchange
tubes of the Steam Generator (SG) constitute the only physi-
cal barrier between sodium and water. Lack of leaktightness is
revealed by a chemical reaction between sodium and water
that may induce considerable damage. The temperature and
pressure conditions of the heat exchange are the following
in the reactor’s rated operating conditions (example:
SUPERPHÉNIX):

• Water-steam end: pressure of 219 bars and 184 bars res-
pectively at water inlet and steam outlet; temperature ranging
from 237 to 490 °C;

• Sodium end: pressure of about three bars; temperature ran-
ging from 345 to 525 °C.

Given the mechanisms involved, a water-sodium reaction may
generate pressure waves which spread through the interme-
diate coolant system, and may possibly damage the tubes of
the intermediate heat exchangers (IHX*) that ensure the
exchange between primary sodium and the sodium of the
intermediate coolant system.

Similarly to the reactor's main vessel, these tubes are part of
the second containment barrier.Yet, it is worth to note that no
available operating experience feedback worldwide has ever
mentioned any impact of a sodium/water reaction on the leak-
tightness of the intermediate heat exchanger.

The possible causes of the sodium/water reaction lie in the
phenomena associated with the steam generator operation:
the stress corrosion of tubes (especially at welds), thermal
shocks (undersaturated water at the superheater module
inlet), the prevented expansion of the tubes inducing their
buckling, and the vibrations of the tube bundle.

Contacting water (liquid or steam) with liquid sodium induces
the following chemical reactions:

Na +H2O → NaOH +½ H2 (1)Na +NaOH ←→ 2Na++O2- +H- (2)Na +½ H2 ←→ NaH (3)

Reaction [1] is total, instantaneous, irreversible, and strongly
exothermic. Its overall reaction enthalpy at 500 °C is equal to
162.4 kJ/mole. If the respective concentrations in O and H
comply with the following conditions

[O2-] >[O]sat and/or [H-]sat>[H]sat

A few leaks that induced localized sodium fires occurred in
PHÉNIX. In addition, the MONJU reactor experienced a very
large leak followed by a fire, that required several years of work
before the reactor could obtain administrative authorization to
be repaired.

The very first measure to be taken in the event of a fire is drai-
ning the failed circuit. That entails both ensuring the safety of
the draining circuit, and speed up the draining as much as pos-
sible by selecting sufficient pipe diameters.

Fire extinction (Fig. 95) is carried out through smothering using
a powder developed by CEA, known as the “MARCALINA
powder”.The latter is spread with the help of extinguishers or
shoves. It consists of sodium carbonates and lithium, as well
as graphite which ensures its fluidity. So this powder has to be
available, and regularly checked, in the places where sodium
may leak.

A passive extinction method used in PHÉNIX consists in col-
lecting the leaking sodium, and having it flow into a smothering
pan. The operating experience feedback from this type of
device deals with the regular monitoring of the absence of
water or humidity in these pans, which are generally placed at
the lower point of the buildings.So it is relevant to fit these pans
with measuring devices (e.g., spark plugs) so as to detect
occurring water.

As a preventive measure against the possible spreading of a
sodium fire, the rooms or buildings with sodium pipe penetra-
tions are partitioned.These partitions consist in metallic struc-
tures bearing insulating panels. These pannels can be disas-
sembled so as to allow the required maintenance, and are
designed to withstand an earthquake, as well as a large
sodium fire likely to generate a room temperature of 1,100 °C
during thirty minutes.

Sodium-Cooled Nuclear Reactors 83



Fig. 96.Wastage trace on the internal wall of the PHÉNIX steam
generator ring, after the fifth sodium / water reaction.

ween the very hot reaction products and the neighboring
tubes, the latter undergo overheating, are affected by creep
phenomena, are deformed, and may burst within a few dozens
of seconds, thereby creating significant breaches.

Several protection strategies are implemented:

• Adopting at the design stage measures minimizing the risks
of damaging according to the mechanismsmentioned above:
protective sleeves on welds…;

• Using detection systems based on measuring the variation
in the concentration of hydrogen dissolved in sodium or in
argon (i.e. measuring hydrogen diffusion through a nickel
membrane with a mass spectrometer coupled with an ionic
pump, electrochemical probes generating an electric signal
proportional to the difference of hydrogen concentration bet-
ween liquid sodium and a reference electrolyte), or on detec-
ting the noise generated by the reaction (active or passive
acoustic detection);

• Implementing SG protective systems and the related proce-
dures: fast steam decompression system, rupture disk allo-
wing the sodium gravity draining of the equipment.

There is a rich operating experience feedback from
sodium/water reactions in steam generators: in France, in
PHÉNIX, five sodium/water reactions induced by defects loca-
ted on steam generator tube welds took place in 1982 and
1983, and then in 2003. They were detected by the diffusion
hydrogen detection system at an early stage, and so the
consequences of this type of incidents on the facility were limi-
ted. These sodium/water reactions, frequent on the first proto-
type reactors, have later become increasingly rare.This is due
to the understanding of the fatigue mechanisms leading to
emerging cracks, coupled with improving steam generator
fabrication methods. Since today protective and monitoring
methods have also been improved, the sodium/water reaction
can be considered as a fully controlled phenomenon.

Detecting the sodium / water
reaction
An essential way to detect leaks with sodium/water reaction is
measuring the increase in hydrogen content in secondary
sodium and in the reactor gas cover plenum. For hydrogen
may be carried over by sodium flow, or go upwards back to the
cover gas depending on sodium rate. In normal operating
conditions, "emerging" hydrogen is continuously generated by
corrosion in the water end, with magnetite being formed at the
steel-water interface. In order to reduce corrosion due to dis-
solved oxygen, water is treated with hydrazine which is par-
tially decomposed above 250 °C in order to contribute to
hydrogen concentration in the water-steam end.

[O]sat and [H-]sat respectively being the solubilities in O and H
at the local sodium temperature, the following reactions can
take place:

2Na++ O2- → Na2O(s) (4)Na++ H- → NaH(s) (5)

These reactions are generated in particular in cold traps,
devices used for purifying sodium in fast reactors in normal
operating conditions or after the Na-water reaction.

The effects of the sodium/water reaction may be chemical,
mechanical and thermal:

• The chemical effects are of two types: a generalized corro-
sion due to oxygen and to sodium hydroxide dissolved in
sodium, and a local wastage* due to the reactive environ-
ment. The wastage first induces the gradual widening of the
leak hole itself, a phenomenon called “self-wastage”, and
then may affect the close neighboring structures, such as the
other SG tubes, or the outer SG ring, through a “blow torch”
effect inducing the development of a conical pit (Fig. 96);

• The mechanical effects are associated with large leaks (i.e.
a flowrate higher than 100 g/s), and are of two types: a fast
overpressure associated with the propagation of a pressure
wave in the sodium of the SG and of the intermediate coolant
system. The large inflow of gas (mainly hydrogen) induces
an increase in the overall pressure of the intermediate loop,
and may initiate sodium motions between the other expan-
sion volumes of the loop;

• The thermal effects are associated with large leaks (i.e. a flo-
wrate higher than 100 g/s), and are due to the exothermic
feature of the reaction. As a result of the heat exchange bet-
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Fig. 97. Hydrogen detection system on PHÉNIX.

Hydrogen dissolved in sodium is diffused through a nickel
membrane to a vacuum circuit, and analyzed by mass spec-
trometry above 250 °C in order to contribute in hydrogen
concentration in the water-steam end.The difference in hydro-
gen partial pressure between the water circuit and the interme-
diate Na system generates a hydrogen flux towards the inter-
mediate system, where its concentration in sodium is
maintained as low as possible thanks to sodium’s continuous
purification carried out with a cold trap on each intermediate
loop.This hydrogen residual concentration is referred to as the
“noise background”, which has to be kept as low as possible
to allow the detection of the Na-H2O reaction to be carried out
as efficiently as possible.

During a water ingress hydrogen is dissolved in sodium, is car-
ried over, which leads to an increase in the concentrations
measured in sodium by the detection system (Fig. 97). Limit
values of this increase, considered as significant of a leak, are
determined by a previous calibration. Exceeding these values
first induces the operators warning (alarm threshold), and then
the triggering of SG automatic actions of putting in a safe confi-
guration. The basic principle of the detection system is to
ensure that the initial leak can be detected thanks to a wastage
effect before the neighboring tubes or of the ring are broken
through.
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Safety: a challenge for future
sodium-cooled fast reactors
Sodium-cooled fast reactors display advantages and draw-
backs in safety different from those of water reactors, that
make up most of the current worldwide fleet. This makes it
rather difficult to compare and assess the risks. However, the
Western safety authorities request for future fast neutron reac-
tors a safety level at least equivalent to that of Generation III
water reactors. These requirements are further enhanced by
post-Fukushima measures. Meeting these requirements
entails a fairly high level of quality, indeed, and accounts for
one of the main stakes of future reactor design.

Philippe DUFOUR,
Reactor Studies Department
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SFR Environmental Benefits

The environmental impact of a nuclear reactor in normal
operating conditions is generally very low. Yet, a reactor
releases low amounts of radioactivity, in liquid and gaseous
form, into the environment, and generates solid waste.
Moreover, it also releases heat into cooling water. Lastly, its
operation exposes the operating personnel to low radioactive
doses.The purpose of this Chapter is comparing the dosime-
tric and environmental print of sodium-cooled reactors with
that of water reactors constituting most of the current fleet.

Dosimetry
Comparing the dosimetry of the different types of reactors in
the various countries is performed by an OECD workgroup,
and is the topic of annual reports [1].This dosimetry is expres-
sed in man.sievert/year.

In 2008, the worldwide average was 0.69 for pressurized water
reactors (PWR andVVER), 1.35 for boiling water reactors, and
1.27 for heavy water reactors.Concerning the 58 French reac-
tors, the average was 0.66 man.sievert/year in 2008. Most of
this dosimetry, that is 83% of the annual collective dose, is
measured during the reactor’s outages, during which the
various handling and maintenance operations are performed.
In 2008, these operations in the French fleet included, for
example, the change of a steam generator and two changes
of the upper part of the vessel. Only 17% of the collective
doses, i.e. 0.11 man.sievert (man.Sv), can be attributed to the
reactor's operating periods.

As regards fast reactors, handling is
carried out in a blind way under the
slab, between the reactor block and the
(sodium) storage drum. So this hand-
ling does not generate any dose for the
operating personnel. Similarly, the pri-
mary sodium system integrated in the
vessel cannot be accessed. As for the
secondary sodium system, its activity is
negligible, which means no dose on
accessing to this circuit, including
during the reactor's operating periods.
Consequently, dosimetry in a fast reac-
tor such as PHÉNIX is extremely low.
For the same year 2008, this annual
collective dose was 0.018 man.sieverts

for the 783 workers on the reactor.This value is to be compa-
red with the 0.66 man.sieverts of the national water reactor
average.

The average dose taken by a PHÉNIX operator over a year
accounted for about half the dose taken in a Paris/Tokyo return
flight (i.e. an average value of 0.13 mSv). »

As in water reactors, these are somemaintenance operations
in sodium-cooled fast reactors that entail the highest person-
nel exposure. In the eighties, a certain number of withdrawal /
washing and repair of primary components were carried out.
[2, 3]. Peaks at 0.16 man.sieverts per year could be then
observed. Over the reactor’s thirty-five operating years, the
total dose was 2.3 man.sieverts, that is an average of 0.064
man.sieverts per year (Fig. 98).So there is one order of magni-
tude of difference with the values of the water reactor fleet.The
difference is even higher with the values of the boiling reac-
tors or of the heavy water reactors.

Gas releases
The chemical reactivity of sodium requires to keep it in an inert
atmosphere. This is why generally the reactor cover gas is
argon, that displays the advantage of not being much activa-
ted (helium has sometimes been used, too).

If the argon circuit was fully leaktight, there would practically be
no impact of the primary cover gas on the environment: only
long-lived fission products (e.g., Kr 85) would remain in the cir-
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This value is lower than in pressurized water reactors that use
borated water.

As a hydrogen isotope, tritium is co-trapped with hydrides in
the primary cold trap. It is also diffused through the exchanger
walls towards the secondary coolant circuits where it is again
co-trapped in the secondary cold traps. Tritium traces are still
left in the water of SG circuits (concentration of about
2,000 Bq/l) after its diffusion through steam generator walls.
In contrast, after the condenser step, tritium can no longer be
measured in cooling water.

Operations used for regenerating condensate treatment
resins, and BOP wastewater generate low releases which are
measured through pits at the facility outlet. The total estima-
ted annual activity is lower than 100 GBq.

So the final release values measured in PHÉNIX plant were
0.17 Tbq/year in gaseous tritium (stack releases), and were
lower than 100 GBq /year as regards liquid releases. If com-
paring with French water reactors [4], it can be seen that
gaseous releases fluctuate from 0.2 to 1.2 Tbq/year and per
nuclear plant unit, and liquid releases vary from 10,000 to
30,000 GBq/year and per nuclear plant unit. Besides, as tri-
tium does not diffuse through the Zircaloy clads of water reac-
tors fuel, a large portion of tritium generated in fuel is finally
freed during fuel shearing operations at La Hague plant.
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Fig. 99. PHÉNIX plant gas releases between 1974 and 2006.The background noise is due to
the instrumentation, and is not related to a physical reality. The actual releases are lower than
the measured value [3].

Let us recall that tritium is genera-
ted in nature, mainly by the action of
cosmic rays on nitrogen present in
air. Usual contents, arising from
nature, range from 10 to 20 Bq/l in
river waters (about 10 Bq/l in the
Rhône river).With an average Rhône
flowrate of 1,500 m3/s, it can be seen
that the Rhône river flows before the
PHÉNIX plant carrying over about
15 million becquerels of tritium per
second.

TB
q Tritium

Rare gases

Background noise

cuit. However, transients due to the reactor's operation, and
argon makeups (e.g., the dynamic barriers of fresh argon at
the slab’s penetrations) entail argon releases so as to keep a
constant pressure in the reactor cover gas plenum. This
release takes place by flowing through various filters and
through large-sized decay tanks, and by purification on cooled
by liquid nitrogen. Argon so purified may then be either recy-
cled towards the reactor cover gas plenum, or stack released,
depending on needs.

All of these methods make it possible to bring the activity of
stack gas releases to extremely low values.

For example, Figure 99 shows the annual totalled releases of
rare gases and tritium arising from PHÉNIX plant from 1974 to
2007. The annual average is 5.2 terabecquerels per year
(TBq/y) (in equivalent Xe 135). Most of this value consists of
the noise background of the measuring instrument, equivalent
to 4.9 TBq.So actual releases are much lower than this value.

In tritium, the maximum value of the total annual released acti-
vity was recorded in 1980: 0.76 TBq. The average over the
1974-2007 period is: 0.17TBq/y.

Tritium generation
On fast reactors, tritium is mainly generated by the ternary fis-
sion reaction in the core, and by activation of control rod boron.
Measurements performed in PHÉNIX suggest that the tritium
source is about three times less than the source initially asses-
sed by calculation; in the reactor’s normal operating conditions,
it was assessed to 0.024 mg/h through measuring, that is an
order of magnitude of 0.12 g/year with an average load capa-
city of 60%.
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Liquid releases
Liquid releases of sodium-cooled fast reactors
are chiefly generated by two types of opera-
tions: washing of irradiated sub-assemblies,
and cleaning/decontamination of primary
components when maintenance or repair
outages prove necessary.

Once removed from sodium, irradiated sub-
assemblies are cleaned and dismantled
before sending pins to the spent fuel ttreat-
ment unit. Waters arising from these opera-
tions mainly contain Mn 54 as contaminant.

Prior to maintenance or repair, primary circuit
components removed from the reactor
(Fig. 100) have to undergo a CO2 wet scrub-
bing in order to remove residual sodium, and
then a decontamination by controlled acid attack.That reduces
the dose rate due to the surface activation of the component,
and makes maintenance operations on this component easier.

In PHÉNIX, from 1973 to 2008, the following operations were
carried out [3]:

• On large-sized components (pumps and pump elements,
exchangers and exchanger bottoms, dummy exchangers):
- 55 cleaning operations,
- 39 decontamination operations.

Fig. 100. Handling of an exchanger in a cleaning/decontamination pit
in PHÉNIX.
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Fig. 101.Yearly production of liquid effluents on PHÉNIX between
1974 and 2007 [4].
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• On small components (mainly control rod drive mechanisms,
viewing devices):
- 20 cleaning operations,
- 5 decontamination operations.

Cleaning removes the residual sodium film after dripping. It is
contaminated by activation products (Na 22 and Na 24) and by
soluble fission products (Cs 137).

Decontamination aims at scraping the contaminated surface of
the component over a few microns, for metallic corrosion pro-
ducts are diffused in the component's steel. Acid baths mostly
collect Mn 54 and Co 60. Mn 54 accounts for almost all the
deposited contamination deposited (from 80 to 100%), and
grows depending on time.

Washing and decontamination liquors accounted for a totalled
activity of 56 TBq in PHÉNIX over thirty-four years. This acti-
vity consists of Mn 54 for 90-95%. As the activity of one gram
of Mn 54 is 287 TBq, it can be seen that the order of magni-
tude of the release is equivalent to 0.2 gram of Mn 54 radio-
active product. It is worth to recall that this product is endowed
with a relatively short half-life (312 days).

On Figure 101 that mentions the annual releases of liquid
effluents from PHÉNIX, we can see that these releases are
very closely related with components withdrawal for deconta-
mination and repair. The values get very low if no component
withdrawal proves necessary.
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Fuel cycle and nuclear waste
Let us recall that fast reactor fuel consists of a mixture of plu-
tonium arising from spent fuel treatment, and of depleted or
natural uranium. Fast reactors make it possible to use huge
existing stockpiles of depleted uranium. The fast reactor type
does not require any uranium mine, or enrichment of this ura-
nium, for a few thousands of years.

In addition, the ability to transmute actinides in fast reactors
provides new routes for optimizing ultimate waste manage-
ment, with a significant reduction of their radiotoxicity.

This is an environmental benefit, too.

A favorable environmental record
for sodium-cooled fast reactors
By its design, the sodium-cooled fast reactor generates few
releases to the environment [2]:

• Radioactive gas releases are very low.They are almost null
in normal operating conditions;

• Liquid effluents mainly result from special operations for clea-
ning and decontaminating primary components. Their acti-
vity in PHÉNIX was about a few TBq per year on the ave-
rage. Experience feedback relating to components is
expected to reduce the number of interventions in the future,
and so this already quite low liquid effluent output;

• PHÉNIX operation showed that the balance of plant's tritium
releases were very low;

• Solid waste has a level rather similar to that of other nuclear
reactors or facilities;

• The good thermodynamic efficiency of fast reactors (raw effi-
ciency of about 44% in PHÉNIX) reduces thermal releases.

The reactor’s features, too, are favorable to radiation protec-
tion. The dosimetry totalled over thirty-five years in PHÉNIX
was 2.3 Sv.That accounts for about one order of magnitude of
difference with the dosimetry of a water reactor.

Generally speaking, environmental records relating to this
reactor type point out that a fast reactor optimizes the use of
natural resources, and also allows ultimate nuclear waste to
be optimized.

Joël GUIDEZ,
Nuclear Energy Division

Solid waste
Similarly to water reactor fuel, SFR spent fuel is sent to treat-
ment (or reprocessing). This operation generates vitrified
waste, with a very close activity for both types of reactors.The
PHÉNIX experiment only revealed a specific feature relating to
the fact that fuel and fertile assemblies are cut out in situ and
in cells so as to withdraw the pins to be sent to treatment.

The remaining metallic structures of the fuel sub-assembly
which have been activated are stored inside cases referred to
as “bins”, put into decay pits.The activity is related to the acti-
vation of the metal and of its impurities (mostly cobalt and
manganese). Half-lives range between a few years and less
than a year, which leads to a fast decay of the radioactivity sto-
red in these pits.

Reactor operation also results in generating “conventional”
solid waste. If this output has taken place inside the regulatory
zoning area, this waste (gloves, boots, cloths…) will be consi-
dered as radioactive waste, generally of very low activity, refer-
red to as “Very Low Level Waste” (VLLW).

Cooling water
The cooling of a fast reactor is ensured by an open circuit,
where water collected is released after cooling the condenser.
These water releases have both a chemical and thermal envi-
ronmental impact.

Chemical impact

Apart from the special case of tritium, already mentioned, the
only impact is brought by the abrasion of the condenser tubes
and the related release into water.

This wear is identical on all condensers of this type used on
nuclear steam supply systems (NSSS) as well as in conven-
tional power plants, and is not specific of a fast reactor.

So it is of other chemical releases related with demineralized
water generation, and water circuit treatment.

Thermal impact

As in every open circuit, part of the reactor power is released
to the river or the sea.Sodium-cooled fast reactors, with a ther-
modynamic efficiency neighboring 44%, offer the benefit of
releasing fewer calories than current water reactors (33% effi-
ciency) or coal-fired power plants (current average efficiency
of 38%) per electric power unit produced.
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SFR Technology

Sodium is a hardly used, very particular coolant, that raises
specific tecnological problems.

Heat exchange between sodium and the energy conversion
system requires developing exchangers that take account of
the excellent thermal conductivity of sodium. The absolute
necessity to control the sodium-water contact adds other
constraints to the specifications. A large number of specific
components (sodium pumps, valves, hydrogen detection sys-
tems) have to be developed, too.

Another requirement is to be able to detect the occurrence of
impurities in sodium, and to purify sodium so as to avoid the
corrosion of reactor structures.

As sodium is very reactive in air and water, techniques for
washing and decontaminating the components have to be

developed with a view to maintenance. Since sodium is an
opaque environment in which optical inspection methods can-
not be applied, specific inspection methods have to be deve-
loped, e.g., ultrasonic methods.

The materials used (structures, fuel clad) have to be compa-
tible with sodium and with the reactor’s severe operating condi-
tions (high temperature and neutron flux).

The fuel system (pellets, pins, spacer wires, hexagonal tubes)
is very different from that of water reactors, and is developed
specifically for this reactor type so as to achieve objectives
such as core compaction, and core geometry and cooling
control.

Sodium-Cooled Nuclear Reactors



The heat removed by the sodium coolant at the core outlet
has to be transferred to generate pressurized steam which
actuates the turbine and generates electric power.The device
fulfilling this function is the Energy Conversion System*
(ECS20). In this energy transfer, water and sodium may be put
in contact in the case of a leaktightness flaw in the steam
generator component at exchange tube level, thereby indu-
cing an exothermal chemical reaction.This is why SFRs are fit-
ted with intermediate circuits*, also referred to as “secon-
dary loops”, located between the sodium of the primary
coolant circuit* andwater-steam circuits*, in order to avoid
any risk of contact between primary sodium and water.

The design targets of a SFR energy conversion system, and
particularly of the related steam generators (SGs) are as fol-
lows:

• Reducing the sodium/water reaction (SWR) through the
robustness of concepts with respect to sodium-water wall fai-
lures;

• Minimizing the consequences of a SWR scenario by limiting
the source term, implementing early detection systems, and
reducing loads on structures;

• Reducing costs by simplifying the
concept and the piping path of the
intermediate coolant system, and
controlling fabrication processes.

In addition, studies are being conduc-
ted in order to design a technological-
breakthrough energy conversion sys-
tem that would de facto suppress the
occurrence of a water-sodium reaction
by replacing steam in the tertiary
coolant system by a neutral gas (N2
Brayton cycle).

So this chapter puts forward a review of
the whole of the technologies imple-
mented, or under development, to opti-
mize the Energy Conversion System
(ECS) of a SFR.

Fig. 102. Schematic view of the PHÉNIX reactor secondary circuits.

Reactor hall

Handling

Reactor
building

Transfer
ramp to
storage
drum

Steam
generator
hall

Storage
drum

Resuperheater

Superheater

Evaporator

Rotating
plug

Sod
ium

circ
uit S

1

So
diu
m c
ircu
it S
2

So
diu
m c
ircu
it S
3

Reactor
vessel

SG 1

SG 2

SG 3

Buffer tank

Expansion
tank

Intermediate circuits
Several studies were performed in order to suppress the inter-
mediate coolant system, thereby reducing the power plant
cost. However, this option clashes with a major impediment:
the primary coolant circuit is then separated only by a heat
exchange wall from the energy conversion fluid.Now, this fluid
(gas or water-steam) has a high pressure and, in the case of
leakage, may penetrate in huge amounts into the primary sys-
tem, thereby inducing a reactivity-insertion accident likely to
be combined with a chemical accident. So an intermediate
coolant system is necessary for physically uncoupling the pri-
mary system from the water-steam system.

Sodium is also used as coolant in the intermediate coolant
system, being then referred to as “secondary sodium”. Every
secondary system is fitted with a (primary / secondary sodium)
intermediate heat exchanger (IHX*), a pump, and one or seve-
ral steam generators that ensure energy transfer between
secondary sodium and the water-steam feeding the turbine.
Generally the pump is placed on the cold leg, upstream from
the intermediate exchangers. The secondary coolant circuits
are fully independent from one another.

SFR Energy Conversion System
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20. ECS: also referred to as PCS, for “power
conversion system”.



Fig. 103. Functional diagram of several steam generator concepts.
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• U-tube design: equipment of this type were made abroad
(PFR and BN-350 superheaters), but they exhibit drawbacks
(draining, outgassing, etc.);

•Bayonet-tube designwith concentric tubes: equipment of
this type were made abroad (BN-350 evaporator), superhea-
ters), but they prove difficult to fabricate and operate.

SG categorization according to equipment size

The term “module” designates a heat exchanger consisting of
a single tube bundle, its headers, its internals, etc.

Two concepts can be distinguished: either modular (i.e. seve-
ral aparatuses in parallel fed by the same secondary loop) or
monolithic (a single apparatus per secondary coolant circuit):

• Modular concept: this is the solution adopted for PHÉNIX:
12 evaporator modules, 12 superheaters, and 12 resuper-
heaters per loop. With a power of 15.5 MWth per module
(7 tubes), the set SG - 12 modules of a secondary coolant
circuit displays a 187 MWth power.The modularity generally
enables the reactor to go on operating with one or several
unavailable modules. But this entails a higher complexity in
pipes, complexities in operating several units in parallel, a
strong impact on the general facility (site coverage), and a
higher price at an equivalent installed power;

• Monolithic concept: this is the solution adopted for
SUPERPHÉNIX and EFR (a single component per secon-
dary coolant circuit, featuring a power of 750 and 600 MWth
respectively).

The steam generator
Steam generators (SG) are sodium-water tube and shell heat
exchangers.They are generally of the counter-current, forced
circulation, and once-through type, or of the recirculation type.
Water flows inside SG tubes (excluding the “reverse” SG
concept described hereafter, in which sodium flows in the
tubes). Steam generators belong to several families that may
be catagorized according to various approaches.

SG categorization according to exchanger
tube design

• Hairpin-tube design: tubes are very long, and are folded
into a hairpin shape (50 meters for PHÉNIX evaporator, and
30 meters for its superheater);

• Straight-tube design: in this case, tubes are shorter, typi-
cally between 20 and 30 meters (e.g., BN-600). A straight-
tube SG configuration, with an expansion bend in each tube,
was made in India for the purpose of escaping the difficulties
arising from the bellows (in the case of a bellows straight-
tube SG), and from the tube bundle hyperstaticity;

• Helical-tube design: they are particularly long (80 meters
in the case of SUPERPHÉNIX). Advances have been
recently achieved in terms of design and fabrication evolu-
tion: tube pre-bending, welding process for tube butt joint,
using removable port plates to access to the inside of the
exchange tubes, and adapting to the secondary loop (using
the central tube to guide hot sodium to the top of the tube
bundle, thereby locating the sodium inlet in the lower part);
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Fig. 104.View of a PHÉNIX steam generator module and of a SUPERPHÉNIX monolithic steam generator.
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SG categorization according to selected tube
materials

Selecting the tube material is delicate, for there is quite a num-
ber of requirements:

• Good compatibility with sodium and water environments (cor-
rosion);

• Ability to resist the effects of a sodium/water reaction as soon
as a water leak from a tube is initiated (resistance to the pro-
pagation to the neighboring tubes, i.e. the effect referred to
as “wastage*”;

The benefits are a higher compactness and a lower cost price.
The remaining drawbacks are the following: no full-scale test
prior to the reactor’s operation, and the necessity to replace a
costly component in the event of a severe damage. Handling
and in-service inspection of these large components is also
more complex.
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Approaches and strategies
with respect to the risk of sodium / water reaction
in a steam generator

In an SG, as water is under pressure (140/200 bars), and the
tube wall is 2-3 mm thick in order to ensure a good heat trans-
fer, a loss of tube leaktightness can so result in a strong steam
penetration in the form of a continuous jet into the sodium, the-
reby inducing a sodium/water reaction (SWR).

The possible causes of a SWR in an SG lie in the constraints
undergone by the exchange tubes: stress corrosion (at welds),
thermal shocks (thermal fatigue), restraint tube expansion
(buckling), and tube bundle vibrations (wear). These pheno-
mena may lead to cracks, chiefly at or around tube welds, and
initiate small steam leaks into sodium likely to grow over time.
Though of a lesser probability, large leaks resulting from tube
bursting (fretting wear following tube vibration) are taken into
account.

The safety objective is to keep controlling primary and secon-
dary sodium circuit containment whatever the leak scenario.
Several provisions are so implemented in order to prevent a
SWR incident, and limit its consequences.

Consequences of a sodium / water reaction
in a steam generator

The effects of the sodium/water reaction are distributed among
three categories: chemical, mechanical, and thermal effects.

The “chemical” effects are of two types:

• A localwastage*.The phenomenon first induces the gradual
widening of the leak hole itself (“self-wastage”), and then
affects the close surrounding structures such as the other
tubes of the SG, or the internal wall of the SG bundle wrap-
per. The wastage rate (thickness of material removed per unit
of time) reaches a few dozen µm/s depending on the material,
geometrical conditions (inter-tube distance), and thermal-
hydraulic conditions (pressure, temperature).Damage diame-
ter is limited to a few millimeters;

• An overall corrosion (in the longer term), for the reaction
generates corrosive materials that dissolve in sodium, or
migrate to gas phases.

• Good mechanical characteristics in hot conditions: water in
the tubes is at a pressure likely to vary from 140 to 200 bars;
besides, the apparatus may undergo significant thermal
shocks;

• Good thermal conductivity: this is the thermal resistance of
the tube that governs the exchange coefficient between
sodium and water-steam.

In practice, the following materials have been used:

• Low alloy steel: 2 ¼ Cr-1 Mo (PHÉNIX, BN-350, BN-600 eva-
porators), and 2 ¼ Cr-1 Mo-Nb (KNK superheater, PFR eva-
porator);

• Austenitic steel Type 304 (BN-350 and BN-600), Type 321
(PHÉNIX superheater and resuperheater), or Type 316 (PFR
superheater);

• High-nickel alloy 800 (SUPERPHÉNIX);

• Ferritic steel T91 (9% Cr), i.e. the reference tube material for
straight-tube SGs in France and abroad (PFBR, India).

SG categorization as having separate bodies
or not

SFR SGs fulfill several functions:

• The evaporator brings the enthalpy required for the vaporiza-
tion of water at a constant temperature (vaporization plateau);

• The superheater brings the enthalpy required for increasing
steam temperature from the saturation temperature to the out-
let steam temperature, i.e. the temperature at which steamwill
undergo expansion in the high-pressure turbine (not taking
account of heat losses);

• The resuperheater (if any) provides the steam flow rate col-
lected at the outlet of a high or medium pressure turbine with
the enthalpy required for another expansion in a turbine, which
allows the thermodynamic cycle efficiency to be increased.

The “evaporator / superheater” functions can be fulfilled in the
same apparatus (SUPERPHÉNIX, PFBR, EFR, JSFR) or in
separate apparatuses (PHÉNIX, BN-350, PFR, BN-600,
MONJU). The second design option makes it possible to use
different materials for the evaporator and the superheater
(PHÉNIX, MONJU), optimized as a function of the operating
pressure and temperature conditions.
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Fig. 105. Phenomenology of a wastage, and experimental tests on T91 SG tubes.

Fig. 106. Experimental test of swelling / break of a T91 steam generator tube which undergoes overheating at a plateau temperature of 1,000 °C
(p = 150 bars).
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soda vaporization temperature (1,390 °C), induces the over-
heating of the neighboring tubes. Their mechanical features
then drop, and creep grows quite actively. Under the effect of
the water-steam internal pressure (100 bars), the exchange
tubes are strongly deformed, and may burst, thereby causing
large breaches.

Safety goals with respect to the sodium / water
reaction in a steam generator

The issue is building SGs of high reliability, and protecting the
secondary coolant circuit and the intermediate heat exchanger
(IHX) against the effects of pressure wave propagation in the
event of a large leak. Thus, the design basis of the interme-
diate loop as a whole takes account of the consequences of
a reference accident. The safety demonstration is based on
the definition of this reference accident whose “envelope” cha-
racter for all possible accidents has to be demonstrated.

So, in order to ensure the robustness of the safety demons-
tration, the strategy retained for the ASTRID prototype is pos-
tulating an envelope accident based on the “simultaneous and
quasi-instantaneous double-ended guillotine rupture” of all the

Themechanical effects associated with large leaks (> 100 g/s)
are of the two following types:

• A fast overpressure associated with the propagation of an
acoustic pressure wave in sodium inside the SG and the
secondary system. The propagation rate of this pressure
wave, that results from the expansion of the hydrogen issued
from the reaction is an approximate 2,500 m/s.Times for the
setting and propagation of the acoustic pressure wave range
from several dozen to one hundred milliseconds;

• The massive introduction of gas (hydrogen issued from the
reaction) increases overall pressure in the intermediate loop,
and initiates sodium motions between the other expansion
volumes, thereby inducing variations in level in the circuit
volumes. These pressure effects remain until the end of the
sodium/water reaction (full sodium release), or the end of the
isolation and fast blowdown (or depressurization) of the SG
steam side).

The “thermal” effects are associated with large leaks
(> 100 g/s), and result from the reaction’s exothermic feature.
The temperature of the reaction products, which may reach
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Fig. 107. Acoustic recording of water injection tests in a PFR SG
(UK). From top to bottom: set point signal for the injection, signal
of the two acoustic sensors positioned on the SG.

Lastly, a disk rupture detection device, based on using sodium
detectors on the blowdown line downstream the rupture disks,
triggers the other protective actions (fast shutdown of the reac-
tor, and isolation and fast blowdown of the SG steam side).

Mitigating a sodium / water reaction
in a steam generator

The SG protective system includes the detection systems that
act by inducing the fast reactor shutdown (or scram), and trig-
gering an automatic system for isolation and fast blowdown of
the SG steam side.These systems are called "active", for they
require an implementation and a diagnosis.

Detecting a sodium / water reaction
in a steam generator

The essential provision is the early detection of small leaks by
using redundant active systems, coupled with fast, passive SG
protective means. Leaks resulting from a leaktightness defect
lead, through the sodium/water reaction, to an addition of
hydrogen in the sodium circuit and in the argon cover gas of
free-level SGs. Measuring the hydrogen concentration in
sodium and in the argon cover gas constitutes the reference
principle of this detection.This issue is dealt with in the chap-
ter dealing with sodium technology.

The acoustic detection in the SFR steam generator can be
used in addition to hydrogen detection.The water leak detec-
tion thresholds are higher with respect to hydrogen detection.
In contrast, the detection time is much lower owing to the
absence of transit time.For the energy transport is detected by
waves displaying a velocity higher than 2,000 m/s. So acous-
tic detection allowsmean and large leaks under evolution to be
quickly detected.

tubes of the steam generator module.This “envelope” acci-
dent is considered for the design basis of the secondary
coolant circuit as a whole.These breaks are postulated to take
place within 1 ms. This constitutes an accident not proven by
experience, which is therefore extremely unlikely, but broadly
envelopes all other possible accident sequences of water
leaks in a SG.Thus, the selected approach is to keep and gua-
rantee the integrity of the primary / secondary barrier, thereby
considering a margin in the IHX design basis with respect to
a more realistic reference accident. This demonstration is
made possible either by using modular steam generators
(several SGs of an approximate 150 MWth in parallel), which
limits the amounts of sodium and water in contact, or by mul-
tiplying rupture disks on the secondary system.

The safety approach of steam generators in operating condi-
tions is based on implementing means for preventing, detec-
ting, and mitigating a sodium/water reaction.

Preventing a sodium / water reaction

Preventing failures in the bundle tube is based on the following
items:

• Design principles (minimizing the number of welds on tubes),
fabrication and control quality – especially for welds –, an
optimized choice of the SG tube material, SG seismic design
basis, and broad margins taken into account for the tube
bundle design;

• In-service inspection of steam generator tubes (defining the
nature of the defects to be detected and the inspection fre-
quency).

The growth of a water leak in the steam generator can be
prevented through constructive provisions, which may be as
follows:

• Selecting the SG tube material is also involved at this stage,
for the tube resistance to wastage may vary by a decade
according to the material;

• Adding anti-wastage plate type devices perpendicularly to
welds is a solution to be considered for straight-tube SG
concepts;

• A special inverted (or reverse) type design that limits the
effets of a water leak to the broken tube (no propagation of
the leaks to the other tubes).

Thus, an adapted design choice allows for an additional mar-
gin with respect to the response times of detection systems
and of safety operations.
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Fig. 108. Functional diagram of the steam generator blowdown line.
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The Russian BN-350 reactor

The number of sodium/water reactions (SWR) on BN-350
ranges from 15 to 20.A large number of leaks took place at the
weld of the evaporator tube ferritic-steel lower plugs.The three
main incidents took place between September 1973 and
February 1975:

• September 1973: 300 kg of water were introduced in the
sodium end;

• October 1973: 300 to 400 kg of water were introduced in the
sodium end.All the tubes were damaged, and some sodium
hydroxide (soda) was present in the water-steam end. The
SWR induced a sodium-water/air reaction and a Na fire;

• February 1975: 800 kg of water were introduced in the
sodium end. 120 tubes were burst or damaged.

The lessons learned from sodium/water reactions on BN-350
are the following:

• Stamped parts are to be avoided: stamping induces micro-
cracks which grow during welding, and then under operation,
during thermal cycling;

• Welding defects coupled with insufficient means for control-
ling fabrication are the origin of these incidents.

The BN-600 Russian reactor

A dozen sodium/water reactions occurred on BN-600 (among
which three significant leaks causing up to 40 kg of water to be
introduced into the secondary coolant circuit); almost all (11
out of 12) took place at the superheaters and resuperheaters
(made of austenitic steel).These leaks mostly occurred at the
start of the reactor’s operation.

The origin of the leaks has not been clearly identified: they
seem to result from weld defects not pinpointed during fabri-
cation, from chlorides being carried over into the superheaters
(as a result of moist steam at the evaporator outlet), and/or
from contact wear.

Russia’s conclusion was that austenitic steels display a high
sensitivity to corrosion by the soda environments resulting
from the SWR incidents.That justified replacing austenitic steel
by a 9%Cr ferritic steel for the BN-800 project superheaters.

The steam generator:
a component of delicate design

The steam generator is a sensitive component in the design of
future reactors, due to the risk of sodium/water reaction in this
component. However, the experience feedback from steam
generator operation in France and abroad shows that the

In the event of a significant sodium/water reaction a passive
SG protection system implements rupture disks placed on a
blowdown line circuit. Under the effect of pressure these rup-
ture disks are broken, and sodium is drained by gravity.

Lessons learned from incidents of sodium / water
reactions

PHÉNIX and SUPERPHÉNIX reactors

During the PHÉNIX reactor operation, five sodium/water reac-
tions took place on the resuperheaters, that is four between
1982 and 1983, all of them being initiated by thermal fatigue*,
and the last one in 2003 due to a fabrication flaw on a weld.All
the leaks were detected by the hydrogen detection system,
and the operators' actions for triggering the fast shutdown and
the SG dryout took place rather quickly following the detection
signal.

No leak resulted in a sodium/water reaction leading to the fai-
lure of the blowdown line rupture disks.

No sodium/water reaction occurred during the SUPERPHÉNIX
reactor operation.
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Two specific concepts of steam generators
designed to mitigate sodium/water reaction risks

Two SG concepts are specifically considered in this approach:
the double-wall SG and the reverse SG:

Double-walled tube SG: the principle is to double the wall of
the tubes separating the two fluids.The walls may be bonded,
or unbonded, thereby allowing a leak to be detected in the gap
between the walls.The double-walled tube steam generator, if
limiting the risk of gas leak, does not provide full protection
against it, and, by all means, this accident would have to be
taken into account in the safety case. The EBR-II reactor
(63 MWth) is the unique experience of bonded double-walled
tube SGs. Even if the operation proved satisfactory on the
whole, extrapolating these results to high-power SGs entails
that technological showstoppers have to be overcome, espe-
cially as regards the ability to fabricate these no-weld double-
walled tubes over lengths going beyond 15-20 meters.

Reverse SG: in this concept sodium flows inside the tubes,
while water flows outside. This concept was implemented at
the BOR-60 power plant, on two industrial modules still in ser-
vice after a thirty-year operating time (power of 28 MWth
each), with no reported leakage incident.The main interest lies
in that confining the sodium/water reaction in the tube (in the
event of leakage) is likely to limit the physical effects of this
water leakage to the failed tube alone, with no, or very little,
leak propagation to the other tubes. Extrapolating to high
power SGs (> 80 MWth), and tube inspectability remain tech-
nological challenges.

Fig. 109. ASTRID reference cycle, and calculation of the efficiency achieved with a nitrogen gas ECS.

The considerable technological effort implemented in order to
meet all the requirements relating to the sodium/water reac-
tion also entails investigating alternative routes such as the
energy conversion system without steam (i.e. the gas ECS).

The sodium-gas energy conversion
system: an alternative to the water-
steam energy conversion system
Investigated in parallel with the water-steam energy conver-
sion system (operating according the Rankine cycle), the gas
conversion system (Brayton cycle) allows de facto the elimi-
nation of the risks induced by the sodium/water reaction, and
more generally by water and sodium coexistence in the same
building. So, first of all, it provides a simple answer to sodium
reactivity relative to water, without having to change the reac-
tor’s operating parameters: the core inlet and outlet tempera-
tures remain unchanged, and there is no impact on the
nuclear steam supply system design.Yet, it constitutes quite
an innovative system for a SFR in as much as no sodium-
cooled reactor has yet used this type of conversion system.
After the various options have been investigated, pure nitro-
gen at 180 bar was finally retained as the reference for stu-
dying the ASTRID prototype gas ECS. Today this energy
conversion system benefits from all of the studies conducted
for HTR or VHTR type gas-cooled nuclear reactor projects,
among which, particularly, the ANTARES project supported
by AREVA.

Cycle thermodynamic optimization calculations, and prede-
sign basis studies for exchange components resulted in net
cycle efficiencies ranging between 37 and 38% depending
on the optimizations achieved on the system's architecture,
and taking account of realistic components performance (tur-
bomachinery efficiencies, pressure drop and exhanger
pinch).These values, lower indeed than on a Rankine steam

occurrence of a leak from this component is rather limited, and
always controlled, especially thanks to the multiplicity and
diversity of solutions brought to meet the needs in prevention,
detection and mitigation.
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cycle (40 to 41%), are not an impediment for the reactor, and
may be compensated by a best overall availability rate for the
reactor.

ALSTOM is in charge of the engineering of the ASTRID pro-
totype energy conversion system. Basing upon a CEA prede-
sign basis, ALSTOM could initiate studies for turbomachine
design, and for optimization of the general gas ECS architec-
ture. The turbine design requirements are still particularly
exacting, but no technological showstopper has been identi-
fied. The optimization step of the general gas ECS architecture
aims at providing the best solutions to meet the performance,
maintainability and operability requirements. As part of this
overall optimization attention is particularly focused on the fol-
lowing items: pressure drop limitation in the turbomachine
volutes and diffusers, components
layout, and interconnection pipe optimi-
zation.

By their fairly innovative feature,
sodium-gas exchangers constitute the
true technological challenge of the
energy conversion system, and so are
the critical component of the system.
A compact-type, diffusion-welding
assembly exchanger technology consti-
tutes a promising path in terms of tech-
nical, economical and safety perfor-
mance. Yet a number of technological
showstoppers have to be overcome in
relation to the following items: proving
the fabrication quality of these innova-
tive nuclear components, qualifying the
assembly process, and providing

Fig. 110.The sodium-gas energy conversion system of the ASTRID
prototype: the general architecture of the turbine hall as optimized
by ALSTOM.

Fig. 111. Design of a compact modular type Na/gas exchanger, and photographs of a plate
for testing the exchanger patterns to be assembled by diffusion welding (zigzag = gas;
straight = sodium).

means for inspection under fabrication and follow-up under
operation. An alternative path investigated by AREVA, that
relies on a conventional shell and tubes exchanger, would
considerably simplify some problems relating to the fabricabi-
lity and inspectability of the component, while meaning a lower
thermal compactness directly impacting the number and size
of exchangers, as well as the overall facility.

The design step for this type of compact exchanger, different
from a nuclear reactor's standard type, entails the indispen-
sable knowledge of a certain number of parameters, charac-
teristics, and rules, among which:

• The knowledge of the exchange and friction correlations able
to give a suitable description of the exchange geometries of
the exchangers under investigation;

• Materials-related data validated for the thermo-mechanical
analysis, especially in the assembling areas where the metal-
lurgy will have been changed relative to the base metal;

• The assembly process that plays a major role in the thermo-
mechanical strength of the component. A good knowledge
of this component is inescapable, and so are its qualification,
and its integration in the baseline requirements for design
and fabrication.The assembly mode considered for compact
exchangers is diffusion welding;

• Design basis, fabrication and inspection rules that are appli-
cable.

This also includes all the inspections required for the final
acceptance of the component.

• A technological approach of this component that includes
realistic solutions in relation to the following topics: ability to
drain sodium channels, assembly/disassembly of the
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exchange modules, inspection methods at the fabrication
stage, inspection means in operating conditions, intrinsic
behavior of the component in a degraded situation (especially
in the event of a loss of leaktightness in one or several gas
channels), instrumentation of this component used for the fol-
low-up of normal operating parameters, or for failure monito-
ring (gas leaks, sodium leaks), and mitigation means.

There is still a long way for this cycle to achieve a technologi-
cal maturity similar to that of the water-steam cycle. The ulti-
mate interest is in fully eliminating the risks arising from signi-
ficant amounts of water and sodium located in the same
building.

Gilles RODRIGUEZ,
Reactor Studies Department
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• Upper and lower guide bearings
If the upper part of the shaft is guided by conventional oil-
lubricated bearings (or magnetic bearings), the lower part is
in sodium, and is guided by a sodium-flow hydrostatic bea-
ring*, that ensures the shaft’s bearing capacity;

• The shaft’s critical speed
Current shafts do not exceed the first critical speed that cor-
responds to the first resonance frequency of the shaft.Given
the distance between the rolling element and the bearing
(over 10 meters on SPX1), that means shafts with a large
diameter.The hypercritical-speed shaft is an option allowing
the pump’s rotating speed to be increased while keeping rea-
sonable shaft diameters;

• Materials
This component calls for a higher variety of materials than
others, especially due to existing castings, forgings, and fabri-
cated parts;

• Seals
They have to ensure that leaktightness is preserved under
rotation conditions between the overpressurized reactor
cover gas plenum and the reactor hall. Leaktighness on the
shaft is often ensured through a mechanical seal displaying
oil-lubrication rubbing faces, hence the need for an oil reco-
very device on the shaft. Alternative seals are being investi-
gated (ferrofluids, dry seals, other);

• Pump-diagrid connection
The upper part of the pump is fixed on a low-temperature
slab, and the lower part is connected with a device driving
the flow rate to the diagrid, whose temperatures may reach
400 °C, or even more. Differential thermal expansions have
to be accommodated. Several options are available: on
PHÉNIX, a sleeve system with two swivel-joint connectors
was used. On SUPERPHÉNIX the pump resting on a ring
was tilted so as to follow the variations in the diagrid tempe-
rature;

• Cavitation in sodium
Cavitation* effects are different in sodium from those in water
(different vapor pressure, thermal conductivity, materials tem-
perature, etc.).The damage induced by cavitation during com-
parative tests are generally more significant than in water, and
not necessarily located in the same place. In such conditions,
margins have to be taken in the design basis.

The design of the components in a SFR necessarily
depends on the reactor design: loop- or pool-type reactor, gas
or steam energy conversion system, etc.

But major trends can emerge in relation to the main compo-
nents, that is sodium mechanical pumps, intermediate heat
exchangers (IHX*), control rods*, and the core cover plug*.
As regards steam generators*, they will not be mentioned in
this chapter, as they have already been described in the chap-
ter dealing with energy conversion systems (see supra, pp. 95-
104).

Primary and secondary mechanical
pumps
Primary pumps make sodium flow through the core, and then
through the intermediate heat exchangers (IHX) (Fig. 112).
Secondary pumps ensure sodium flow in the secondary loop.
Whether the reactor is of the pool or loop type, the issues are
very similar.

Using an electromagnetic pump* immersed in sodium at
400 °C is not currently validated or available in the flow rate
and pressure ranges of interest, so mechanical pumps are
used on current reactors. However, given pending develop-
ments in this field, electromagnetic pumps are expected to be
used on planned reactors, at least regarding secondary
pumps.

The primary pump will be located at the cold point, so after the
intermediate heat exchangers, and it will send sodium under
pressure to the diagrid placed below the core.The secondary
pump, too, will be located at the cold point, after the steam
generator, and it will send sodium towards the intermediate
heat exchangers.

The mechanical pumps currently selected on the various fast
reactors display close similarities, and the design of their flow
duct looks like that of water pumps.

However, several features are special characteristics of these
pumps, and refer to a technology specific of sodium-cooled
fast reactors:

Sodium-Cooled Fast Reactor
Main Components
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Fig.112. SUPERPHÉNIX primary pump. Fig. 113. Intermediate heat exchanger on SUPERPHÉNIX.

Core cover plug
The Core Cover Plug (CCP) is the most loaded component in
the hot plenum (Fig. 114).

The CCP role is to fulfill the following functions:

• A mechanical function: supporting and positioning the
control rod drive mechanisms and the core monitoring ins-
trumentation;

•A sealing function: contributing to leaktightness of the reac-
tor block’s upper closure;

• A hydraulic function: diverting sodium jets at core oulet,
and making the sodium surface steady in the hot plenum;

• A protective function: ensuring biological and thermal
shielding.

The Core Cover Plug has to comply with the following condi-
tions or requirements:

• Aligning control rod drive mechanisms and core thermo-
couples level with the corresponding sub-assemblies;

• Making deformations compatible with the functions to be ful-
filled despite very penalizing thermal and irradiation condi-
tions;

The primary and secondary mechanical pumps of all existing
sodium-cooled fast reactors display strong similarities, and the
design of this component can be considered to be fully control-
led, with a notable feedback. Few incidents did occur indeed.
In particular, it is worthy to note some unshrinking problems
on hydrostatic bearing parts on PHÉNIX.

Intermediate heat exchangers
All the intermediate heat exchangers (IHX*) of current reac-
tors, or of reactors under construction, are based on the
same principle: secondary cold sodium flows up a tube
bundle, and primary hot sodium flows down in the reverse
direction. These tubes are connected with two thick tube-
sheets.

The troubles that occurred on the first PHÉNIX intermediate
heat exchangers have allowed the thermal-mechanics of
these components to be better understood, and the conse-
quences of the local differences of temperature induced by
the operation to be better coped with. So this is a component
with a well controlled design, and with a strong operating
feedback (Fig. 113). Its general design principles are identical
on all of operating reactors, as well as on planned reactors.
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Fig. 114. SUPERPHÉNIX reactor’s core cover plug.

Fig. 115.Various types of core cover plugs.
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This makes it possible to significantly reduce the size of the
core cover plugs, and, potentially, the diameter of the main
vessel. Yet, there is little room between two control rod drive
mechanisms, so driving the sealing and rotating systems
through this space is much alike a technological challenge.

• Leaktightness at the upper closure in all operating conditions;

• A suitable behavior scheduled for the whole plant lifetime,
while allowing a possible (exceptional) replacement during the
reactor lifetime.

Several CCP options are available (Fig. 115):

• Straight CCP (of the SUPERPHÉNIX type);

• Conical CCP (of the EFR type):
a conical CCP allows a reduction in the diameter of the small
rotating plug, and so of the main vessel;

• Slotted CCP (under study at JAEA on the JSFR):
a slot is required for the path of the fuel handling pantograph
arm;welded connections are planned at the core cover plate
/ ring / sheaths; spacer plates are used to hold instrumenta-
tion in position;

• Two-part CCP:
the CCP is integrated in both the small rotating plug and the
large rotating plug.
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21. Dashpot: a regulating device that acts as a damper between two
mechanical organs connected by this device. (Editor’s note)
22. Complementary shutdown system: also referred to as SAC, a French
acronym for Système d’Arrêt Complémentaire.

Fig. 116. PHÉNIX reactor’s control rods.

- Or held by a device which loses its function if the tempera-
ture rises over a value defined in the project.

Lastly, it is worth to mention that in PHÉNIX-type small reac-
tors, in which the core is compact, rods display a high neutron
efficiency, so that dropping only one rod is sufficient to shut
down the reactor. As regards reactors with a higher power,
cores are of a larger diameter, and of a lower height (“pan-
cake” core), so that the efficiency of each rod is then lower.
The number of rods is then strongly increased, and the reac-
tor’s safe shutdown then requires dropping several rods. This
is why an increased diversification of these types of rods has
been implemented, including, in particular, the implementation
of a certain number of passive rods.

Other components
A large number of other components are of course necessary
to operate a reactor.

It is worth to note, in particular, the electromagnetic pumps*
(EMPs), and the sodium/air exchangers used for decay heat*
removal.

EMPs offer the benefit of suppressing sodium leakage to be
met on the (rotative) shaft line of mechanical pumps. These
components have an operating experience feedback, and are
well defined, but developments are still necessary, especially
in order to increase the sizes and capacities of EMPs, which
could then usefully replace secondary mechanical pumps.

The available operating feedback only deals with straight core
cover plugs, as the other options have never be built. As a mat-
ter of fact, the straight core cover plug seems to be the only
CCP able to bear all the required instrumentation on the
ASTRID prototype.

Control rods
Control rods* are used for the reactor’s control, and its safe
shutdown (Fig. 116).So they are key components for the reac-
tor’s safety.

Dropping the absorber rod ensures the reactor shutdown in
the event of a scram, or an emergency shutdown, and is car-
ried out by gravity, most often through a (rack and pinion gear,
roller nut) CRD mechanism, with a dampening ensured by a
dashpot21 at the end of the rod travel.

The rods have to be of two different mechanisms a minima,
so as to prevent any common mode failure.

The operating experience feedback from these rods is good,
and their in-reactor lifetime has been continuously increased.

Yet it is worth to point out a specific difficulty related with pos-
sible sodium aerosol deposits, and related risks of slowed-
down drop, or seizing. On PHÉNIX, that led to change the
argon circulation mode in the latch housing so as to prevent
that deposits are formed, and to implement measures and sys-
tematic tests so as to ensure the good availability of these
components.

New types of rods have been developed then as a comple-
ment to basic mechanical systems in order to enhance the
system’s overall safety:

•On PHÉNIX, a rod held by an electromagnet head was deve-
loped so as to ensure rod drop in a deformed environment in
the event of an earthquake: the complementary shutdown
system22. That rod alone was able to induce the reactor’s
shutdown;

• That type of (SAC) rod was also used on SUPERPHÉNIX;

• “Passive” rods are currently being developed in new projects
under study (BN-1200, ASTRID…), or even in reactors under
construction such as BN-800. These rods will complement
conventional systems.They are of several types:
- Either hydraulically suspended by the sodium flow rate: so
they will drop if this flow rate is stopped;
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Components with a design still
under evolution…
A considerable operating experience feedback is available for
sodium-cooled fast reactor components, which allows a robust
design to be drawn out for them. However, for a certain num-
ber of components such as the core cover plug, control rods,
or electromagnetic pumps, some innovative options for the
future are still open.

Joël GUIDEZ,
Nuclear Energy Division

Pierre LE COZ and Manuel SAEZ,
Reactor Studies Department
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sodium-cooled fast reactors. A certain number of measures
were also developed that helped improving knowledge of pol-
lution sources, and monitoring the evolution of sodium quality
during reactor operation.

Measuring tools dedicated
to chemistry
The main measuring tools dedicated to sodium chemistry that
are specific of the reactor type are plugging meters (for mea-
suring the chemical purity of sodium), hydrogen meters (for
measuring hydrogen concentration in sodium secondary sys-
tems), and mainly used to detect any sodium/water reaction
occurring in steam generators), and methods based on sam-
pling. For instance, on the PHÉNIX reactor, two sampling
methods were used;TASTENA (sampling sodium in a dipped
nickel cup from the primary, or secondary, circuit, or from the
storage drum), and ACTINA (sampling primary sodium in
removable test tubes).The latter were mainly used to carry out
radiochemical measurements of primary sodium performed a
posteriori in laboratories.

Plugging meters

The purity of both primary and secondary sodium was conti-
nuously assessed by these devices able to quantify impurities
occurring in sodium as a whole. Their operating principle
consists in cooling a continuous flow rate of sodium by-pas-
sed from a sodium main line, which then flows into a flow res-
triction area referred to as grooved “pellet”, placed at the col-
dest point.When sodium temperature at the “pellet”, measured
in a thimble, is decreased down to a certain value, a solid
phase is formed by crystallization of impurities on the walls of
grooves, which generates a flow restriction, and so a decrease
in the flow rate. This temperature is referred to as the “plug-
ging temperature*” (Tp), and indicates the temperature below
which crystals are formed.

The plugging temperature (Tp) makes it possible to assess
impurity concentration, and so to check compliance with ope-
rating rules, ie to maintain oxygen content below 3 �g.g-1. In
addition, it helps control the operation of the purification device,
i.e. the “cold trap”.

The fairly specific chemical properties of sodium lead to
interactions of various natures, and to different ways of gene-
rating impurities:

• It reacts with water, hence, among other phenomena, the pos-
sible sodium/water reactions in steam generators, producing
sodium hydroxide and hydrogen, and, in the event of wet air
ingress, the generation of hydrated sodium hydroxide (NaOH-

xH2O);

• Liquid sodium burns in air when it is liquid if it is dispersed as
droplets, and above 140 °C, if it is in the form of a liquid sheet
with the corresponding consequences on sodium fires, their
detection and extinction.More generally, any air ingress and
any handling result in oxide generation;

• It corrodes steels if its oxygen content is too high.Hence the
need for continuously purifying sodium. At low oxygen
content, let’s say below 5 �g.g-1, only a very limited amount
of dissolution and corrosion of metallic compounds (Fe, Cr,
Ni…) can be observed;

• It is activated under neutron irradiation;

• It carries over activated corrosion products which are then
deposited on the reactor’s structures, cold parts, and mainly
intermediate heat exchangers;

• It initially contains impurities, respecting “nuclear grade”
requirements provided to the Na supplier, and incidental pol-
lutions (oil, grease, air…) may take place;

• It carries over hydrogen (generated by water-metal corrosion
in steam generators and partial thermal decomposition of
hydrazine, used to control the oxygen content in feedwater)
and tritium (generated by ternary fission in the core, and by
the irradiation of boron carbide in control rods*).These two
isotopes of hydrogen then diffuse in all the reactor’s circuits;

• In the event of an open clad failure*, the reaction with fuel
leads to a dissemination of fission products in primary
sodium and in the reactor cover gas.

Taking account of these various points, a strategy for purifying
sodium and controlling impurities, chiefly based on two tools,
the cold trap* and the plugging meter*, was validated on

Sodium Chemistry
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210 °C

150 °C

Fig. 117. Measuring with a plugging meter on the secondary coolant
circuit.

Fig. 118. Diffusion hydrogen meter (nickel membrane).
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Fig. 119. Installation of the Indian electrochemical hydrogen meter
for test on PHÉNIX.

Devices for measuring the hydrogen content
in the secondary coolant circuit

This measuring method lies in hydrogen property of diffusing
through a nickel membrane 300 µm thick, on which a sodium
sampling is flowing; behind this membrane an ultra-vacuum
circuit is maintained by ionic pumping; a mass spectrometer
then measures the hydrogen concentration in vacuum
(Fig. 118).This value reflects the hydrogen content in sodium
after correcting the signal as a function of the membrane's
temperature and thanks to calibration.The current of the ionic
pump, too, helps measure of this concentration, and ensure
measuring redundancy. Their function is to detect
sodium/water reactions with a view to circuit safety (see below,
pp. 79-85, the chapter “SFR Safety”).

It is worthy to note that a different hydrogen meter* based on
measuring the electrochemical potential was developed in India
by IGCAR. It consists of a probe containing two electrodes in
a thimble made of pure iron, and immersed in secondary
sodium. Hydrogen diffusing through the thimble generates a

The criteria for controlling cold traps onPHÉNIXwere as follows:

In the primary system:
• For purification in servicing conditions, the cold point tempe-
rature (Tcp) was about 117 °C;
• For purification following pollution, Tcp = Tp-30 °C.

In the secondary system:
• For purification in servicing conditions, Tcp = 120 °C;
• For purification following pollution, Tcp = Tp-30 °C.

Plugging meters are devices easy to operate, but needing a
specialized personnel for reading and interpreting measure-
ment results.Their use has been significantly simplified thanks
to the lessons learned. Reading one parameter (the “duration
of the lower-temperature plateau”23) is sufficient to get a pre-
cise idea of sodium purity, and even displays a high sensitivity
that allows early detection of a starting sodium pollution.

This method consists in selecting a lower-temperature plateau
(generally 110 °C), and to program the device so as to start
temperature rise when the flow rate has decreased to 0.5 times
the rated flow rate.The effective length of the lower-temperature
plateau is by convention the time during which the flow rate
ranges between 0.9 and 0.5 times the rated flow rate.The lon-
ger this time, the cleaner sodium.When the plugging tempera-
ture is very low, the finest monitoring of sodium quality evolu-
tions will be achieved thanks to this very parameter (Fig. 117).

During SUPERPHÉNIX operation, new operating rules for
Plugging Meters have been suggested, using the “un-plugging
temperature”Tup, a more accurate data, very close to the satu-
ration temperature Tsat, and used after 1991. For purification
in servicing conditions, Tcp = 110 °C; For purification following
pollution, Tcp = Tup-40 °C.

Sodium Chemistry112
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Fig. 120. Oxygen meter developed at Harwell (UKAEA).

Fig. 121. Sodium sampling by the TASTENA device on the PHÉNIX
reactor.

the free surface of (primary or secondary system, or storage
drum) sodium, and ACTINA consisted of test tubes used for
sampling primary sodium flowing in a pipe.

Measurements were later carried out in a laboratory, for the
purpose of fine, i.e. element-by-element, measuring of activa-
tion products (Na 22, Na 24…), activated corrosion products
(Mn 54, Co 60…), fission products (Cs 134, Cs 137, I 131,
H 3…), impurities (Ca, K, C…), and inactive metallic elements
(Fe, Cr, Ni…).

These discontinuous measurements aim at checking that no
significant corrosion is developing, at quantifying activation
products, at monitoring pollutions if any (oil drop, etc.), and at
quantifying sodium pollution due to clad failures.

Comparing the two measuring methods (cup or test tube)
proves delicate. In most cases, results are close, but for some
elements such as carbon the values are higher with the TAS-
TENAmethod, in which sodium is sampled “at the surface”. In
contrast, the reverse phenomenon can be observed, in some
cases, for all the products likely to deposit on the test tube
walls during sodium flow, ie tritium or cesium.

Sodium purification: cold traps
A certain number of impurities are initially present in sodium,
and continuous, discontinuous, or accidental pollution sources
occur in the primary and the intermediate coolant systems. In
the primary coolant circuit, continuous sources include impu-
rities arising from the reactor cover gas plenum, tritium gene-
rated in the core, and hydrogen being diffused from the secon-
dary system through heat exchangers. In discontinuous
sources, all fuel handling or components special handling
introduce air and humidity traces, as well as metallic oxides
present on surfaces. As for accidental sources, they may be
oil leaks from pumps, the liquid metal seal of the rotating plug
(tin, bismuth), fission products arising from clad failures, etc.

In the intermediate coolant system, the main continuous
source is hydrogen generated by the aqueous corrosion of
steam generator* (SG) tubes, and by the decomposition of
hydrazine used in SG feed water. This hydrogen is conti-
nuously diffused through the SG module tubes. Tritium from
the primary system diffused through intermediate exchangers,
handling operations if any, air ingress if any during servicing,
oil drops, and sodium/water reactions are the other main
sources of impurities for the intermediate coolant circuit.

Two main processes for purifying sodium with respect to oxy-
gen and hydrogen have been developed.The first consists in
purifying sodium by crystallizing Na2O or NaH (Fig. 122 and
123), obtained by bringing sodium temperature below the oxy-
gen or hydrogen saturation temperature, and by creating the
optimum conditions for crystal nucleation and growth on a

potential difference (PD) between themeasuring electrode and
the reference electrode. So this potential difference is correla-
ted with the hydrogen content. This device was successfully
tested on PHÉNIX between 2007 and 2009 [1, 2] (Fig. 119).

Oxygen meters, tritium meters

Oxygen meters (Fig. 120), and even tritiummeters, have been
developed, and will certainly be used on future reactors in
order to ensure a specific monitoring of each impurity in
sodium, more accurate than with the plugging meter.

Sampling systems

Two sampling systems were used on PHÉNIX in order to carry
out discontinuous measurements for the follow-up of primary
sodium quality. TASTENA (Fig. 121) was a cup immersed in
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Fig. 122. NaH crystals deposited on a steel wool packing.

Fig. 123. Na2O crystal.

The second purification process relies on the ability of a selec-
ted metallic material (e.g., the zirconium-titanium alloy for oxy-
gen) to be oxidized when it is placed in presence of sodium
containing a certain oxygen amount.This selection obeys the
diagram for oxide stability in a sodium environment (Ellingham
diagram). This process, referred to as “hot trap” or “getter”, is
generally selected to purify small sodium volumes, especially
when the risk of Na2O being dissolved in a cold trap by loss of
the cooling function proves unacceptable.This is the case, for
example, in a device for irradiating metallic materials in dyna-
mic sodium, placed in the core of a reactor. Alloy Zr0.87-Ti0.13
was qualified for the hot trap of an irradiation loop designed
for the PHÉNIX reactor [6]: kinetics and optimization of opera-
ting conditions were set up for further use. Regarding hydro-
gen trapping, a trap containing yttrium could also be used, but
its development for large amounts of sodium has never been
considered owing to its very low retention capacity, and to the
reversibility of thermal decomposition.

A positive, broad experience feedback has been gained in
relation to these components. Particularly, it is worth to note
that PHÉNIX and SUPERPHÉNIX operated with a high
sodium quality: in the primary coolant circuit, the concentra-
tion of oxygen (the impurity prevailing in this circuit) was kept
around 1 ppm (1 ppm = 10-6 gO.gNa

-1), i.e. a value lower than
the required value of 3 ppm, while in the intermediate coolant
circuits the target concentration of hydrogen (the impurity pre-
vailing in that circuit), i.e. 100 ppb (1 ppb = 10-9 gH.gNa

-1. was
easily kept (around 60ppb in steady-state operation).

During operation, developments were performed in relation to
the cold traps of the intermediate coolant systems due to their
too much limited lifetime that resulted in the overall consuming
of 11 cold traps during the PHÉNIX reactor lifetime.The secon-
dary cold trap lifetime initially was within a few years or so, a
time depending on the operating history of each of the inter-
mediate loops, particularly with respect to pollution ingresses:
sodium/water reactions, maintenance operations on the
secondary loops that require opening, etc.

steel wool packing put in a cooled vessel – known as the “cold
trap” – arranged on an auxiliary circuit. The cold point tempe-
rature Tcp of this device is set at a value lower than the impu-
rity oversaturation temperature (Tc), in order to induce the
heterogeneous nucleation phenomenon on the packing sur-
face, and then the growth of the formed crystals. As the impu-
rity concentration is being reduced in the main coolant sys-
tem, thus at the trap inlet, the cold point temperature of the
Tcp trap is decreased.

This process is by far the most used in the world for sodium
purification in SFRs, owing to its obvious benefits and, parti-
cularly, a very good efficiency, insuring a high purification rate,
and a high retention ability. Optimized designs could be deve-
loped thanks to the following factors: analyzing the experience
feedback gained from operating these reactors, investigating
crystallization mechanisms and kinetics [3], [4], and, most
recently, using simulation tools for both the design of adapted
geometries and the simulation of trap filling with impurities [5].
A new-generation cold trap was designed for SUPERPHÉNIX
intermediate circuits: thanks to the knowledge of mechanisms
and crystallization kinetics differences between Na2O and
NaH [3], and to a new definition of design specifications, the
component geometry could be optimized. On the other hand,
processes for regenerating cold traps that had reached their
maximum filling rate, were developed in order to allow them to
be treated and recommissioned. Finally, a process for moni-
toring and following up impurity distribution in the cold trap,
without the system being shut down, was qualified on an expe-
rimental cold trap, and then applied to the cold traps of
PHÉNIX and SUPERPHÉNIX intermediate coolant systems.
It consists in measuring, through periodic counting along a
generatrix, the attenuation ratio of the neutron flux emitted by
a fast neutron source, and induced by elastic scattering and
neutron slowing down through sodium hydride.These measu-
rements are complementary of the filling assessments carried
out through a material balance, thereby integrating the mea-
sured pollution sources.
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Fig. 124. PHÉNIX secondary cold trap.

In addition, the expertise carried out on the replaced traps
(Fig. 124) showed that only the lower part of the cooling zone
was plugged, and that no deposit could be seen in most of
the retention zone. Then a new type of cold trap was used,
with the retention zone located after the cooling zone. The
major interest of these traps was their increased trapping
capacity, and so their extended lifetime.After a few necessary
developments, these traps displayed a strongly improved
behavior.

New cold traps were developed for SUPERPHÉNIX, and as
part of the EFR project [3], in order to significantly increase
their performance (purification rate), and extend their lifetime,
thanks to a greater filling capacity. The design was improved
basing, first, on determining the crystallization mechanisms
and kinetics of sodium oxide and hydride through experi-
ments at CEA/Cadarache and, secondly on PHÉNIX and
SUPERPHÉNIX experience feedback.

Various methods for following up the filling of cold traps, so as
to anticipate their plugging, were developed:

• Measuring the hydraulic resistance of the cold trap (for
secondary coolant circuits) through recording two parame-
ters: the electromagnetic pump intensity and the flow rate in
the trap;

• The “material balance” obtained through calculations, basing
on the measurements carried out with hydrogen meters or
plugging meters, and on assessed amounts of impurities
brought during handling operations. It is worthy to mention
that tests were performed in order to validate these assess-
ments, consisting in isolating the cold traps and measuring
the increase of the hydrogen content in sodium;

• Neutron transmission measurement performed in secondary
system traps that provided a spatial mapping of sodium
hydride distribution in the equipment.

Operation also allowed methods for cold trap purification of
polluted circuits to be developed (the “start-up” purification fol-
lowing the first sodium filling of the reactor, secondary circuits’
purification after servicing, purification after a sodium/water
reaction or spurious air ingresses): optimization of the Na filling
temperature, strategy to increase the Na temperature [8].

Chemical phenomena involved,
and operating experience feedback

Primary sodium activation

Sodium yields two activation products: Na 22 (with a radioac-
tive half-life of 2.6 years), and Na 24 (half-life: 15 hours).During
the first operating years, a steady rise in Na 22 activity can be
measured, and reaches a plateau in primary sodium. Then,

Then, after Na draining, these traps were heated so as to rege-
nerate them, thereby allowing reactions such as thermal
decomposition of NaH, then between hydrogen and sodium
oxide, hydride and residual sodium, which is recovered loa-
ded with sodium hydroxide and residual sodium oxide, while
hydrogen and tritium are released (these operations were
often performed on Russian reactors such as BN-350 and,
then, BN-600). But, despite their performance in removing
built-up impurities, the two operations conducted in 1978 and
1987 in order to regenerate secondary cold traps through hea-
ting did not bring the expected results due to the steel wool
packing corrosion and embrittlement by sodium hydroxide.
This very embrittlement was assumed to be the cause of the
operating difficulties of the regenerated trap installed in 1983
(packing settled down inducing some local by-pass).This cor-
rosion was confirmed on the second regeneration, and pre-
vented the component's related requalification.This thermoly-
sis process was abandoned and only considered for further
secondary cold traps treatment during the decommissioning of
SUPERPHENIX. For EFR the new PRIAM process, based on
impurities dissolution and separation was developed [3], allo-
wing in-situ regeneration to be performed, without extraction of
the cold traps from the intermediate circuits, with satisfactory
management of the tritiated effluent, control of the hydrogen
hazard, and recovery of the cold trap integrity.
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this activity remained stable, Na 22 generation being then
compensated by the decay corresponding with its half-life.

As regards Na 24, due to its short half-life of 15 hours, there
is no significant build-up: the activity quickly reaches a constant
value in nominal operating conditions, and decreases just as
quickly after a shutdown.

It is worth noting that if the neutron shields around the reactor
core are suitably designed, sodium in the intermediate coolant
circuit is very little active in rated operating conditions.

Tritium trapping

Tritium is generated by a fuel ternary fission, and by B 10 (from
B4C) activation. Shutdown-startup tests of cold traps confir-
med that tritium was co-trapped with hydrogen.A model deve-
loped for tritium generation and transport in all the reactor’s
circuits developed in the 70’s was up-dated and validated
thanks to the TASTENA results produced in PHENIX.

Corrosion and mass transfers

Corrosion in a sodium environment is extremely low if the oxy-
gen content is well controlled.This is why an O2 content lower
than 3 ppm is targeted on fast reactors so that the amounts of
corrosion products may be limited as much as possible.
Corrosion products, activated under irradiation in the core, are
carried over in a dissolved form or in suspension in sodium.
The main radionuclides of interest are Mn 54 and Co 60.
These products are then deposited on the walls, preferentially
on the “cold” zones regarding Mn 54, and on the hot zones
regarding Co 60.

In order to better know the radiological inventory of the primary
coolant circuit, and to foresee the activities deposited on the
reactor’s components, the sources of activated corrosion pro-
ducts were investigated and modelled, which helped qualify
the OSCAR-Na code developed at CEA/Cadarache.

Primary sodium pollution following clad failures

Fifteen clad failures occurred in PHÉNIX between 1979 and
1988.That resulted in an increase of the values of radioactive
caesium measured by TASTENA during the same time per-
iod. Regarding Cs 137, with a half-life of thirty years, the maxi-
mum value measured by TASTENA was reached in 1991,
(2.8 103 Bq.g-1). Then, the values decrease according to an
average slope compatible with the half-life. The last measure
is close to 103 Bq.g-1. Many clad failures occurred on
SUPERPHÉNIX.

Sodium / water reactions

If an emerging crack appears in a steam generator, pressuri-
zed water generates in sodium a “blow torch” effect, which is

likely to attack the accessible walls of the neighboring pipes
under the form of a conical pit. This is the “wastage” pheno-
menon, associated with sodium hydroxide, hydrogen genera-
tion and thermal effects. Fast reactors’ operating experience
shows that reactor control based on the plugging meter / cold
trap system is operational to purify sodium after these
sodium/water reactions.

Under operating conditions the hydrogen content is kept as
low as possible in secondary circuits in order to to detect as
soon as possible a sodium/water reaction, if any, using hydro-
gen meters, and to avoid some difficulties in relation to mate-
rials embrittlement. It can be noted that the continuous gene-
ration of hydrogen due to aqueous corrosion of the Steam
Generators materials and its diffusion through the steam walls
ensures an efficient co-trapping of the tritium that migrated
into the secondary circuit.

Towards a better control of sodium
chemistry in fast reactors
• A large number of basic knowledge relating to sodium in fast
reactors has been gained through measuring and modelling
(tritium transfer, model for corrosion products, etc.);

• On the whole the cold trap + plugging meter technique is
robust, and fully validated with a view to purifying a sodium
circuit.The lower plateau temperature method24 is simple and
efficient. Thanks to the determination of the crystallization
mechanisms and kinetics of sodium oxide and hydride
through experiments at CEA/Cadarache and, secondly on
PHÉNIX and SUPERPHÉNIX experience feedback, the
design of the cold trap was improved;

• However, complementary measuring carried out with devices
such as oxygen meters, tritium meters, and so on, can pro-
vide more accurate information than the overall measuring
relying on the plugging meter. That may be useful for better
understanding the physics of impurity release, and coping
with any incidental situation of impurity ingresses more sui-
tably;

• Basing on knowledge data already gained, a pre-estimate of
the amounts of deposits during plant lifetime can be achieved
through calculation. Taking into account requirements rela-
ted to safety, economy and easy operation, it is possible to
design and size optimized sodium purification systems;

• Yet trap design has to take account of the possibility of a
replacement in the event of plugging. A reflection process is
under way with a view to simplify this operation for secon-
dary cold traps, e.g., by removing the cartridge associated
with the retention zone, as it was developed for the Integrated
Purification Cold Traps of SUPERPHENIX.

24. Also referred to as “crystallization plateau temperature method”.
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In-situ regeneration, as developed in CEA Cadarache for
EFR (PRIAM process) [3] or alternative process developed
in Russia and applied on Russian reactors, is an interesting
research route, too;

• The activation of secondary sodium has to be minimized so
as to allow a better accessibility to secondary systems, the-
reby making their monitoring and maintenance easier;

• Chemical measurements by sampling are robust, and tailo-
red to the operator’s needs. However, it would be relevant to
think about how to simplify these batch sampling methods;

• It seems both prudent and simple to keep sodium purity spe-
cifications at 3 ppm for the future, so as to minimize corro-
sion as well as activation due to the related deposition.

Christian LATGÉ,
Nuclear Technology Department

and Joël GUIDEZ,
Nuclear Energy Division
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• The sodium valves;

• And, finally, the washing and decontamination of components
in the reactor block.

Using sodium requires a comprehensive series of key instru-
mentation and devices with a variety of applications ranging
from the design of a power reactor to small-sized dedicated
R&D facilities. Only the size effect can change the number or
the size of the devices to be implemented (Fig. 125).

Special attention is to be paid to the following points, specific
of “sodium technology”:

• Leaks have to be prevented, for sodium is very reactive with
air and water, hence the need to develop “anti-leakage” pipes
and quick diagnostic systems, particularly for detecting
hydrogen;

• Sodium has to be maintained in a liquid state, so as to pre-
vent plugging, hence the need for a suitable monitoring, and
a suitable measuring of flow rate and temperature;

• Corrosion by sodium coolant has to prevented, hence the
need to purify sodium, and to be able to control the purity
level;

• Reactor inspectability has to be ensured; now, sodium is an
opaque medium, hence the need to develop non-optical
inspection methods (see infra, pp. 127-134, the chapter
“Advances in In-Service Inspection”).

Sodium leakage detection
A pipe carrying over sodium will be fitted with electric hea-
ting/preheating cables, systems for detecting sodium leaks
on the low generatrix and at the weld seams (in the case of
large diameters), and a system for insulating the rock wool
packing.The system will be fitted with thermocouples positio-
ned in thimbles, or on the outer wall, and flow rate will be mea-
sured by a magnetic flowmeter; or by an eddy current flow-
meter.

A sodium storage tank will be positioned at the low point of the
circuit (in order to allow fast gravity draining), and will be fitted
with a sodium heating / preheating system (heaters and elec-

The physical and chemical properties of the sodium coolant
– as an alkaline metal used in a liquid form and at high tem-
perature – have conditioned numerous, very specific techno-
logical developments in SFR design as a whole. The sodium
technology is the whole of the techniques allowing control of
sodium, this “exotic” coolant, as well as the operation, control,
and maintenance of a nuclear reactor using this coolant.

In particular, this area of technology, commonly referred to as
“sodium technology”, has to comply with safety requirements
in relation to sodium chemistry (reactivity to water and air) as
regards monitoring, instrumentation, and detection. Besides,
sodium technology uses some physical properties of sodium
(a liquid metal displaying a low density, paramagnetic proper-
ties, and a good sound and ultrasonic transmission) to design
dedicated instrumentation and components, that provide key
assets versus a conventional industrial technology when the
level of maturity has been reached.

We can thus mention the following equipment and compo-
nents, already referred to above:

• Electromagnetic pumps (see the chapter dealing with com-
ponents);

• Under sodium viewing using ultrasonic sensors, or eddy cur-
rent generation (see the chapter dealing with in-service ins-
pection);

• Plugging meters and cold traps (see the chapter dealing with
sodium chemistry / purification);

• Leak detection instrumentation (see the chapter dealing with
in-service inspection, etc.).

So sodium technology stands as a broad, cross cutting topic
that has necessarily been dealt with in a large number of chap-
ters.

In this chapter a certain number of complementary data can
be found in relation to the following items:

• The specific technology related with the use of sodium;

• The instrumentation used for measuring temperatures, flow
rates, and levels, as well as the chemical instrumentation,
including the hydrogen detection system;

Sodium Technology
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Measuring sodium
temperatures,
flowrates and levels
Apart from robustness, accuracy, and
easy use, another particularly attractive
feature considered for the choice of
measuring instruments is that they be
as little intrusive as possible so as to
reduce the risk of perturbation, or even
of leak resulting from the installation of
this equipment.

Measuring temperatures

These measurements are performed
by thermocouples (TC). For this reactor
type, the reference is the conventional
“chromel-alumel” (i.e. the K-type ther-
mocouple consisting of the nickel chro-
mium / alloyed nickel couple, with an
alumina cladding). During operation on
reactors, these thermocouples have
proved especially efficient (robust and

reliable).They could be improved through the following paths:

• A lower response time of thermocouples, particularly for
those dedicated to core monitoring, based on their miniatu-
rization, or on using alternative systems such as type-TC
sodium-inox, optical fibers, or ultrasonic thermometry;

• A lesser intrusivity: using thimbles has to limited to what is
strictly required, to be completed with wall thermocouples.
Limiting the number of connections and wirings is another
alternative to be investigated (using multiplex optical fibers).

In association with a core outlet and inlet thermocouple sys-
tem, using a core temperature fast processing system
(TRTC25) allows online reactor operation follow-up, as well
as detection of some types of core reference incidents (e.g.,
unscheduled rod withdrawal, loss of cooling in a fuel sub-
assembly). The detection will be all the earlier as the thimble
and thermocouple time constant will be low.These measure-
ments are completed by a description of the core axial profile
through thermometric poles.

Measuring sodium flowrates

They are carried out using magnetic flowmeters (Fig. 126).
Thesemeasuring techniques use the fact that sodium is a liquid
metal, as well as an electric and paramagnetic conductor.The
magnetic flowmeter is based on the FARADAY effect (an elec-

Fig. 125. Cutaway photograph of a sodium facility with its specific components.
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trical heating cables), a sodium transfer system (using an
immersed pump), a leakage detection system and spark plug
type leak detectors at the lower point, and an induction level
gage. It will be filled with an inert cover gas (nitrogen or argon)
on the sodium free surface. The inert gas system will be pro-
tected by sodium vapor traps.

The monitoring and follow-up of sodium chemical quality will
be ensured through a cold trap* and a plugging meter*.

Finally, the whole of the circuit will be located in an environ-
ment allowing sodium leaks to be collected at low points (leak
tanks, smothering pan*, collecting gutter). The early detec-
tion of a sodium leak in components is doubled by measuring
sodium aerosols in air (spectrophotometric measurement cali-
brated on the sodium emission line) in addition to the conven-
tional network of fire detectors.

All of the structures and components in a circuit – including
seals – are made of austenitic steel in order to ensure compa-
tibility with liquid sodium, and to limit generalized corrosion.
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Fig. 126. Basic principle of a magnetic flowmeter, and related photograph.

Fig. 127. Basic principle of the flux distorsion flowmeter, and related
photograph.
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frequency; an “eddy current” and a magnetic flux are indu-
ced in sodium which is under motion; two secondary coils
mounted in opposite positions on each side of the primary
coil measure a voltage proportional to sodium’s local velo-
city, that results from the magnetic flux distortion by sodium’s
motion.The Flux Distortion Flowmeter response time is low,
and another advantage is the small size allowing their instal-
lation to be optimized, e.g., by positioning them in a thimble.
This technology is peculiarly attractive for future reactors,
especially for measurements focused on core subassembly
outlet flowrate. Flowmeters of this type have been experi-
mentally tested on several sodium-cooled fast reactors
(PHÉNIX, SUPERPHÉNIX, PFR, MONJU, and FBTR),
though without reaching a sufficient maturity to be classified
as a safety-related instrumentation.

Measuring levels

They are of the “induction” type, being based on the principle
of magnetic coupling between two coils.These measurements
can be of the continuous, or discontinuous type, and have pro-
ved simple and robust.Their accuracy is not very good, but is
sufficient for current operation. More precise measurements
can be performed through the bubbling method, which can
also be used for calibrating induction sensors.

Chemical and radiochemical
instrumentation
Monitoring sodium quality is required for checking the absence
of outer pollution (air ingress, moisture ingress, oil leakage),
and monitoring the evolution of its contamination and activa-
tion in the primary coolant circuit. The most common online
measurements are carried out by plugging meters, and com-
pleted by chemical measurements performed on sodium sam-
plings on reactor shutdown. The sample of a few Na grams,
hydrolyzed in an analytical laboratory, makes it possible to
access:

tric current generated by moving sodium in a magnetic field),
and proved particularly robust, simple, and non-intrusive.

However it still exhibits drawbacks such as its large size and
its low accuracy that restrict its use to operating measure-
ments.

Additional devices have been designed: eddy current flow-
meters, often referred to as “Flux Distortion Flowmeters”
(DDF26) [Fig. 127]. The principle is the following: a primary
coil is fed by an alternative voltage with constant current and
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Fig. 128. Evolution of signals from the hydrogen detection system
spectrometers following a hydrogen injection: Resuperheater signals
(green), SPHYNX signals (orange), vacuum gage signals (red),
and electrochemical cell signals (blue).
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hydrogen diffused in the vacuum circuit. So the resulting mea-
sure accounts for hydrogen concentration in sodium.The lat-
ter can also be related with the measure of the ionic pump cur-
rent that allows occurring gas to be measured in the
ultravacuum circuit, and can so ensure a redundancy in mea-
surement (SPHYNX tests on PHÉNIX in 2009 also showed
(Fig. 128) that a vacuum gage could replace ionic pump mea-
suring). The hydrogen detection units of PHÉNIX and
SUPERPHÉNIX have operated conveniently, and have dis-
played an excellent detectability (about 10-9). Given the low
concentrations measured, the main difficulties faced in opera-
ting these devices are their high sensitivity to some pheno-
mena, which may induce dysfunctions (ionic pump activation
phenomena, noise disturbance of signals, electronics racks
sensitivity to temperature, or even to electromagnetic interfe-
rences, which requires increased care from the operator.Other
difficulties are rather frequent set point readjustments, and the
need for periodic calibrations, at least twice per year and per
secondary loop, through injecting hydrogen into secondary
systems sodium at an isothermal plateau and in power opera-
tion conditions.

As the good experience feedback from these devices is, thus,
counterbalanced by the complexity of using the whole system,
a test for installing an electrochemical cell (ECHM) developed
by the Kalpakkam research Center (India) was carried out on
PHÉNIX in 2007-2009.That test gave satisfactory results, and
the ECHM is to be used in the future as a diversified, or even
substituting instrumentation.

Sodium valves
Initially inspired from conventional valves, isolating valves (e.g.,
valve gates) or control valves (e.g., butterfly valves) are prac-
tically the same in sodium and in other fluids. The first diffe-
rence is the choice of materials: austenitic stainless steels are
selected for sodium valves.

However, the main difference lies in the external seal (refer-
red to as the “primary circuit seal”): a mere stuffing box would
not be suitable for sodium valves, for it would have to be fabri-
cated with a material unlikely to react with sodium, even in the
long term. Hence the selection of two types of seals: bellows
seal valves, and solid sodium-bonded valves (with frozen
sodium used as a bond) [fig. 129].

In both cases, packings constitute the secondary circuit seal.
This is an emergency barrier, useful in the event of a leak from
the primary circuit seal in order to limit the leak effects during
the circuit draining, but with no guarantee of tightness in the
medium / long term.On the bellow seal valves, a plug placed
between the two seals ensures detection of a leak, if ever,
from the primary circuit seal, that is from the bellows.

• To the measurement of chemical impurities (Fe, Cr, Mn, Co,
Cu, Zn, Ca, K, Si, and B) by absorption spectrophotometry;

• To the activation products of sodium and of its impurities
(mainly Na 22, Co 60, and Mn 54) by gamma spectrome-
try*; to be completed by liquid scintillation for tritium and
other beta emitters (Ni 63, Fe 55), and alpha spectrometry for
uranium, plutonium, and their isotopes.

Online counting measurements are performed on primary Na
sampling and on the cover gas, especially for the fast detec-
tion of a clad failure* (measuring delayed neutron emitters,
Kr and Xe).

Tests conducted in 2010 on PHÉNIX also evidenced the pos-
sibility to measure reactor power by measuring fluorine 20
through high counting gamma spectrometry. Fluorine 20 is
a short-lived isotope (11.4 sec.) formed in the coolant by
(n, alpha) reaction on sodium 23, and whose generation is the-
refore directly correlated with the neutron flux and the reactor
power.

Hydrogen detection

Among the chemical measurements performed on line, mea-
suring hydrogen is a key prerequisite for monitoring steam
generators (early detection of loss of leaktightness in an SG
tube due to a sodium / water reaction, and to dissolved hydro-
gen generation in sodium.This measuring relies on the hydro-
gen property to diffuse through a nickel membrane of low thick-
ness (300 �m), on which a sodium sampling flows.Behind this
membrane, an ultravacuum circuit is maintained by ionic pum-
ping. A spectrometer then measures the concentration of
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mist consisting of fine water droplets
and of carbon gas. On contact with
water, sodium is turned into sodium
hydroxide (soda) and hydrogen.

Hydrogen is removed with gas
releases.The soda generated is turned
into sodium carbonate on contact with
CO2, thereby preventing the corrosive
aggression of soda on the component.
This atomization process relies on
controlling the water density of the
mist, and taking account of the hydro-
gen concentration of the gas releases
(% H2 < 1%).

Decontamination

The radioactivity of components may
be induced by the activation of some
impurities in the metal, particularly
cobalt traces, but it is chiefly due to the

surface deposition of corrosion products which have been acti-
vated through successive transfers in the core before deposi-
ting on the walls (over 90%: Mn 54), and deeply migrating in
the metal. So, the decontamination* operations following the
washing operation are delicate operations, as they have to
pickle the materials by a few microns without inducing a signi-
ficant corrosion in depth (the aim being to re-use the compo-
nent after the operation). For this purpose, a bath is prepared
with definite acid contents (these contents having been pre-
viously validated through laboratory tests with the materials of
interest).Several decontamination cycles (from 1 to 3) are then
performed in these baths with plateau times of about 5h30,
and radiological maps are established in order to assess drops
of activity on contact. This drop is stronger in cold zones,
where the products migration is slower, than in hot zones.The
final value or interest is about 0.3 mSv/h on contact.

Each type displays advantages and drawbacks: the bellows
constitutes a brittle zone, which may induce sodium leaks in
the event of cracking, while solid-sodium bonds require to
see that they are not oxidized (for the operating torque would
then grow considerably). The experience feedback from
sodium valves is satisfactory, even if a certain number of
technological problems occurred during plant operation. As
a matter of fact, none of them has questioned these two
types of technology.

Washing / decontamination

Washing

In normal operating conditions as in the reactor’s end-of-life,
sodium in metallic form has to be removed from any compo-
nent withdrawn from the reactor
(Fig. 130). Even after a full sodium drai-
ning, it will remain a residual thickness
of sodium of at least 30 �m on vertical
walls, and 1 mm on the horizontal sur-
faces of a component. So, each reactor
or technological test platform in sodium
is fitted with facilities for washing its
components. Generally, there are three
facilities of this type on the reactor
(referred to as “washing pits”): one in a
cell for treating sub-assemblies, one for
treating small removable components
(poles), and one for treating large-sized
components (primary pumps, interme-
diate exchangers). In these washing pits
inerted with nitrogen or CO2, sodium is
gradually treated through spraying of a

Fig. 130. Photographs of a SUPERPHÉNIX sub-assembly in a cell before and after
its cleaning.

Fig. 129. Cutaway photograph of a bellows seal valve (left), and of a solid sodium-bonded
valve (right).
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• In 1980, during the ten-yearly in-service inspection, an accu-
mulation of about sixty kilograms of sodium was discovered
on the reactor side, in the body of the two-gate valve of the
fuel handling transfer lock, due to a loss of preheating in this
valve. A temporary failure of this preheating was also dia-
gnosticated in May 1988;

• Type 1 control rod drive mechanisms experienced hard
points during translation motions and drops, as a result of
sodium oxides formed by aerosols.Those hard points could
be suppressed through replacing permanent argon swee-
ping by a slight overpressure in the latch housing;

• The gas clad failure detection system has long been pertur-
bed by problems of aerosol filtration and filter plugging;

• Periscope viewing, that was possible at the storage drum due
to sodium low temperatures, proved impossible in the upper
plenum of the primary coolant circuit at rated power;

• Sodium agglomerates in the slab penetrations affected some
special handling operations.

Thermosiphons in penetrations

In the penetrations allowing components to access to the slab,
and be located through it, thermosiphons can be generated
through gas flow from lower hot spots to upper cold spots.This
creates cells for gas flow, with notable differences in tempera-
ture between the generatrices.

That may induce constraints on the component of interest.
Moreover, if the upper cold spot is at a temperature lower than
100 °C, sodium will be deposited, and will build up, which will
hinder the component’s handling.As shown by measurements
carried out in PHÉNIX penetrations with thermocouples, tem-
perature estimates through calculation were accurate, and
these cells, once initiated, no longer moved during the reac-
tor’s operation.

Sodium separation systems

Solid-phase sodium traps designed for low flow rates and tem-
peratures (i.e. a flow rate lower than 0.3 m3/h, and a gas tem-
perature lower than 150 °C) consist of filter cartridges (stain-
less steel wool or cloth).

These cartridges can be regenerated by heating (around
250 °C) or replaced.

Separation columns are liquid-phase sodium traps based on
the principle of distillation columns used in petrochemistry.

They are not saturable, for the trapped liquid sodium is per-
manently removed by gravity. Washing in clean sodium can
also be carried out.

Decontamination processes have evolved over time, thereby
finally leading to the SPMO27 process. Sulphuric acid is used
for pickling the component, and phosphoric acid, for passiva-
ting (i.e. “protecting”) the material against this attack. The ini-
tial doses of 190 g/L of phosphoric acid have been gradually
brought to 30 g/L for the same final result, which is essential
for the power plant’s environmental balance.Decontamination
ratios vary by a factor of 100 to 10.Operations prove less effi-
cient in the hot parts of the component, and so it is with the
component’s operating time which leads to a stronger, and so
harder to tackle, in-depth diffusion.

During the operating stage, cleaning pits are used to clean and
decontaminate components before the latter are repaired.
During the permanent shutdown, these same pits take part in
the reactor’s decommissioning by removing residual sodium
from the withdrawn components.

Problems due to gas-phase sodium
transfers

Aerosol formation

Sodium transfers aerosols* to its cover gas. The phenome-
non is all the more efficient as the gas convection motions are
of high amplitude, and as sodium temperature is high. These
sodium vapors can be re-condensed, and be deposited in the
out-of-sodium structural zones, and even be slightly oxidized
in presence of oxygen and moistness traces (these deposits
being referred to as “mesos”). In sodium-cooled fast reactors,
these sodium transfers (in the form of steam or aerosols) into
the gas spaces have caused difficulties to emerge, to be des-
cribed in the following pages. Therefore it is necessary to
implement separation means (solid-phase sodium trapping
with filtering cartridges, or liquid-phase sodium trapping with
separation columns) in order to avoid sodium being carried
over into the gas circuits.

Problems due to aerosol deposits

Let us take the example of sodium aerosol deposits, that have
induced various troubles on PHÉNIX:

• The fuel handling arm* was stuck, both in rotation and
translation, on several occasions, and especiallly in 1993
(in relation to withdrawing 6.5 kg of sodium agglomerates);

• The translation system of the under-sodium viewing device
for core / rotating plug connections was also stuck several
times;
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Introducing metallic parts into sodium, induces a wetting phe-
nomenon associated with the dissolution of oxide layer. This
process requires a temperature higher than 180 °C, and takes
place within a time period that decreases as the temperature
increases, ranging from 24 h at 350 °C to 3 h at 450 °C.

This phenomenon improves sodium contacts with the wall, but
increases the friction factor.

Concerning walls to be in contact with friction, coatings are
required so as to improve tribological properties.Two types of
coatings have beenmainly used in France: colmonoy and stel-
lite. Colmonoy is of a rather delicate use on the industrial scale,
and remains sensitive to decontamination.Yet its experience
feedback is positive. Stellite exhibits the drawback to contain
cobalt, which is activated, and exhibits rather long radioactive
half-lives (over five years for cobalt 60, a gamma emitter).This
makes the maintenance, if any, of the parts of interest very dif-
ficult. However, it is worth to note that sodium is a good
coolant, which makes decay heat removal easier in the case
of friction.For instance, during the first drop of hydrostatic bea-
ring on a primary pump, the latter operated, for some time,
with friction in unexpected zones, and with no overheating or
seizing.

A sodium technology
to be maintained for the future
Operating a sodium-cooled reactor requires using a great
number of very specific “small” components and processes:
valves, electromagnetic pumps and flowmeters, level gage,
hydrogen detection system, sodium treatment system, etc.
These components have been improved thanks to the opera-
ting experience feedback from power plants and associated
experimental test loops. Potential margins for improvement
and innovation exist, particularly on a miniaturized instrumen-
tation (flux distortion flowmeters) or on a simplified instrumen-
tation (hydrogen flowmeters, ECHM).

Gilles RODRIGUEZ,
Nuclear Technology Department
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The operating experience feedback from these devices has
shown a good trapping efficiency.

Gas purification by NaK sparger
In order to get a very good purity of the argon cover gas for
sodium circuits, sodium-cooled fast reactors have used spar-
gers containing NaK. NaK is a sodium/potassium alloy (i.e.
56% potassium and 44% sodium in weight percent) that, in
contrast with sodium, displays the advantage of being liquid
at room temperature. Trapping the various impurities contai-
ned in argon results in the sparger being plugged due to oxide
formation. Then it has to be replaced. Moving this device
entails careful handling given the very strong chemical reac-
tions likely to take place when the NaK alloy comes into
contact with one of the oxides (potassium superoxide, KO2).

The operating experience feedback from spargers on PHÉNIX
is as follows:

• The largest sparger located on the PHÉNIX site contained
470 liters of NaK, and was used to purify the whole of fresh
argon for the reactor cover gas plenum.That sparger happe-
ned to be plugged, and was removed, and sent for treatment
to CEA/Cadarache in March 1996. The quality of the argon
supply being good from 1990, its has not been necessary to
replace it;

• The smallest sparger located on the line recirculating the
reactor cover argon back to the reactor, after its transfer
through the analytical circuits, happened to be plugged seve-
ral times. Following its last plugging, which occurred in
September 1998, it was replaced in December 2002, and
removed to CEA/Cadarache in order to be treated.

These two transfers to CEA/Cadarache required a refrigerator
truck given the risk mentioned above, so that NaK might be
frozen during transport. On account of these difficulties, a dif-
ferent technology was selected for future sodium-cooled fast
reactors.

Sodium tribology
Stainless steels are known to exhibit a poor behavior under
friction, that is seizing phenomena take place rather often bet-
ween stainless steels.Therefore, concerning bolting, it is inter-
esting to plan a design that can allow uncoupling, e.g., by
shearing, when seizing takes place.

Outside sodium, these seizing difficulties are increased by
sodium aerosols (see, for example, the seizing difficulties
experienced by the intermediate heat exchanger closure plate
operators. Thus, it is recommended to locate the guide bea-
rings under the free level of sodium.
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Advances in In-Service Inspection

In-service inspection can help address several stakes: kno-
wing the reactor state during its operation with a view to the
best exploitation within its operating range, optimizing the reac-
tor availability by reducing the causes of unscheduled shut-
downs, and periodically checking the structural integrity. This
possibility of in-service inspection is also required by the
French nuclear safety Authority.

Specific techniques and processes
used for inspecting SFRs,
compared with devices used
on water reactors
Pressurized water reactors (PWRs) constitute a reference for
industrial nuclear power generating systems. This is why it is
interesting to consider procedures applied in terms of PWR in-
service inspection, and compare them with those applied for
sodium-cooled fast reactors (SFRs). First of all, the PWR /
SFR difference relies on the nature of coolant (opaque and
reactive sodium, transparent and chemically neutral water, and

sodium as a very good electrical and amagnetic conductor),
but also on the temperature level in operating and shutdowns
conditions (about 200 °C for SFRs, ambient temperature for
PWRs), which entails that the inspection sensors developed
for PWRs cannot be used as-built for SFRs.

As regards PWRs, dismountability and repairability of the ves-
sel internals and the accessibility to the steam generator on
the primary side made it easy to, in particular, to install the ins-
pecting equipment. The environment transparency, the low
dosimetry, and a chemically neutral medium allow vessel ins-
pections to be carried out under the water pool. Concerning
SFRs, the removal of structures immersed in sodium entails a
careful washing so as to remove any trace of sodium prior to
the operation. In situ repair proves complex, and can be consi-
dered only in a gas atmosphere, under an in-sodium-immer-
sed bell or after (partial or complete) draining.

The following table provides data relating to the primary
coolant circuit in a PWR and an SFR for the purpose of com-
parison.

Table 11.

PWR / SFR Comparison

Primary coolant circuit PWR SFR

Features Structural thickness 200-300 mm 40-60 mm

Main vessel diameter 4.65 m* 21 m (SPX)

Main vessel materials Ferritic steel Austenitic steel (316L)

Coolant Water Sodium

Vessel internals assembly Dismountability of most structures Welds

Loading Rated pressure 155 bars 5 relative bars (Pump+diagrid
connection [LIPOSO])

Main vessel temperature 290 - 325 °C 350 °C

Internals temperature - 395 - 545 °C�T core 35 °C 155 °C

Defects to be detected - Cracks in welds Cracks in welds

- - Deformation, loss of thickness

Inspection conditions NDE processes Gammagraphy, US (sensors to be developed
(internal and external Underwater focused US for NDE)
vessel)

Environment Water (chemically neutral) Sodium (reactive)

Temperature Room temperature 150 - 180 °C

Transparency (visible spectrum) Transparent Opaque

* Diameter of the 1,400 MWe PWR vessel (plant series N4).

SFR Technology
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Fig. 131. Definition of in-service inspection for each SFR structure
or component.

Fig. 132. Structuring of topics used in SFR in-service inspection.

On account of the variety of in-service inspection topics, the
following structuring has been defined (Fig. 132):

Level 1, continous monitoring, and Level 2, periodic inspec-
tions. Levels 3 and 4, that correspond to unscheduled condi-
tions, are not mentioned in this Chapter.

Yet, it is worth to note that their taking into account may also
influence reactor design, for example if the option of primary
sodium draining, for the visual inspection of structures by
optical means, is requested at the design step.

Continuous monitoring
Detection and monitoring methods are selected in priority so
as to detect each of the identified accidents or incidents (e.g.,
clad failures, sodium leaks, sub-assembly blockage,
sodium/water reaction, etc.) for the purpose of mitigating
consequences on the power reactor’s operation. This conti-
nuous monitoring covers all of the major families of neutron,
thermal-hydraulic, mechanical and chemical measurements
(Fig. 133).Current techniques have been tested and improved
while operating the successive French sodium-cooled fast
reactors.

All this being considered, and as part of the ASTRID project,
developments are tried for a certain number of these provi-
sions. Lets us mention the following routes in particular:

Direct neutron measurements for reactor core
inspection and monitoring

In addition to measuring chambers, located under the vessel
on previous reactors, in-vessel fission chambers* (Fig. 134)
and reactivity meters are planned, which would provide reac-
tor surveillance with better detection sensitivity (e.g., in the
event of unscheduled rod control withdrawal accidents).

Methodology and definition
of required in-service inspection
Analyzing the risks of equipment failure in terms of conse-
quence severity and occurrence probability makes it possible
to define the required inspection levels for the various reac-
tor's components (Fig. 131).

Thanks to this approach, in-service inspections to be imple-
mented are selected through analyzing the a priori suspec-
ted failure modes for the following purposes:

• Defining the presumed damaging modes;

• Proposing the adapted inspection techniques and the requi-
red measuring accuracy;

• Defining the alert and shutdown thresholds and the accep-
tability criteria (transfer function between measures and the
quantity of interest for the damaging mode);

• Proposing the suitable inspection frequency rates (periodic
monitoring program).

The approach described helps select the in-service inspec-
tion required for each structure or component, by adapting
the provisions required in terms of tests and start-up tests
(reference state), continuous monitoring (including the num-
bering of conditions), maintenance, and periodic tests and
inspections.

By definition, this approach privileges known loadings at the
design stage, at the expense of unexpected phenomena.
Hence the planning of operations such as monitoring the
operating parameters, as well as integrating additional ins-
pections and examinations into the program.

Advances in In-Service Inspection128



Measuring delayed neutrons*

When neutron-emitting fission products
occur in sodium following a fuel clad
failure*, clad failure detection and,
then, location are performed through
sodium sampling in the hot plenum by
core sector (i.e. twice four ramps on
SUPERPHÉNIX), and through out-of-
circuit analysis (on SUPERPHÉNIX) by
counting neutron-emitting fission pro-
ducts using He-3 chambers. A notable
improvement would be that detection
may be integrated into the primary ves-
sel through high-temperature fission
chambers in order to reduce the res-
ponse time (a solution tested on
SUPERPHÉNIX).

Thermometry by several methods

Simple thermocouples or optical fiber or ultrasonic method
(Fig. 135).

Detecting some accidents in the core may prove slow due to
the time constant of measuring systems based on using ther-
mocouples located in thimbles.Required improvements entail
using thermocouples with a lower time constant, or carrying
out innovative, diversified sub-assembly outlet temperature
measurements, that is ultrasonic measuring, and/or Optical
Fiber Bragg Gratings (OFBG) displaying a strong innovative
potential, such as measure transfer over long distances (rea-
dable by multiplexing), possible multi-sensor concept, small
size (125 �m in diameter). These solutions could be conve-
nient providing that they prove as reliable and simple as
conventional thermocouples. The core temperature proces-
sing system (TRTC system on SUPERPHÉNIX) has to allow
detection of some accidents such as the unintended (or inad-
vertent) rod withdrawal accident, or the total instantaneous
blockage* (TIB).

Fig. 135. Sodium-temperature measuring system based on measuring the time of flight of ultrasonic waves.

Fig. 133.The major instrumentation types used for the continuous
monitoring of a sodium-cooled fast reactor.
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Fig. 134. High-temperature fission chamber* (CFUC07 type).
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The under-vessel chambers (the only operational today) will
be maintained in order to ensure measure redundancy and/or
for post-accidental measuring.
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Fig. 136. Regenerated Bragg gratings used for measuring in-vessel temperature in a sodium-cooled reactor.
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nal Bragg grating disappears under the action of highe tem-
peratures: this is expressed by a continuous decrease in the
reflectivity of the Bragg resonance, that is a degradation of the
signal-to-noise ratio.Only the recent development of the “rege-
neration” technique could overcome this showstopper.Thus, a
high-temperature aging test helped establish the stability of
regenerated Bragg gratings: the Bragg peak is not deleted,
even after 9,000 hours at 890 °C. Reflectivity tends to be sta-
bilized after an initial decrease phase much alike a debugging
phenomenon. This test illustrates the resistance of regenera-
ted Bragg gratings at temperatures fairly beyond those obser-
ved in a sodium-cooled reactor vessel, typically 550 °C. One
specificity of Bragg gratings is that they can be spectrally mul-
tiplexed on a same optical fiber, by merely changing the Bragg
wavelength, characteristic of each network, during their laser
photo-inscription.

Of course, this multiplexing capacity applies to the case of
regenerated Bragg gratings.

Thus, regenerated network lines conditioned in Inconel capil-
lary tube could be tested in “hot” liquid sodium.

Response times lower than 200 ms for temperatures of about
450 °C could be obtained.

As regards perspectives, pursuing the development of rege-
nerated Bragg network technology for use in SFRs entails a
qualification step in a nuclear environment, especially with sta-

Bragg Gratings for SFR instrumentation

Among the various technologies of Optical Fiber Sensors
(OFS), Bragg Gratings are especially promising candidates for
the 4th Generation reactor core instrumentation. Etched on an
optical fiber, a Bragg grating selectively reflects some light
wavelengths, and transmits the others. The reflected wave-
length informs about the state of the fiber (temperature,
length), hence the use of this measuring principle to fabricate
thermometers or deformation gages (Fig. 136).Bragg gratings
have been used in a variety of industrial, exacting fields for
several decades.The key advantages of this measuring tech-
nology are as follows: their electromagnetic immunity, their low
intrusivity, their excellent metrological properties, their robust-
ness, their capacity to be used in a remote way and to be mul-
tiplexed (spectral and/or temporal multiplexing), and, finally,
the spectral encoding of the measuring data provided by the
Bragg gratings.With modern optical fibers displaying an atte-
nuation as low as 0.2-0.3 dB/km, a true array of sensors based
on the Bragg grating technology can be designed, thereby
making it possible to instrument structures as complex as
nuclear power plant components, and even a reactor vessel.

Until a recent date, it could hardly be envisaged that Bragg
gratings could be used in a severe environment such as that
of the 4th-Generation reactor cores, combining, especially for
SFRs, operating constraints relating to ionizing radiation, high
temperatures (550 °C), and, possibly, immersion in a liquid
sodium environment. For the optical signature of a conventio-
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Fig. 137. Example of system for measuring gas dissolved in sodium (by acoustic frequency mixing).
(a) Experimental device, (b) Resulting spectrum without bubbles, (c) and then spectrum in presence of bubbles.

0

27

54

81

0.50 1 1.5 2 2.5

0

23

56

79

0.50 1 1.5 2 2.5

Frequency (MHz)

Frequency (MHz)

A
m
pl
itu
de

(d
B
re
f.
1V
.)

A
m
pl
itu
de

(d
B
re
f.
1V
.)

a b

HF

LF

HF

Cp = 473 kHz

25
0 k
Hz

~
30

m
m

Ci = 2.25 MHz
2.25 MHz

2.25 MHz

Cp = 156 kHz Ci = 2.25 MHz
Ci - Cp Ci + CpAWG

HP3314A

A/D Converter

PC

AWG
Agilent
33250A

c

In-core acoustic detection for early detection of abnormal
phenomena such as cavitation*, and partial, or total, instan-
taneous blockage (inducing sodium boiling during the scena-
rio of an accident associated with a loss of cooling in a fuel
sub-assembly).This type of measurement has never been vali-
dated on PHÉNIX, especially because of difficulties in analy-
zing and discriminating in the surrounding background noise.
Yet it could be highlighted again thanks to progress in signal
analysis techniques. This same acoustic detection could be
developed for sodium / water reaction detection.

Detection of the sodium / water reaction in steam gene-
rators is based on detecting hydrogen generated by this reac-
tion through measuring hydrogen in sodium: it could benefit
from the developments of electrochemical sensors that were
tested during end-of-life testing on PHÉNIX;

Measuring gas dissolved in sodium: fine characterization
of argon bubbles dissolved in liquid primary sodium could be
achieved using the active acoustic method (Fig. 137);

Measurements for determining the quality of sodium
and of cover argon, especially the oxygen content and the
radioactive activity of primary sodium, the overall activity of the
reactor cover gas plenum (ionization chamber), and the isoto-
pic activity by high counting gamma spectrometry* or laser
spectroscopy (Cavity Ring Down Spectrometry, CRDS).

It is worthy to note that gas clad failure detection and location
is also carried out in the reactor cover gas plenum using
CRDS, or an API-MS type mass spectrometry using a tracer
gas in sub-assemblies.

bility tests under irradiation at high temperature. In addition,
using new fabrication techniques for these networks, for ins-
tance with the help of ultrashort pulse lasers, will help remove
some constraints specific of regenerated networks, such as
the need to strip the optical fiber sheath and/or to photosensi-
tize the fibers.

Measuring sodium flowrates with distorted
magnetic flux

This type of flowrate meter was successfully tested on
PHÉNIX during end-of-life tests in 2009. Measuring the
sodium flow rate is performed at the outlet of each of the pri-
mary pumps.This measurement makes it possible not only to
perform flowrate monitoring, whatever the reactor's state, but
also to condition the reactor’s shutdown by following up the
power/flowrate ratio.Using then eddy-current flow rate meters
ensures these devices to be positioned in such a way that their
maintenance under operation and their withdrawal are made
easier due their reduced size.

Beyond this overall flowrate measurement, a mapping of core
outlet flowrates could be carried out through positioning these
flowrate meters in a thimble above each fuel sub-assembly.An
increased core monitoring, especially as regards all the situa-
tions of sub-assembly flow blockage, could be performed
through developing this mapping, in addition to temperature
mapping. This solution would be likely to allow protection
against the hypothetical scenario of total instantaneous bloc-
kage before the hexagonal tube is punctured.The capabilities
of an eddy-current flow rate meter type system are conditioned
by the performance (robustness, durability, and reliability) of
this sensor at a core outlet location in the operating conditions
of a power reactor. Yet, the whole of these measurements
constitute a particularly heavy and complex device:
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Periodic inspections
The aim of periodic inspections is to check the good state of
the reactor's structures.

Figure 138 shows the reactor block of the future ASTRID pro-
totype: the sodium primary circuit* is contained in the main
vessel* (doubled with a safety vessel*) in which a conical
redan separates hot and cold sodium.The vessel is closed by
a top slab* in which two rotating plugs* bear the core cover
plug.The core support structures are fitted with a diagrid* and
a strongback* which are supported by a cylindrical ring
(VSP28) welded on the lower part of the main vessel.

Quite significant advances have been achieved in inspection
of fast reactor structures and components during PHÉNIX and
SUPERPHÉNIX operation. In particular, the French Safety
Authority requests during PHÉNIX safety review have led to
spectacular advances in several fields. Let us mention in par-
ticular the following items:

• The partial draining of primary sodium that allows visual ins-
pection of above core structures with optical means;

• The inspectability of under sodium inaccessible welds
through developing ultrasonic measurements;

• The inspectability and repairability of removable components,
welds and secondary circuits.

In addition, basing on these acquired advances, further deve-
lopments were launched within the ASTRID project.

Pending developments in order to improve these periodic ins-
pections, basing on gained experience, are related with five
broad types of measurements as follows:

• Visual inspection, surface nondestructive examination,
volume nondestructive examination, range finding, and ultra-
sonic vision (Fig. 139);

• Visual inspection of above sodium parts of structures (under
slab zone, about twometers high, during shutdowns) in order
to check their position and state (detection of small open
cracks);

• In sodium ultrasonic surface nondestructive examination of
the core cover plug skirt, so as to check the absence of ther-
mal striping damage* in its outer ring;

• In sodium ultrasonic volume nondes-
tructive examination of welded
connections in a number of structures
(detecting cracks in the core cover
plug, the strongback, the diagrid, the
primary pumps, the main and safety
vessels, the slab, etc.), which
accounts for several hundred linear
meters;

• Ultrasonic range finding of under
sodium structures and components so
as to check their position, especially
with three-plane targets (three planes
at 120 °) that make it easier to get
ultrasonic echoes;

• The ultrasonic vision of under sodium
objects in order to check their position
and shape: that concerns several
potential applications of different
types, such as supplying overall
images in the reactor block, measu-
ring under sodium surfaces, detecting
open cracks, identifying fuel sub-
assemblies (according to a coding
procedure to be determined), detec-
ting loose parts, and positioning in-
sodium carriers.

Fig. 138. Sketch of the ASTRID prototype reactor block.

Core cover plug
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Strongback supporting
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28. VSP: a French abbreviation for Virole de Support du Platelage,
i.e. the core support ring.
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structures welded on the main vessel –,
or within sodium (the sensor being then
immersed) (Fig. 140).

Achieving these periodic examinations
entails the following developments:

• First, developing ultrasonic transdu-
cers (transmitter-receivers, Fig. 141)
adapted to nondestructive inspections
in liquid sodium, that is able to operate
in conditions specific to the sodium
environment, and to deliver / record
signals exploitable for range finding
and defect measuring inspections: the
current piezoelectric technique
TUSHT is under miniaturization with a
view to access to the multi-element
sensor concept. Another electroma-
gnetic concept (EMAT) constitutes an
efficient alternative up to 200 °C ;

• In parallel, innovating processes for in-sodium nondestruc-
tive examination (NDE) are developed and qualified, with the
support of the CIVA software platform, and of tests in water
and sodium:

- Ultrasonic range finding in static sodium isothermal at
200 °C: as shown in recent tests with TUSHT, measuring
achieves an accuracy better than 100 �m;

- Ultrasonic range finding and defect measuring inspections
from the outside of the sodium environment (through the
main vessel), which allows conventional transducers to be
used (outside sodium and irradiation); when structures are
welded on the main vessel, using guided modes allows ins-
pection of welds distant by several meters;

Fig. 140.Three methods for performing ultrasonic testing on ASTRID prototype reactor block: a) by direct external measuring on vessel welds;
b) by external measuring through the structures welded on the vessel; c) by internal measuring in sodium with an immersed NDE sensor.

Fig. 139. Nondestructive examination (NDE) in the reactor block of
the ASTRID prototype makes proficient use of ultrasonic testing (UT).

The first inspection campaign will be carried out during the
startup tests in representative conditions (structures wetted by
sodium), for the purpose of defining the baseline state of in-
service inspection.The aim of the following in-service inspec-
tions is to demonstrate that equipment integrity is still relevant
with the reference state.

Given the reactor block complexity and size, several routes are
explored in parallel so as to allow nondestructive examinations
of structures immersed in sodium: either from the outside (the
sensor being located in gas, between the main vessel and the
safety vessel), – with the ultrasounds being directly propaga-
ted in sodium and/or in the “natural” waveguides formed by the
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No doubt, the ASTRID project will boost the development of
new instruments and methods for in-service inspection.

François BAQUÉ,

Gilles RODRIGUEZ

and Jean-Philippe JEANNOT,
Nuclear Technology Department
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Fig. 141. Ultrasonic transducers in sodium.

Fig. 142. Ultrasonic viewing in sodium.
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- “Viewing” in sodium: several strategies are being investiga-
ted according to the various applications, that imply to get
high-performance ultrasonic transducers (miniaturized multi-
elements), and to carry out an enhanced signal treatment
(Fig. 142);

• Developing adapted, poly-articulated in-sodium carriers is
under way.Technological bricks are under design in order to
be tested in sodium (leaktight rotative connection, rotule,
bearings, in situ motorization…). In-service inspection of
sodium-cooled fast reactors is based on quite a varied instru-
mentation of high maturity thanks to the experience feedback
from the former prototypes, ranging from RAPSODIE to
PHÉNIX and SUPERPHÉNIX. Paramount advances have
been achieved during the works conducted for the PHÉNIX
reactor safety review.
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Sodium-Cooled Fast Reactor Materials

This chapter describes the main components and the
selected or purposely developedmaterials for sustaining espe-
cially severe service conditions. Then it presents the results
obtained in the R&D programs dedicated to qualifying the
various candidate materials, first of which 316L(N) andT91 for
out-of-core structures and core sub-assemblies, the reference
materials couple EM10 for the hexagonal wrapper tube, and
AIM1 for the fuel clad, as well as improvements considered for
the clad, i.e. AIM2 and ODS steels.

Components, service conditions,
and materials
The schematic view on Figure 143 describes the components
that require a special attention from the viewpoint of their in-
service behavior, and the materials used for their fabrication.
First of all, a distinction has to be made between fixed struc-
tures, such as vessels or core support structures, whose
design life has to be equal to the reactor lifetime, i.e. sixty

years, out-of-core structures, that could be occasionally chan-
ged, and finally, core structures to be removed in a scheduled
manner.

Out-of-core structures

Among the fixed structures, referred to as “cold” because they
operate at sodium inlet temperature, it is worthy to mention
the specific case of the primary vessel*, that has to comply
with strict criteria of negligible deformation and negligible
creep*, and the cases of the diagrid and upper core structures,
that, due to the core vicinity, also have to resist a low, but
potentially significant on the long run neutron irradiation.The
material common to all these structures is 316L(N) [Table 12],
with low carbon content (L) and controlled nitrogen level (N):
as shown by the experience gained in RAPSODIE and
PHÉNIX, this material provides the best possible choice for
preventing the risk of in-service embrittlement in the long
term, and displays an excellent compatibility with the neutron
and physico-chemical environment. First, the low carbon

Fig. 143. Schematic elevation through a SFR, with mechanical, thermal and chemical loads, and selected materials.
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content minimizes the risk of structural evolution, and of sen-
sitization at high temperature, and, second, strong limitation
on boron and phosphorus contents is aimed to prevent the
risk of hot cracking in the heat-affected zone during welding.

Controlled addition of nitrogen also allows the mechanical pro-
perties to be improved and, finally, the specifications have
been tightened in order to improve the resistance to thermal
aging, too. Among the hot structures directly exposed to
sodium flowing out of the core, special attention is to be paid
to the lower grid of the core cover plug* (CCP), and to the
intermediate exchanger tubes. Regarding the CCP the key
problems to be solved are chiefly related to materials beha-
vior under creep and creep-fatigue in presence of a possible
embrittlement by helium generated by the transmutation29

reaction.

At the reactor block outlet, the secondary circuit’s pipes have
to resist various mechanical loads (weight, seism, thermal
expansion, transients), which requires good creep, creep-
fatigue, and thermal fatigue* properties.Today the reference
material still is 316L(N). Concerning helical steam generators
(SGs), exchange tubes are in Alloy-800.This alloy was broadly
investigated in the eighties, but only short-term data are avai-
lable, and its behavior has to be described over long time per-
iods for a given application [1]. As regards straight-tube SGs,
the transition from 316 to 9Cr results in a true improvement of
the design, and to a notable decrease in the steel amounts to
be used.Yet, uncertainties still remain on some properties of
steel-9Cr, especially its cyclic strain-softening that will have to
be dealt with later on.

Core structures

Here we will chiefly focus on the fuel sub-assembly, whose
main components are clads* enclosing the fissile material,
that constitute the first containment barrier, and the hexago-
nal wrapper tube*, that contains the fuel pin* bundle (see
infra, pp. 143-153, the chapter “SFR Fuel”). Both undergo an
intense radiation damage expressed in dpa* (displacement
per atom) within a temperature range between 400 and 550 °C
for the wrapper, and up to 650, or even 700 °C, at clad hot spot
in rated operating conditions. Their mechanical integrity, their
physico-chemical compatibility, and their dimensional stability
have to be guaranteed in any circumstance.Within such an in-
service temperature range, and given the environments spe-
cific of each structure (Na for the HT + [UPu]O2 for the clad),
aging phenomena under strong neutron irradiation (swelling*,
creep, embrittlement) take place in structural steels. As a
consequence, nuclear operators have to unload the sub-
assembly to the spent fuel treatment plant before all the fuel
contained is burned.Here lies, indeed, all the interest in deve-
loping and qualifying the most possible resistant materials in
such in-service conditions.

Regarding the wrapper, the reference material is EM10, a 9Cr
1Mo martensitic steel close to T91 (Table 12) considered as a
substitution material for the straight-tube SG. It is more basic
than the latter, as it does not include a stabilizing element such
as Nb. Its mechanical behavior up to 550 °C is suitable for the
wrapper, and as all ferritic-martensitic matrices with a body-
centered-cubic lattice, its resistance against swelling and irra-
diation creep proves excellent. In addition, in this new family,
it is the most stable under irradiation, and does not exhibit the
excessive embrittlement of high Cr grades under irradiation,
as in the case of F17 initially used.

Concerning the fuel cladding, the current reference material is
AIM1 (Table 12), a Ti-stabilized austenitic steel that belongs to
the same family as the 316-type steels, but in which both major
elements (Ni/Cr ratio ~ 1) and addition elements (C, Ti, Si, P,
Ti/C stabilization ratio) have been optimized so as to get the
best resistance against swelling (the crucial issue in austenitic
steels for in-core applications), while ensuring mechanical and
physico-chemical properties suitable for the application.

Table 12.

Chemical composition of the main materials investigated

Chemical composition (wt.%)) C Cr Ni Mo Mn Si Ti Nb N P B

Out-of-core 316 L(N) (austenitic) <0.03 17.5 12.3 2.5 1.8 <0.5 - - 0.07 <0.030 <0.002

structures T91 (martensitic) 0.10 9 <0.4 1 0.5 <0.5 - 0.08 0.05 <0.02 0.004

Wrapper EM10 (martensitic) 0.11 8.8 0.18 1.1 0.5 0.37 - - 0.02 - -

materials F17 (ferritic) 0.06 17.3 0.1 - 0.4 0.35 - - 0.03 - -

Fuel AIM1 (austenitic) 0.10 15 15 1.5 1.6 0.9 0.4 - - 0.045 0.006

cladding DS4 (advanc. austen.) 0.06 15 25 1.3 1.5 0.82 0.12 0.13 0.02 0.029 0.004
materials ODS CEA (ferr.-mart.) 0.03-0.09 9-18 - W=1-2 - - 0.2-0.4 - - Y203~0.5 -

29. Ni 59 (n, ;) Ni 59 and Ni 59 (n, 9) Fe 56. He generation takes place
between 0.5 and 50 ppm of He/dpa.
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Today, the AIM1 cladding limits the burn-up* to a maximum
dose on the sub-assembly structures of about 110 dpa, but
much more (180, or even 200 dpa) would be needed to
achieve the efficiency targets of a fast reactor type core. The
gap is all the more difficult to fill as, in contrast with the
PHÉNIX or SUPERPHÉNIX reactors, the features of the cores
currently under study for ASTRID entail additional constraints
on the materials, particularly in relation to the swelling resis-
tance of the fuel pins. As a matter of fact, the fuel pin bundle
compactness is higher due to a clad/wire diameter ratio close
to 10, which imposes low deformations under in-service condi-
tions in order to avoid any impeding hydraulic perturbation.As
will be detailed later on, other substitution materials are under
consideration in order to increase the clad lifetime: in the
medium term, and for a first burn-up improvement, an advan-
ced austenitic steel, AIM2, that will constitute the ultimate opti-
mization in the austenitic family, and then, in a longer term, an
oxide dispersion strengthened (ODS) ferritic-martensitic steel
so as to achieve the reactor type’s ambitious targets.

Out-of-core structural materials
behavior
In this paragraph are summarized the broad lines of the R&D
developed in France to qualify the properties of the most signi-
ficant structural materials, aiming to compare, whenever pos-
sible, current reference stainless steel 316, and T91 conside-
red for several years as a possible substitution material for
some structures. For further details on these materials pro-
grams, the reader is invited to refer to two surveys issued in
2012 and 2013 [1a and b].

Fig. 144.Thermal creep of austenitic and ferritic-martensitic steels (a) and limit for extrapolating the constitutive laws obtained from tests
at elevated stresses for 9Cr steels (b).
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Creep, fatigue, and creep-relaxation properties

First considering thermal creep, we now have a large data-
base that allows the behaviors of both types of grades to be
compared: as shown on Figure 144, 316L(N) resistance to
creep, sufficient for the proposed applications, is better than
that of T91, but improvements are possible in this family of fer-
ritic/martensitic grades, as evidenced in the results of
HCM12A, a creep-optimized 12Cr steel.

Laboratory tests are generally performed with relatively high
stresses, in contrast with the loads actually seen under in-ser-
vice conditions, which implies extrapolating the constitutive
laws to low stresses. Such an approach may not be conser-
vative*, as shown on Figure 144b: at low stress and long test
times, a new creepmechanism takes place.So a relevant pre-
diction of fixed structures behavior over sixty years relies on
the good knowledge and modelling of the various aging
mechanisms. [3]. For this purpose, we now favor investigating
the microstructure of specimens that have been creep tested
over extended times. Thus observing specimens that have
been tested for twenty years ensures a better reliability in our
prediction.Themicromechanical modelling of creep in the very
long term takes into account two main damaging modes: nec-
king for intermediate times, and intergranular damage with
cavitation for longer times.

As regards the fatigue and creep-fatigue properties [4-7], the
two materials that seem to be equivalent cannot be discrimi-
nated by the WOHLER curves characterizing the number of
cycles to failure. As a matter of fact there exists an essential
difference between them: 316 is being strengthened during
cycling, while 9Cr is gradually being strain-softened as the
cycles proceed, as shown by the fatigue and relaxation-



Fig. 145. Relaxation-fatigue tests showing the gradual strain softening* as fatigue cycles (a) and the corresponding structural evolution (b)
progress.

Fig. 146. Bright-field TEM image of the surface of a 316L(N) sample
immersed in sodium during 5,000 hours at 550 °C,
with approximately 40 ppm oxygen.
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over a longer time to give a better basis to predicting the cor-
rosion behavior in sodium of steels 316LN and 9Cr.

The risk of stress corrosion (CSC) in a caustic medium (soda
aqueous solution) may be found in the case of humid air
ingress into a component or a shutdown circuit, during works
or repairs on a drained sodium circuit.

This cracking appears when the three following conditions are
encountered:

• Residual stresses (even low);

• Formation of aqueous soda (by reaction between residual
sodium and excess water or humidity);

• Maintaining the material within a critical temperature range
depending on the material.

fatigue characterizations in Figures 145(a) and (b). This is a
very important feature of 9Cr which, as a consequence, is
strongly penalizing for application as SFR structural mate-
rial, and this explains the current trend to go back to 316L(N)
for fixed structures, and to alloy-800 for SGs.

Physico-chemical compatibility with sodium

Austenitic stainless steel grade 316L(N) benefits from a large
operating feedback [8], and displays a very good compatibility
with the sodium environment.

However, predicting 316L(N) behavior in the long term, or
during chemical transients, is still globally based on empirical
approaches.The few comparison data that refer to specimens
arising from test or reactor loops over significant periods of
time (105 h) evidence a tendency to underestimate the chemi-
cal transient effects. Hence the need to pursue investigations.
The first results from long-term tests (5,000 h, 550 °C) on
steel-316L(N) carried out in the “CORRONA” facility suggest
a complex corrosion process to be investigated more tho-
roughly. The morphology is basically the following: a sodium
chromite layer at the Na/metal interface, a chromium-depleted
layer below it, and underneath carburized steel with a high
hardness. In the long term, the sodium chromite layer could
be more sensitive to erosion, and, besides, the growth of these
layers could lead to interfacial spallation, thereby potentially
releasing micrometer-size steel particles. Concerning 9Cr, no
similar feedback is available, so specific tests are underway at
Saclay in “CORRONA” [9].

The first immersion results (5,000 h, 550 °C) in static sodium
show that if the phenomena identified on steel 9Cr seem simi-
lar to those on 316L(N) [Fig. 146], in contrast, the thickness of
oxidized, chromium-depleted, and carburized layers is higher
on 9Cr. Additional tests in dynamic sodium are implemented
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30.The cold work level obtained during the last tube extrusion pass is bet-
ween 15 and 25%.

Materials R&D has experienced an outstanding success as
illustrated on Figure 147.The latter, together with Figure 47a
[8], shows the advances in burn-up achieved in PHÉNIX, this
progress being due to qualifying materials of increasingly high
performance (Fig. 147b). Finally, successive optimizations
have led to the AIM1 specification that concretizes the whole
of knowledge gained as of today to reduce the swelling of 316
and 15/15Ti austenitic steels: it is focused on both an optimi-
zation of the chemical composition, and a better definition of
the industrial fabrication route, the latter involving special ther-
momechanical treatments able to produce a microstructure
conveniently optimized with respect to the resistance against
swelling in the final product. This was evidenced thanks to
PHÉNIX feedback on several experimental irradiations of fis-
sile clads in sub-assemblies and capsules (MONOCLE, BOI-
TIX-9, CHARLEMAGNE, OLIPHANT1, 1bis, ÉCRIN), as well
as on specimens irradiated in materials capsules, such as
SUPERNOVA, to be referred to later on.Regarding the wrap-
per, thanks to the evolution to ferritic-martensitic steels, that
exhibit a very low swelling (Fig. 147b), and after a selection
among several grades with various Cr contents, it was pos-
sible to specify a 9%Cr and 1%Mo martensitic steel, the
EM10, close to T91 but with no Nb addition, that stands as
the most steady material under irradiation in this materials
family [12].

In the years 2000, materials R&D experienced a boost in inno-
vation, for it had to face the key materials challenges associa-
ted with the 4th Generation of reactors and, among them, more
particularly at CEA,Very HighTemperature Reactors (VHTRs)
and Gas-cooled Fast Reactors (GFRs) operating at very high
temperature. During this very fruitful time period, new skills
emerged at CEA dealing with refractory metallic bases, and
to C/C and CMC composites, which today has resulted in esta-
blishing the preliminary feasibility of a refractory and gas tight
SiC/SiC cladding to satisfy various applications under irradia-
tion at high-temperature [13]. C/C and CMC composites, too,
can be considered for the wrapper tube, since the fabricability
of a CEA-patented hybrid hexagonal tube made of SiC/SiC
and fitted with a conventional metallic reinforcement [14] could
be demonstrated.

From 2007, and in parallel to research on materials for the gas
reactor type, R&D on innovative SFR materials was relaun-
ched, and so did, most particularly, that of oxide dispersion
strengthened ferritic-martensitic steels, commonly referred to
as “ODS* steels”. For nowadays these are the only materials
likely to achieve the reactor type goals, and displaying a suffi-
cient experience feedback.But this is within the current frame-
work of the ASTRID project, indeed, that priority is given to
reactivating skills related with reference materials of the first
cores, especially regarding the fabrication/assembly of the pins
and of the wrapper, as well as their characterization/modelling
in service conditions.

The most striking example in relation to the PHÉNIX reactor
is the case of primary pump parts where cracking was pin-
pointed on large-sized parts, following sequences of washing
and in-reactor reinstallation. As shown by expertise, the crack
initiation took place in blind holes insufficiently dried after
washing and before remounting. The concomitant build-up
of stresses on thread pitch, and of soda trapped in these
holes resulted in cracks, some of which went through fifteen-
centimeter-thick parts [8].

Existing data relating to 9Cr steels are scarce, but report a
sensitivity range at temperatures lower than in the case of
austenitic steels. In order to complete these scattered data,
a study program dedicated to T91 was launched in collabo-
ration with EDF and AREVA so as to investigate the sensiti-
vity to stress corrosion. The results showed a low sensitivity
of T91 to SCC: few cracks, or no cracks observed, and, if any,
propagation rates were significantly lower than in the case
of 2 ¼% Cr steel.

Core materials behavior
In this chapter, after a quick overview of the materials R&D
developed since the seventies, we propose to present the
actions undertaken on reference materials, and on their pos-
sible replacement by more advanced grades.

History of R&D on fast reactor core materials
in France that has led to current AIM1 alloys

Since the late sixties, first with RAPSODIE (1967-1982), and
then with PHÉNIX (1973-2009) and SUPERPHÉNIX (1986-
1998), R&D on SFR core structural materials has oriented to
defining and qualifying a reference material to be fabricated
and reproduced at an industrial scale [10].The 316 steel was
the first reference material for the fuel cladding in RAPSODIE
and PHÉNIX.

The clads were in solution annealed (SA) state and, then, were
cold-worked*, and wrappers were in the cold-worked30 state.
The transition to cold-worked stabilized steels, 316Ti, and
then,15/15Ti, allowed any second swelling peak type pheno-
menon to be definitely prevented, this swelling taking place
beyond 550 °C with a very high kinetics. So, only the low-tem-
perature swelling peak remained, between 400 and 550 °C,
and it was thoroughly investigated so as to gradually and conti-
nuously improve these materials’ behavior.Thus, the swelling
threshold in this class of materials could be continuously
pushed forward thanks to a solid knowledge of the influence of
the metallurgical variables (chemical composition, thermome-
chanical treatments of the fabrication route), and of the irra-
diation parameters (dose and neutron flux, irradiation tempe-
rature, stress, thermal gradient in clad thickness) [11].

Sodium-Cooled Nuclear Reactors 139



Fig. 147. Evolution of PHÉNIX core burn-up (a), and swelling evolution in the various PHÉNIX clad* and hexagonal wrapper* materials (b).

Fig. 148. SUPERNOVA experiment: PHÉNIX capsule containing
most of the optimized materials under investigation today.
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Ferritic-martensitic steels
including ODS steels

For this purpose, operating the SUPERNOVA experiment,
which contains a high number of advanced austenitic steel
grades, will make it possible to better define the target optimi-
zation. The results already obtained corroborate predictions
related with behavior under swelling (Fig. 148) and with
mechanical properties.

Advanced materials for SFR type cores:
ODS steels

The preliminary specifications established from the first dra-
wings of a high-power SFR type has led to putting forward
oxide dispersion strengthened (ODS*) ferritic-martensitic
steels as the reference materials for a fissile fuel pin clad dedi-
cated to high burnups [15, 16], for they combine a very good
resistance to swelling with a suitable resistance to thermal
creep up to 700 °C and over. But these are fairly innovative
materials, as they are not fabricated by conventional metal-
lurgy (ingot melting), but by mechanical alloying, and require
cutting-edge powder metallurgy techniques, whose control is
crucial to get the suitable properties. As a matter of fact, the
first Belgium DT & DY grades, that were fabricated as fissile
pins (IDEFIX 1 & 2 on PHÉNIX), had revealed an impeding
brittle behavior under and after irradiation in the eighties [17].

In order to solve this problem, and also to demonstrate the
industrial feasibility of this type of material, several programs
followed in the nineties: the first tasks were dedicated to ferri-
tic industrial grades (ODSMA957, MA956, PM2000), then to
CEA experimental martensitic alloys.This work established the
fabricability of martensitic ODS steels, and allowed a corres-
ponding CEA patent application to be filed [18].These first stu-
dies have strengthened our skills in designing and fabricating
ferritic-martensitic ODS steels, and have opened the way to
the current phase for developing nanostructured ODS steels.

For more details on the R&D program currently developed on
core structures, the reader is invited to refer to the technical
note [2].

These studies will also be undertaken in the perspective of a
future AIM2 specification, the ultimate phase for improving
austenitic steels behavior under irradiation that is obtained in
a Ni-enriched, and Cr-depleted matrix.The limits of such evo-
lutions are still to be defined, the condition being that they
have no impeding effect on mechanical and physico-chemical
properties.
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Fig. 149.Thermal creep properties of ODS steels.
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fast reactors:MATRIX in PHÉNIX, andTIRAMISU in BOR-60.
The tube microstructures should be further improved.
Improvements based on primary recrystallization are being
addressed, together to a decrease in the Y2O3 amount intro-
duced at the mechanical alloying step to make the recrystalli-
zation easier.

• Regarding the martensitic gradeODS Fe-9Cr-1W, whose
development is more advanced, and that seems to be more
tolerant, the fabrication process implemented provides a
material whose deformability andmechanical features at high
temperatures are at least as good as the best grades men-
tioned in literature. Concerning this type of material, evolu-
tions in the fabrication processes and the chemical compo-
sition must be considered through an increase of the Cr
content in order to reduce both the possible fuel-clad chemi-
cal interaction and the metal dissolution in the reprocessing
bath [28]. This is a crucial challenge which the martensitic
ODS materials development must face today.

Jean-Louis SÉRAN, Marion LE FLEM

and Céline CABET,
Nuclear Materials Department
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31. SFR sub-assemblies fitted with grids designed for pin spacing (spa-
cer grids) were used in some reactors such as PFR in Great Britain.That
system, not selected in France, proved less performing under irradiation
than the helical spacer wire wrap system.

The sub-assembly

It constitutes the “basic cell” of the core. Its main functions are
the geometric structuring of the pin bundle, its efficient cooling
by a sufficient sodium flow, and an easy handling before and
after irradiation.

The fuel sub-assembly (S/A) consists of the following items
(Fig. 150):

• A bottom (or inlet) nozzle used for positioning the fuel subas-
sembly within the diagrid*, and regulating the internal flow
rate of sodium using a pressure drop system;

• A fuel pin attachment device relying on a grid and rail sys-
tem, inserted in a large-sized part that ensures the bottom
nozzle / hexagonal tube junction. The outer part of this
attachment device is fitted with cams designed to make the
fuel subassembly orientation easier during its insertion into
the lattice;

• The pin bundle (217 pins for the PHÉNIX S/A) inside the
hexagonal tube, the pin spacing being maintained by a heli-
cal spacer wire* wrapped around each pin31 so that the
sodium subchannels so arranged can suitably transfer their
energy to coolant;

• An upper neutron shielding (NS), consisting of blocks of
“neutron-absorbing*”materials that are pierced with a cen-
tral hole for sodium to leave the sub-assembly freely;

• A head used for the sub-assembly gripping and guiding by
the handling system (it is also referred to as “gripper head” or
“top nozzle”).

The pin

The pin in an SFR is generally structured as follows (excepting
a few cases) [Fig. 151]:

• A cylindrical steel clad, closed in its ends by two welded
plugs. This tighless envelope constitutes the 1st fuel
containment barrier;

SFR fuel system

Design constraints

The general configuration of the sub-assembly is imposed
by various neutronic, thermal-hydraulic and mechanical
constraints of the sodium-cooled fast reactor (SFR) core.The
low fission cross sections* in “fast” neutron spectrum have to
be compensated by a strong concentration of fissile nuclei,
and by a very high neutron flux* (a few 1019 n.m-2.s-1).

The first constraint imposes a high fuel content in plutonium
(> 15%), associated with a compact geometry of fuel pins*
that is obtained through a triangular pitch arrangement of the
pin bundle, the latter being arranged in hexagonal-section sub-
assemblies constituting a regular lattice. In addition to being
compact, the hexagonal configuration prevents the sub-
assembly lattice from bending inwards during handling opera-
tions, that are carried out with a closed vessel in the case of
an SFR.

The second constraint results in significant radiation damages
(> 100 dpa) on the main structural materials, the fuel pin
clads*, and the sub-assembly hexagonal wrapper tube*
(HT), that leads sodium flow rate in each sub-assembly.

The physical characteristics of liquid sodium in terms of ther-
mal conductivity (~ 70W.m-1.K-1) and boiling temperature
(~ 925 °C under 0.145 MPa) allow high temperatures in the
core under rated operating conditions (395-550 °C). These
conditions favor a high thermodynamic efficiency (40%), but,
as a counterpart, impose the use of special steels for struc-
tures.

Moreover, the economical optimization of fissile material with
respect to the cycle cost requires that this fuel can reach a
very high specific burn-up (TCM > 100 GW d/tHM), through an
adapted pin filling rate with fissile material.

SFR Fuel
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Fig. 150. SFR fuel sub-assembly. Fig. 151. Examples of fuel pin designs for an SFR.
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32. Oxide fuel has been privileged because of a whole of intrinsic quali-
ties – easy fabrication, good thermal stability under irradiation, high mel-
ting point –, and due to its unique experience feedback arising from its
use in other reactor types (LWR, Candu, HTR). However, other ceramic
fuels, such as U and Pu mixed carbides and nitrides, and associated
metallic alloys, such as U-Pu-Zr, were used in some fast reactors.
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• A spacer wire, of the same steel grade as the clad, helically
wound with a constant pitch, and that is initially drawn bet-
ween its attachment points on the two plugs by welding or
crimping.

The core design retained for ASTRID (CFV concept; see
supra, pp. 39-44, the chapter “SFR core design”) involves the
use of a pin for the inner core, with alternate columns of fer-
tile* and fissile* zones (axially heterogeneous core design –
Fig. 151b).

Using a metallic fuel considerably alters the design of the pin
due to the presence of one or several cylindrical U-Pu-Zr rods
that constitute the fissile column; the latter is separated from
the clad by a sodium metallic bond. This presence of liquid
sodium inside the pin in operating conditions entails the trans-
fer of the single plenum to the upper part of the fuel element
(Fig. 151c) [1].

• A fissile column (FC), most often consisting in a column, or
stack, of pellets of uranium and plutonium mixed oxides:
(U, Pu)O2-x

32; a gap has to bemaintained between pellets and
clad (200-300 �m), in order to to accommodate the geome-
trical evolution of fuel under irradiation;

• The occurrence, if any, of depleted UO2 fertile* blankets,
located on either side of the fissile column;

• One or two fission gas* plena, one at the bottom of the pin,
about 1/3 of the pin’s length, and the other at the top, contai-
ning a hold down spring for the fissile column, these two
chambers initially filled with helium at atmospheric pressure
being used as tanks for fission gases released by fuel, some-
times up to over 90% of generated gases;
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Fuel

Mixed oxide is the fuel that was most
used in historical SFRs, and that, still
today, is the basis of reactors planned
or under construction.

The fabrication process most often
used to get fuel pellets is powder metal-
lurgy33. Pellets are obtained after three
main steps (Fig. 152):

• Mixing and co-milling34 uranium and
plutonium oxide powders n specified
final proportions;

• Shaping the pellets by pressing the
mixture;

• Sintering* these “green” pellets at
1,700 °C under a reducing atmosphere.

The resulting mixed oxide is always substoechiometric (O/
(U + Pu): 1.955 to 1.985). Its density is about 95% of its theo-
retical density, while the 1% tolerance on the outer diameter of
pellets does not require grinding.

Using annular pellets (e.g., SPX-1) instead of solid pellets (e.g.,
PHÉNIX) significantly reduces oxide centerline temperature, and
allows higher burn-ups* by decreasing the pin’s filling density.

Another fabrication process, directly implementing a (U,Pu)O2
powder obtained through oxalic coprecipitation, was develo-
ped at CEA, and could be considered for the future.A contra-
rio, the MIMAS process, industrially proven for the PWR fleet
MOX fuels, is not well adapted for an application to high Pu
content fuels.

Carbide and nitride are also fabricated by powder metallurgy.
However, their fabrication cycle has proved more difficult to
control on the industrial scale (Indian experience onmixed car-
bide [2]) so as to get a product meeting specifications in terms
of microstructure, porosity proportion, impurity ratio, etc., far
more compelling than for oxide.

As for metallic fuel, it is fabricated by arc melting under
vacuum35. This fabrication is well controlled for the reference
alloy U-Pu-Zr, developed in the eighties by the Argonne
National Laboratory (ANL).

Fig. 152. Fabrication of U and Pu mixed oxide pellets by powder metallurgy.

33. Plutonium handling, due to its high chemical toxicity and its alpha acti-
vity, makes it necessary to perform all the fabrication steps in leaktight
gloveboxes where a negative pressure differential is maintained with res-
pect to the facility.
34.This operation is carried out in a ball mill, and is essential for the homo-
geneity of the uranium-plutonium mixture.
35. Electric oven that uses the thermal energy of an electric arc created
between a carbon electrode and the metal in order to get a sufficient tem-
perature for its melting.

1. Rawmaterial 2. Co-milling step 3. Co-pressing step

4. Green pellets 5. Sintering step 6. Sintered pellets

36. Higher burn-ups were obtained on experimental fast reactor fuels,
such as, e.g., PFR (23 at%), and RAPSODIE-FORTISSIMO (26 at%).

Lessons learned
Most SFRs have used uranium and plutonium mixed oxides,
and this fuel can rely on the following assets:

• Holding a considerable and successful experience feedback
(industrial-scale fabrication and spent fuel treatment);

• Being able of very high performances with an excellent relia-
bility (Burn-up > 15 at%36);

• Benefiting from a unique platform for testing behavior in acci-
dental conditions (especially international programs CABRI
and SCARABÉE);

• Having fully closed fuel cycle.

Yet, mixed oxide fuel exhibits a few defects (see Table 13
hereafter): a poor heavy atom density (low breeding ratio*),
a poor thermal conductivity (power limitation), and a risk of
chemical reaction with sodium in the event of clad failure
(unloading the failed sub-assembly being often necessary).

So, CEA and other R&D organizations worldwide have focu-
sed their attention on alternative fuels: mixed carbides and
nitrides, and metallic alloys, that may bring actual assets such
as increased safety margins, especially thanks to their good
thermal conductivity, a lower plutonium inventory in the core
due to their high density, and a less constraining operation in
the event of clad failures due to their good compatibility with
sodium.
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Table 13.

Example of alternative fuels

A few physical properties of SFR fuels (Pu/M = 20%)

(U,Pu) O2 (U,Pu) C (U,Pu) N U-Pu-10Zr

Theoretical density (TD) (kg.m-3) 11,000 13,600 14,300 15,600

Theoretical density in heavy nuclei (kgNL.m
-3) 9,700 12,900 13,500 14,100

Theoretical density in heavy nuclei
related to a given filling density (DR)

8,050 9,675 10,125 10,575

(kgNL.m
-3)

(DR = 83% DT) (DR = 75% DT) (DR = 75% DT) (DR = 75% DT)

Relative filling density
(the reference being the oxide)

1 1.2 1.26 1.31

Thermal conductivity at 1,000 °C (W.m-1.K-1)* 2.0 12.0 13.2 16

Average thermal expansion coefficient
(20 => 1,000 °C) (10-6 K-1)

11.5 12.1 9.5 17

Melting temperature (solidus) [°C] 2,740 2,325 2,720** 1,077

Compatibility with sodium Bad Good Good Good

Countries in which this fuel has been FR, USA, JAP,
experimented on fuel scale GB, Russia

India - USA, GB

* For an hypo-stoechiometric oxide (O/M =1.97) and a fabrication porosity of 4% for the oxide, and of 17.5% for dense ceramics.
** Beyond 2,000 K (1,723 °C), under a helium atmosphere, a liquid metallic phase is formed by dissociation of nitride: (U,Pu)N (s) => U (liq.) + Pu (liq.) + ½ N2 (g).

Fig. 153. Axial distributions of the neutron flux, the linear power
density, and the sodium and clad temperatures typical of a SFR pin.
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37. The maximum linear power density in a PHÉNIX pin (i.e. 450 W/cm)
corresponds to a power density of almost 2,000W/cm3 and a thermal flux
in the clad of 260 W/cm2. For a PWR these values respectively are
400 W/cm3 and 80 W/cm2.

38. A calculation performed with “Germinal”, the SFR fuel application of
the Pléiades fuel platform.

Neutron flux

Oxide

Radial distribution of temperature in the pin

Figure 154 shows a temperature profile calculation38 in the pel-
let of a PHÉNIX fuel pin at the very beginning of life (1st power
increase – green curve) and after fuel restructuring and
accommodation of the initial gap (a few dozens of days –
orange curve).

However, these alternative fuels similarly exhibit a certain num-
ber of more or less constraining drawbacks, as will be seen
later on.

Operating conditions of a SFR pin

The core of an SFR is characterized by a generally low height /
diameter ratio. Consequently flux and linear power density
axial profiles are much pronounced with a Φmax./Φmoy. ratio
of 1.2-1.3 (Fig.153).

The maximum linear power density* on a fuel pin depends
on its radial position in the core and on fuel burnup (specific
burn-up*). A SFR pin can operate up to very high linear power
densities ranging between ~ 400 and 500W.cm-1, that is about
twice the usual value of PWR rods37.

Clad temperature at the top of the fuel pellet column reaches
620 °C, and even 650 °C (PHÉNIX), in rated operating condi-
tions for a sodium inlet temperature of 390 °C.
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Fig. 154.Temperatures computed for a PHÉNIX pin irradiated
to 430W.cm-1.
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At a constant linear power density, all these phenomena as a
whole lead to an overall decrease in fuel temperature; the gra-
dual closure of the initial gap decreases the external fuel tem-
perature by 300 to 400 °C, while restructuring modifies pellet
geometry and thereby reduces by a hundred of degrees the
ΔT between its surface and the edge of the central hole
(Fig. 154).

Pellet centerline temperature fairly exceeds 2,000 °C with a
thermal gradient of several thousand K.cm-1.As will be seen,
these very high temperatures and gradients considerably
modify the oxide pellet fabrication microstructure.

Fuel fragmentation and restructuring

(U,Pu)O2 displays a mechanical behavior fully fragile at low
temperature, and viscoplatic at high temperature. During the
first power rise, the fuel pellet undergoes thermal stresses
(tensile stresses in its periphery) which very quickly exceed
the oxide's ultimate tensile strength, thereby leading to a pel-
let fragmentation.

A growth of initial grains (~ 10 �m) takes place in the fuel
regions brought to above ~1,300 °C. This phenomenon is
accompanied by an intergranular precipitation of occluded
gases. This results in an increase in porosity volume, and a
macroscopic fuel expansion that partly contributes to fuel/clad
gap accommodation.

However, the most outstanding phenomenon regarding the
pellet’s morphological evolution is the pellet’s central zone
restructuring by sublimation-condensation of a U-enriched
vapor that is condensed on the coldest surface of the pore.
This mechanism being renewed all over the area undergoing
this phenomenon, that results in a higher Pu content of the
oxide towards the center. In fine that leads to the formation of
elongated or columnar grains (restructuring zone), and to the
appearance of a central hole for fuels in which the pellet is ini-
tially full (see Fig. 155 a).

In the case of an initially annular fuel, the same mechanisms
may take place. However, at an identical linear power density,
the centerline temperature of an annular fuel (on the edge of
the initial center hole) can be lower by 200 to 300 °C than that
of the full pellet fuel (see Fig. 155 b).
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Fission consequences

As a result of the increasingly notable occurrence of fission
products* in fuel, as irradiation39 is growing, a certain num-
ber of significant events take place within the fuel pin [4]. The
growing presence of fission products deeply impacts some
properties, and mixed oxide behavior under irradiation. It is
worthy to mention the following effects:

• The increase in the oxygen potential evidenced by mea-
surements on irradiated fuel in PHÉNIX. This phenomenon
is induced by the “oxidizing” character of fission40, that is
simultaneously expressed by an increase in the O/M41 ratio
of about 0.003 at%-1;

• Themelting temperature, which is to slightly decrease;

• The thermal conductivity which tends to be degraded due
to the combined effects of the gradual alteration in fuel com-
position, and of the radiation damage built up in the crystal-
line structure;

• The increase in fuel volume due to the presence of additio-
nal atoms, of course, and, last but not least, of compounds
and phases of a lesser density than the initial oxide, such as
mixed zirconates of type (Ba, Sr) ZrO3 (d ~ 5.4).

Main phenomena occurring during irradiation

Fission gas release
In the rated operating conditions of the fast reactor pin, with
the fuel being very hot on the average, a high amount of
gaseous FPs (Xe and Kr) is released into the pin’s plena.This
release ratio, that reaches 30-50% on the start of irradiation
(burn-up fraction < 1 at%), usually reaches 80 to 90% with a
higher burn-up fraction (Fig. 156).

Until burn-up fractions of 6-8 at%, fuel temperature is the main
driver of fission gas release (thermally activated diffusion). For
higher burn-up fractions, the microstructure of fuel outer part,
where fission gases have built up since the start of irradiation,
experiences a gradual evolution (fragmentation of initial
grains), which favors the athermal release of fission gases.

Fuel swelling
Hydrostatic density measurements performed on specimens
from irradiated fuels give access to this global change of
volume. A linear evolution of density can be observed, with a
slope of 0.7%.at%-1 (Fig. 157). After correcting the mass of
released fission gases, a swelling rate of about 0.6%.at%-1

can be deduced from it. As a matter of fact, this swelling ratio,
that seems to remain constant up to very high burn-up frac-
tions (20 at%), involves several effects: the variation in the
oxide matrix volume due to soluble FPs incorporation, the pre-
sence of new intermetallic (Ru, Tc, Rh...) and oxidized (Ba,
Sr, Cs… oxides) phases, the appearance of an oxide-clad
bond named JOG (a French acronym for Joint Oxyde-Gaine)
for high burn-up fractions, as well as a small contribution due
to occluded fission gases.

Experience feedback shows that this swelling is well accom-
modated by fuel creep as long as there remain “voids” in the
pin section: gap, cracks, open porosity, and central hole. For a

Fig. 156. Release rate of fission gases from SFR pins irradiated
in PHÉNIX.
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39. For a burnup of 15 at%, fuel contains 26% of foreign atoms (FPs)
occurring in various forms: solid solution in the matrix, oxide precipitates,
intermetallic precipitates, gas bubbles, etc.
40. The average valence of the 2 FPs generated by fission is about 3.4,
while that of fissioned plutonium is close to 4, hence the excess of oxygen.
41. For an irradiated fuel, the M of the O/M ratio corresponds to the sum
U + Pu + MA + soluble FP (Lanthanides + Y + 80% of Zr, that is about
0.63 atom/fission).
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rated power operation, clad loading by the
oxide/clad mechanical interaction remains
negligible in contrast with the loading induced
by the increased internal pressure in the pin as
a result of fission gas release (i.e. a few dozen
bars).Only during some power transients could
the clad possibly undergo a stronger loading.
As a matter of fact, in this case too, as shown
by experience, the stress level reached has sel-
dom resulted in a permanent clad deformation
or, finally, in a clad failure, during incidental tran-
sients (e.g., power transients experienced in
the CABRI safety test reactor).

Oxide fuel evolutions at high burn-up
fractions

The two main phenomena affecting the SFR
fuel pin at burn-up fractions > 7-8 at% are the
appearance of an oxide-clad bond, the so-cal-
led JOG (Joint Oxyde-Gaine) layer, and of an
internal corrosion of the clad (referred to as
ROG 42).

Oxide-clad bond (JOG) formation
A great number of experimental results have
helped evidence, on PHÉNIX pins displaying a
maximum burn-up fraction of ~ 7 at%, the
appearance and development, between the
pellet periphery and the clad, of a “solid” layer
mainly consisting of oxide compounds of fission
products, Cs, Mo, Pd, Te, Ba… (in particular
Cs2MoO4) [5]. The thickness of this oxide-clad
layer, the JOG (Joint Oxyde-Gaine), tends to
progress with the burn-up fraction (Fig. 158).
The physico-chemical analysis of its formation
highlighted the key role of the fission-induced increase in fuel
oxygen potential.

Clad internal corrosion
Most clads used in SFRs belong to the family of stainless
steels that are characterized by a chromium content higher
than 12% endowing the material with an a priori protective
chromium oxide layer. The increased oxygen potential
changes the chemical equilibrium of fission products occur-
ring in fuel, and favors the reaction of some of them, such as
caesium with chromium oxide, thereby leading to a depassiva-
tion of the inner clad wall. Simultaneously, other volatile fission
products, such as tellurium and iodine, made free by the asso-
ciation of caesium with chromium or molybdenum (see supra,
p. 149: “Oxide-clad bond (JOG) formation”), may then undergo
chemical reactions with the clad constituents (Fig.159).

Fig. 158. Castaing microprobe examination of the fuel-to-clad bond (JOG)
of a PHÉNIX pin irradiated at a maximum burn-up fraction of 14 at%. (LECA/STAR).

Fig. 159. A very strong internal corrosion (40% of clad thickness),
which affects almost all of the inner clad wall in a PHÉNIX pin irradiated
to a maximum burn-up fraction of 16 at% (LECA-STAR).

Clad internal corrosion only grows in the upper part of the fis-
sile column, where the factors favoring its occurrence can be
gathered, i.e. thermodynamic, thermal and geometric condi-
tions (no significant clad deformation through swelling). This

Na corrosion
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42. ROG: a French acronym for Réaction Oxyde-Gaine, i.e. “oxide-clad
reaction”.
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Table 14.

Concepts of U and Pu carbide and nitride fuel elements for SFRs

Main advantages Main drawbacks

Sodium bond concept Low temperature Fabrication and reprocessing

• Optimized Doppler* coefficient Severe clad carburization (nitriding)

• Moderate swelling Risk of occurrence of a faulty sodium bond

• No PCMI*

Helium bond concept “Conventional” fabrication Potentially high fuel thermics liable to lead

Lower risk of carburization (nitriding) to a strong fuel swelling and an early PCMI*

* PCMI: Pellet Clad Mechanical Interaction.

Fig. 160. Diametral deformation of helium-bonded carbide pins
irradiated in the American EBR II reactor.
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oxide-clad reaction (ROG) is most often evidenced, at a high
burn-up fraction, by a steel attack in volume that may affect
part or all of inner clad wall [6].

Carbides and nitrides

Pin design

Fuels of type U and Pumixed carbides or nitrides, that display
a far better thermal conductivity than oxide, provide margins
which improve the response of an SFR core43 during a tran-
sient.

Their chemical compatibility with sodium allowed a sodium-
bonded pin design to be experimented.The table below sum-
marizes the advantages and drawbacks of the two main
concepts likely to be considered for these fuels [4]. Table 15
shows that the main interest of the sodium bond concept lies
in a low temperature operation (< 1 000 °C).This results in a
moderate fuel swelling which, in principle, prevents any risk of
PCMI;

Unfortunately the French and international experience eviden-
ced severe gaps for this concept: a difficult industrial-scale
fabrication, a strong, almost unavoidable clad carburization
(nitriding) (C transport by Na), which makes this concept little
viable on a large scale.

In the case of the helium bond concept, the main issue to be
addressed is the PCMI. Targeting competitive burn-up frac-
tions with no high risk of failure entails a relevant pin filling den-
sity. As a matter of fact, experience has shown that this distri-
buted density had to be much more moderate than that

adopted for an oxide, and range between 75 and 80% of the
theoretical density (Dth) [seeTable 13]. It has to be distributed
between fabrication porosity and diametral gap, the latter
having to be maintained, for various reasons44, below 3 to 4%
of the pellet’s outer diameter.

Thus, the fabrication density has to range between 80 and
85% Dth. If the porosity remains steady under irradiation45, it
takes part in partially accommodating fuel swelling once the
pellet/clad gap has been accommodated, and it so contributes
to maintain the PCMI at an acceptable level (Fig. 160) [7].

Dense fuel swelling

As we have just seen, one of the major features of these fuels
lies in their high swelling rate relative to oxide.

It is allowed that under a critical temperature (Tc < 800 –
1,000 °C), swelling is athermal.This is chiefly attributed to solid
fission products, and to the presence of fission gas atoms in
supersaturation in the crystalline mesh, or occurring as nano-

Pins of high filling density: 87%
of theoretical density (Dth)

Pins of low filling density: 81%
of theoretical density (Dth)

43. These fuels provide gains in terms of reduced Na void coefficients,
plutonium content, and pressure drop, while improving the breeding gain,
the margin to melting, and the Doppler coefficient.
44. An excessively broad gap will lead to an intolerable fuel overheating,
as well as to a risk of clad puncturing through the uncontrollable displa-
cement of pellet fragments within the gap.
45. Studies to optimize the fabrication of a carbide fuel of high porosity,
thermally stable under irradiation, were carried out at CEA and in other
R&D organizations such as the European Institute of transuranians (ITU)
and the Japanese atomic energy agency (JAEA).
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metric bubbles (< 30 nm).The swelling rate, of an approximate
1.6%.at%-1, is linear with respect to the burn-up fraction46.

Above this critical temperature47, which gradually decreases
with the burn-up fraction, a number of observations have
shown that fission gas nanobubbles would quickly grow, and
become micrometric-sized bubbles which then generated a
gaseous swelling (Fig. 161).

In theory this swelling can grow to values of about 30-40%
before being saturated by interaction of this bubble population
with fuel microstructure, i.e. grain boundaries and manufactu-
ring porosity. However, as the free expansion capacity of fuel
swelling in a pin is not infinite, the pellet/clad gap is closed
before this saturation, and a pellet-clad mechanical interaction
is inevitable.

From then on, the pin is in a “forced” swelling condition whose
rate depends on various parameters, such as hydrostatic pres-
sure, imposed by the PCMI, and chiefly acting on gas swel-
ling, and the amount of voids still available in fuel as cracks
and porosities, to be used for partial accommodation of solid
swelling (see supra Fig. 160).

Metallic alloys

Metallic fuel is under consideration in several countries which
aim to develop the SFR type – the United States, Korea,
India – as the main alternative to oxide. It benefits from a signi-
ficant experience feedback from the United States (EBR-II:
1963-1994) [8] that as yet ensures performance comparable
to oxide in terms of burn-up fraction. Similarly to oxide, it also
provides a notable experience feedback for fuels with added
minor actinides (e.g., MÉTAPHIX in PHÉNIX, 9 at%).

Its main assets are a low doubling time*, a good compatibi-
lity with sodium, and, according to the United States: “a high
degree of inherent safety” 48 thanks to the positive feedback
from the full-scale tests performed in EBR-II, and from
the tests carried out in the TREAT safety reactor. The chief
features of the behavior under irradiation of the ternary alloy
U-Pu-Zr are related with its microstructural evolution and its
chemical interaction with the clad.

Radial redistribution of phases and constituents

Changes in phases and in local composition were evidenced
on U-Pu-Zr alloys. Zirconium solubility differs from one crys-
talline phase to another, and depends on temperature.Despite
a rather low radial thermal gradient (150 °C at 450W.cm-1), a
Zr thermal diffusion takes place from the start of irradiation,
which results in its radial redistribution (Fig. 162) [9].

These differences in Zr concentration impact a great number
of properties, such as the thermal conductivity, or the melting
temperature of the alloy.

Fig. 161. Swelling measured on a carbide fuel irradiated to a burn-up
fraction of 6.8 at% in RAPSODIE.

Fig. 162. Metallographic section of U-19Pu-10Zr irradiated
to 3 at% – radial profiles of U, Zr and Pu (Courtesy of ANL Lab).
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46. A value to be compared with ~0.6%.at%-1 for a mixed oxide.
47. Even if data relating to nitrides are scarce, it appears in the light of
density measures on pellets that their critical temperature would be about
150 °C higher than that of carbides.
48. Robert N. Hill’s (ANL) assertion, which is not shared by the CEA. For
his argumentation is acceptable only for small cores, such as SMRs (Small
Modular Reactors), for which the neutron leakage effect is significant.

U

Zr

Pu



152 SFR Fuel

Fuel deformations

As for other fuels, the swelling of U and Pu alloys is governed
by several mechanisms.

In addition to the usual mechanisms of swelling by “solid” fis-
sion products, and gaseous swelling due to the precipitation
and growth of fission gas bubbles, a cavitation49 swelling can
take place.At the usual operating temperatures (550-700 °C),
the last two mechanisms induce very high free swelling rates
(i.e. several dozen at%-1).

The American experience recommends a fuel pin filling den-
sity of at most 75% Dth. This value, obtained thanks to the
metallic rod/clad manufacturing gap, and to the occurring
sodium bond, allows a free swelling of about 30% vol, a thre-
shold from which gaseous porosity interconnection leads to a
significant fission gas release (60%) before the radial defor-
mation of the rod reaches the clad. Non-compliance with this
condition may result in a strong pellet-clad mechanical inter-
action likely to result in clad failure.

Besides, an (axial versus radial) anisotropic swelling can be
observed. It arises from the swelling differential between the
metallic rod center and periphery, and is directly associated
with the occurrence on the radius of several crystalline phases.
In fine, the diametral deformation is generally much higher
than its axial component, which may induce a cracking of the
metallic rod’s outer zone, and allow sodium inflow, as well as
some improvement in the peripheral thermal conductivity.
Following contact, the swelling rate strongly decreases, and,
providing a low equilibrium stress is applied in the clad, swel-
ling is accommodated by the alloy’s high ability to creep in the
porosities generated.

Alloy/clad chemical interaction

The chemical interaction between metallic fuel and steel clad
is a phenomenon that is not easy to understand, due to the
high number of elements involved: the basic elements of the
fuel alloy (U, Pu, Zr), and of the clad (Fe, Cr, Ni), impurities,
and fission products, among which lanthanides.

This corrosion issue (Fig. 163) involves two features: on the
one hand, the reduction of the sound clad thickness, and, on
the other hand, the formation of compounds with a relatively
low melting point (eutectics) in the periphery of fuel. As shown
by experience feedback, adding zirconium at 10 wt.% mini-
mizes the attack kinetics, whereas adding plutonium correla-
tively tends to increase it, and to favor the formation of eutec-
tics at lower temperatures.

There does not exist any specific remedy against this corro-
sion, excepting as part of the operating conditions, by limiting
the maximum clad temperature to 620 °C (700 °C for the
oxide), a condition that accounts for a notable penalty on the
core's thermodynamic efficiency.

Oxide? Metal? Carbide? Nitride?
The choice is still open
Referring to the future 4th-Generation SFRs, mixed oxide fuel
is still the reference fuel due to a well-controlled in-reactor
behavior that benefits from the paramount French and inter-
national experience feedback in normal operating conditions
as well as during incidental, or even accidental, transients. In
addition, it benefits from a very broad industrial experience for
both its fabrication (see Table 15) and its spent fuel treatment
(or reprocessing).

Today, only metallic fuel, historically used as early as the fifties
by the first LMFBRs, could boast an experience feedback a
priori sufficient to make of it a credible alternative to oxide.

As for carbide and nitride fuels, they are still insufficiently
mature.Yet they do have assets (high density in heavy atoms,
significant margin to melting in rated operating conditions,
favorable Doppler coefficient) that make them rank as first for
increasing SFR core performance and safety (preventing
severe accidents).

49.This swelling, which was quite early evidenced on enriched, unalloyed
enriched metal uranium, is characterized by the occurrence in the alloy of
cavities of a very irregular shape that reveal a fairly upset microstructure.

Fig. 163. Corrosion evidencing the roles of nickel and of some
lanthanides in a type D9 austenitic steel clad U-Pu-Zr fuel pin
irradiated to a 12 at% burn-up fraction [ANL (Argonne National
Laboratory)].
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Table 15.

Fabrication at the Cadarache plutonium treatment plant (ATPu) of oxide fuels
for fast reactor between 1963 and 1999

Reactor Number of pins Number of pellets Pellets Mass Pu (t)
(millions) (tons HM)

RAPSODIE 28,536 1.0 1.2 0.35

PHÉNIX 180,941 12.6 32.4 8.20

SUPERPHÉNIX 208,396 16.9 71.2 12.70

PFR (GB) 9,555 0.7 1.6 0.54

Total 427,428 31.2 106.4 21.80
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Fast Neutron Reactor
Fuel Cycle

The combined set of neutron captures and fissions is diffe-
rent in thermal neutron reactors and in fast neutron reactors.
All actinides* are fissile* under the effect of fast neutrons,
while only some of them (U 235, odd plutonium isotopes) are
fissile under the effect of slow neutrons.Hence this result: whe-
reas minor actinides build up in the first category of reactors,
burning them may be envisaged in the second category.

So, with fast neutron reactors, fuel cycle stands as a particu-
larly important stage: plutoniummultiple recycling* paves the
way to using the whole energetic potential of heavy nuclei, the-
reby resolving the issue of resources, that questions the sus-
tainability of current fission nuclear power.

Fast neutron reactors (FRs)
and their fuel cycle for a cleaner,
better natural resource-saving
nuclear energy
The major asset of fast neutron reactors lies in their ability to
generate as much fissile material as is burned by them, or
more than is burned. So, through successive recyclings, fast
breeder reactors can use almost all of the energy contained in
uranium, that is a hundred more than an ordinary water reac-
tor (Fig. 164).

As a comparison, a typical PWR-UOX (1GWe) needs 180 t of
natural uranium per year, and produces 0.25 t of plutonium per
year. A fast breeder reactor of the same power would need
between 15 and 20 t of Pu (with constant breeding), and would
consume nomore than 1 to 2 tons of natural uranium per year.
Fast reactors could even operate using the huge stockpile of
depleted uranium currently unused by the water reactor fleet.
So fast neutron reactors resolve the issue of fissile mate-
rials resources.

Fig. 164. Formation of a (fissile) plutonium 239 nucleus by capture
of a neutron on (non-fissile) uranium 238.The fission of a nucleus
generates several neutrons. Only one of these neutrons is required
to sustain the nuclear chain reaction.The other neutrons can form
other fissile nuclei by capture on uranium 238 in order to form
plutonium 239. A converter* (isogenerator) or breeder* reactor
can generate as much fissile material as is burned, or more than
is burned. Fissile material then acts as a catalyzer, constantly
regenerated as it is being burnt.With this type of reactor, what is
truly burnt in fine is fertile material U 238.

U 238 U 239 Np 239 Pu 239

n 23.5 Min 2.35 days

e-

e-

Sodium-Cooled Nuclear Reactors
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In thermal spectrum reactors, actinides capture a significant
part of neutrons without fissioning, which results in the forma-
tion of increasingly heavy nuclei, all of them radioactive, to be
found in waste. In fast spectrum reactors, capture and fission
coexist for all actinides, which allows equilibrium to be reached
in their neutron balance.

Still for comparison, a typical UOX PWR (1GWe) generates
16 kg of minor actinides every year.Recycling Pu as MOX fuel
makes it possible to stabilize the Pu inventory, but minor acti-
nides are not burnt, and build up. Now, a fast converter reac-
tor of equal power can burn the minor actinides it generates.
So, with this type of system, nuclear cleanliness can be impro-
ved throughminimizing the amount and toxicity of waste.

However, minor actinide recycling in reactors is but an option,
which displays not only advantages, but also drawbacks. It
implies the delicate handling of radioactive materials to fabri-
cate and manage new fuels. In addition, recycling will proba-
bly entail some reduction in the performance of actinide-bur-
ning reactors.On the other hand, if actinides are recycled, the
inventory circulating in reactors will probably not be negligible.
Therefore, the complexity – and dangers – of handling minor
actinides will have to be balanced against the environmental
benefits provided by recycling. This comparison will have to
take account of the fact that actinides display a quasi-immobi-
lity in the underground environment due to their chemical pro-
perties, and so could be sent to a geological repository with
presumably excellent long-term safety conditions for the envi-
ronment.

So the main argument for fast neutron reactors is that of saving
fissile material.The argument of their “cleanliness” only ranks
as second in justifying their deployment. As a consequence,
fast reactors are likely to emerge only if – or when – saving fis-
sile material, their specific quality, becomes a key factor of suc-
cess. We shall hereafter review three of the important, and
specific, features of sodium-cooled fast reactor fuel cycle: the
synergy of fast reactor - PWR fuel cycles, the experience of
fuel treatment*, and minor actinide transmutation*.
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Water Reactors, Fast Reactors
and Fuel Cycle: an Integrated System

Fast neutron reactors
and fuel cycle are undissociable
With fast reactors, fuel cycle assumes a particular importance,
for plutonium multiple recycling paves the way to using the
whole potential of heavy nuclei, which resolves the issue of
resources, and makes nuclear power fully sustainable.
Moreover, this technology can help minimize ultimate nuclear
waste.Yet, this implies access to treatment* technologies that
can close fuel cycle.So, almost by definition, a fast reactor has
to be backed by a fuel cycle. Only this whole set will make it
possible to take full advantage of this reactor type.

Fast neutron reactors and water
reactors are complementary
Today in France there exists a fuel cycle associated with water
reactors. Figure 165 summarizes its operation, and gives the
order of magnitude of corresponding annual materials fluxes.

The first feature to be seen on this figure is an annual output
of about 10 tons of Pu per year.This shows that PWRs, toge-

ther with their fuel cycle, are precious for establishing a fast
reactor type needing plutonium to start up its first cores.Then
breeding enables the reactor type to be self-sufficient, but only
in the long term: as doubling times* are still significant, water
reactor support is still necessary. Of course a fast reactor can
be also operated using enriched uranium instead of plutonium.
Such was the case with the PHÉNIX startup core, or for the
current operation of the BN-600 reactor in Russia. But that
means losing many advantages, and, especially, the issue of
long-term uranium resources is not solved.

In contrast, we can also pinpoint in Figure 165 an annual out-
put of 940 tons of reprocessed uranium (REPU). For neutro-
nics reasons, this uranium can be recycled only once in a
water reactor. This is due to the formation of even isotopes of
uranium which are poisons for PWR operation. As for pluto-
nium, it is re-used in PWRs as MOX fuel, but here again, it can
be used only once, due to its degrading isotopic quality. So
only fast reactors can ensure the multiple recycling of these
products, and their use is necessary to minimize PWR ultimate
waste.

Fast Neutron Reactor Fuel Cycle

Fig. 165.The materials cycle in the French fleet (indicative annual fluxes for an annual output of 400 TWh).

Fuel fabrication

Uranium enrichment

Uranium conversion

Mining activities and refining

PWR

Depleted
REPU
800 t

FPs
Minor

actinides
40 t

Natural
uranium
8,000 t

Spent MOX
120 t Spent ERU

140 t

Depleted
uranium
7,000 t

MOX 120 t

ERU 140 t

UOX 1,000 t

Spent UOX 1,000 t

Plutonium 10 t

Uranium (REPU) 940 t

Treatment



Pu in spent MOX fuels recycled
in fast reactor MOX fuels to start

deploying fast reactors

“Mixed” fleets

Flexible scenarios

158 Water Reactors, Fast Reactors and Fuel Cycle: an Integrated System

This waste (fission products and minor actinides) are currently
generated by the French fleet up to approximately 40 t/year.
In addition, the French fleet also builds up spent MOX fuels
(120 t/year), depleted reprocessed uranium (800 t/year), and
the re-used reprocessed uranium (140 t/year), all of three cur-
rently having no use, but being likely to serve as fuel in a fast
reactor fleet.

In addition, fast reactors can burn minor actinides through
transmutation (see infra, pp. 171-176, the chapter “Minor
Actinide Transmutation in Fast Neutron Reactors”), which
would further reduce the amount and toxicity of this ultimate
waste.

So combining PWRs and fast reactors in the fleet can open
the way to very flexible fuel cycle scenarios (Fig. 166). For
spent fuel treatment techniques in the two reactor systems are
not significantly different (see infra the corresponding French
experience, pp. 163-172, in the chapter “SFR Fuel Treatment
Experience”).

Scenarii for deploying fast reactors
The coexistence over long time periods of 2nd and 3rd
Generation water reactors with fast reactors under deployment
leads to consider different types of scenarios, the purpose
being to optimize the uranium resource, and to minimize ulti-
mate waste.

The three scenarios for deploying nuclear power reactors on
the French ground, presented in this monograph, are being
studied, basing on a constant electric power output of 430
TWhe, with a view to preparing the LWR-GEN IV transition,
and to evaluating the various Pumanagement strategies to be
implemented depending on the deployment size or rate [1].
The basic scenario of the studies is shown on Figure 167. In
this scenario, the fast reactor deployment would be performed
within two steps, with the commissioning of the first-off in 2040,
followed by the construction of plant units in order to reach an
installed electrical output of 20 GWe by 2050.This deployment
in substitution for LWRs would require, around 2030, a capa-
city for treating spent LWR MOX fuels of about 300 t/year, in
order to ensure fuel supply with plutonium.The second deploy-
ment phase would then start, by the end of the century, with
the recycled plutonium from the first spent fast reactor fuels.A
second scenario being investigated would be a deployment of
fast reactors around the end of the century. As shown on
Figure 168, this deployment would take place in a single step,
but would result in a stronger need for plutonium, requiring
capacities for treating spent LWR MOX fuels of about
1,000 t/year. Finally, a third scenario under study would consi-
der a gradual deployment of fast reactors, likely to be tailored
according to needs, which would complete the operating PWR
fleet. In this scenario shown on Figure 169, the fast reactor
deployment could be adjusted on the output of plutonium ari-
sing from spent UOX fuel treatment (~1,000 t/year).

Fig. 166. Coupling between the fuel cycles of pressurized water reactors (PWRs), and of fast neutron reactors (FRs).
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Flexibility and
complementarity
So we can see that PWRs and fast
reactors with the related fuel cycle are
complementary to ensure the availabi-
lity of uranium resources in the long
term, and to significantly reduce final
waste. This complementary operation
can be performed with a high flexibility,
basing on a common fuel cycle.

Bernard BOULLIS,
Innovation and Nuclear Support Division

and Joël GUIDEZ,
Nuclear Energy Division
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Fig. 167. Scenario for deploying fast neutron reactors from 2040 onwards, as a substitution
for light water reactors (LWRs).
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Fig. 168. Scenario for a delayed deployment of fast neutron reactors in substitution for light
water reactors (LWRs).
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Fig. 169. Scenario for a gradual deployment of sodium-cooled fast reactors (SFRs)
as a complement for operating light water reactors (LWRs).
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Fig. 170.The French operating experience of fast reactor MOX fuel treatment.

Fig. 171.View of the AT1 plant, a prototype for treating fuels from
the French fast reactor type.

• The UP2-400 plant at La Hague, where the treatment of
these fast reactor fuels was carried out in dilution with fuels
from the natural uranium graphite gas (UNGG) reactor type.

Figure 170 shows the time periods over which fast reactor
mixed oxide fuels were treated in these three facilities, as well
as their distribution among the latter.

Operating experience at La Hague AT1 plant

Figure 171 provides an overview of this workshop, that was
the prototype workshop for treating fuels of the French fast
reactor type.

Treating uranium and plutonium
oxide fuels from sodium-cooled fast
reactors: the French experience
Developing the sodium-cooled fast reactor type with a view to
plutonium breeding was aimed at generating sufficient fissile
material for fueling reactors of this type. In this background,
the issue of fuel “reprocessability” (or “treatability”) was exa-
mined quite soon, as early as the sixties, the purpose being to
get an industrial treatment process mainly based on the
PUREX process. In addition to the laboratory studies conduc-
ted in the hot laboratories of the regulated nuclear facility INB50

at CEA/Fontenay-aux-Roses, the treatment* of these fuels
took place successively in three facilities [1]:

• The AT1 experimental pilot workshop at La Hague, which
operated between 1969 and 1979 at a maximum treatment
capacity of 1 kg/d (150 kg/year);

• The Marcoule pilot workshop (APM), under operation bet-
ween 1973 and 1997, whose initial capacity of 2 t/year was
brought to 5 t/year in 1988;

SFR Fuel Treatment Experience

Sodium-Cooled Nuclear Reactors 161

Fast Neutron Reactor Fuel Cycle

50. INB: a French abbreviation for Installation nucléaire de base, “a regu-
lated nuclear facility”.
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It was under operation between 1969 and 1979, and tested
treatment techniques on fuels from RAPSODIE, FORTIS-
SIMO, and PHÉNIX. As for the two other facilities, fuel sub-
assemblies were dismounted in fuel examination cells (LDAC
at Cadarache for RAPSODIE, and CEI 51 for PHÉNIX), and
pins removed for treatment arrived on sites conditioned in a
case.

Access to fuel was performed pin by pin by mechanical shea-
ring (“single-pin shearing”). The fuel pin segments recovered
were dissolved in a batch dissolver fed with concentrated nitric
acid (see Fig. 172). Uranium and plutonium were separated,
and purified, from fission products through extraction cycles
(a total of four) performed in mixer-settlers. Conversion into
plutonium oxide was carried out through oxalic precipitation.

Table 16 shows all of the test series conducted in AT1 that allo-
wed “fast” fuel treatment principles to be validated on more
than 15,000 pins (for RAPSODIE, FORTISSIMO and PHÉNIX
as a whole), with specific burn-ups* varying from 40,000 to
120,000 MW d/tox, and cooling times between 6 and over
24 months.

AT1 last two operating years were devoted to nuclear house-
keeping operations.When permanent shutdown was pronoun-
ced in 1979, AT1 had treated a total of over 800 kg of uranium
and plutonium.

Operating experience at the Marcoule pilot plant
(APM)

Spent fuel treatment at the Marcoule pilot workshop (APM)
was first carried out on theTOP line, of a 2 t/year capacity, bet-
ween 1973 and 1983. Then, a refurbishing of the APM was
undertaken between 1984 and 1987, with the construction of
the TOR line, so as to bring the APM treatment capacity to
5 t/year.A view of the refurbished APM is given on Figure 173.
It is worthy to note that the APMTOP andTOR lines were desi-
gned in safe geometry so that they can operate with no limita-
tion of concentration or mass during the treatment of pluto-
nium-enriched fuels of a maximum 28% Pu/U+Pu content.
Besides, they were fitted with devices developed to take
account of the specificities of fast reactor fuels on their arrival
at the workshop.

TheTOP line, which can be seen on Figure 174, treated RAP-
SODIE-FORTISSIMO fuels, as well as fuels of the KNK-I
German reactor (6.7% U 235 enriched UO2), between 1973

Table 16.

Fuel treatment test series conducted in the AT1 workshop

Fuel Number U+Pu Core max. Cooling
treatment of pins amount burn-up time
test series (kg) (MW d/tox) (months)

1969 281 16.5 40,000 6

1970 576 43.4 53,000 6

1971 641 49.1 52,000 12

1972-A 934 37.1 52,000 2.5

1972-B 634 46.5 55,000 > 6

1972-C 1,808 70.5 85,000 2 – 6

1973-A 697 49.2 55,000 12

1973-B 760 25.7 68,000 12

1974-A 3,103 115.5 90,000 4 – 12

1974-B 1,687 80.4 90,000 12

1975-A 190 34.3 8,350 -

1975-B 908 33.6 95,000 1.5 – 5

1976-A 534 11.3 24,000 -

1976-B 303 10.8 120,000 6

1976-C 454 17.2 85,000 12

1976-D 152 5.5 85,000 12 – 24

1977-A 166 28.4 44,200 8

1977-B 11.9 - >24

1977-C 156 7.9 - >24

1977-D 1,493 58.8 90,000 >24

Total 15,477 753.7

Fig. 172.View of the dissolution cell at the AT1 workshop.

51. CEI: a French abbreviation for Cellule d’examen des éléments irra-
diés, “irradiated element examination cell”.
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and 1976, and then, PHÉNIX first core (2.3 t), consisting of
26%U 235 enriched UO2, and, finally, PHÉNIX Pu cores (6.8 t
of Pu) between 1978 and 1983.

Table 17 summarizes the PHÉNIX fuel treatment campaigns
(i.e. the equivalent of 143 fissile fuel sub-assemblies) conduc-
ted in the APM TOP line.

Between 1988 and 1991, the TOR line commissioned in 1988
allowed 7.2 t of U and Pu arising from PHÉNIX Pu cores to
be treated, irradiated at burnups up to 105,000 MW d/tox.
During this time interval, and until 1994, the fuels of the
German KNK-II reactor consisting of 40-60% U 235 enriched
UO2 and U and Pu mixed oxide were also treated. Table 18
summarizes the PHÉNIX fuel treatment campaigns conduc-
ted in the APM TOR line.

Table 18.

PHÉNIX fast reactor fuel treatment campaigns
conducted in the TOR line of the Marcoule
pilot plant (APM)

Fuel U+Pu Core max. Cooling
treatment amount burnup time
campaign (kg) (MW d/tox) (months)

P6-core 2 185 < 77 000 60 to 72

P7-core 2 457 76,000 to 84,000 61 to 78

P8-cores 1 and 2 3,958 73,000 to 103,000 64 to 74

P9-cores 1 and 2 2,232 62,000 to 98,000 40 to 83

P10-cores 1 and 2 411 71,000 to 105,000 30 to 122

Total 7,243

At the APM, pins distributed in various trays in the mechanical
cell (see Fig. 175) were sheared pin by pin as in the AT1.

Fig. 174.View of the TOP line at the Marcoule pilot plant (APM).

Fig. 175.TOR line cell for fuel pin mechanical treatment.

Fig. 173.View of the refurbished Marcoule pilot plant (APM).

Table 17.

PHÉNIX-type fast reactor fuel treatment campaigns
conducted in the TOP line of the Marcoule
pilot plant (APM)

Run U+Pu Core max. Cooling
amount burnup time
(kg) (MW d/tox) (months)

P0-core 1 154 37,000 10 to 30

P1-core 2 198 37,000 to 48,000 14

P2-core 1 740 55,000 to 65,000 30 to 50

P3-core 2 1,840 55,000 to 72,000 23 to 40

P4-core 2 2,193 55,000 to 83,000 14 to 40

P5-cores 1 to 2 1,644 35,000 to 101,000 15 to 42

Total 6,769



Fig. 176.View of the Marcoule pilot plant (APM) TOR line dissolver.

Fig. 177. Prototype of the helical continuous wheel dissolver.

Fig. 178. Hulls melting cell.

iodine on a solid support). Innovative devices, such as the heli-
cal continuous dissolver (DCH52), or hulls*melting, presented
on Figures 177 and 178, were installed, but never operated.

It is also worthy to mention research on fission products vitri-
fication that was carried out at the Marcoule pilot workshop
(APM).

It is also worthy to note that Marcoule PIVER plant vitrified the
fission products solutions arising from the treatment of two
tons of PHÉNIX fuel.

To sum up it all, the experience of fast fuel treatment in the
APM relating to a mass of 13.5 tons of heavy metal from the
PHÉNIX reactor is significant indeed.All the stages of the pro-
cess, from pin receipt to the delivery of finite products, were
relevantly managed, with performances comparable to those
obtained during the treatment of other types of spent fuels,
whether considering the fissile material recovery, or the col-
lection of required specifications (decontamination and purifi-
cation factors).

Dissolution was carried out in a “batch”mode using concentra-
ted, boiling nitric acid in a dissolver, the latter consisting of a
tube and a “slab” (see the device on Figure 175).

Uranium and plutonium extraction and purification cycles, a
total of three, were implemented in pulsed columns and
mixer/settlers.

Pilot R&D units integrated into the TOR line tested technical
improvements of chemical and mechanical processes, such
as the withdrawal of the pin spacer wire* before the shearing
step and the trapping of dissolution gaseous effluents (chiefly
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52. DCH: a French abbreviation for dissolveur continu hélicoïdal, “helical
continuous dissolver”.



Fig. 179. Opening of the hexagonal wrapper tube by the “copper
cracking” process.

plant dedicated to treating fast reactor spent fuels, it seems
indispensable to design head-end equipment that can allow
pins to be introduced to the facility still fitted with their spacer
wire.

Fuel dissolution

Two aspects are to be considered: the most ever complete dis-
solving of uranium and plutonium in nitric acid on boiling, and
the resistance of the cladding material in this same medium.

Uranium oxide and plutonium oxide form solid solutions
soluble in nitric acid up to Pu contents of about 35%. Beyond
this value, as mentioned on Figure 180, their insolubility is
significant, and mixed oxide is then considered as insoluble.

PHÉNIX cores (core 1 with a Pu content of 18-21%, and core
2 with a Pu content of 25-28%) have not raised particular pro-
blems of dissolution within the limits of tested burnups
(≤ 100,000 MW d/tox), as fuel Pu mass associated with inso-
luble materials was at most of about 0.1%.However, this point
will have to be checked in the future for burnups exceeding
100,000 MW d/tox.

The fuel treatment campaigns conducted at the APM allowed
the operation of the facilities to be tested over significant per-
iods of time, so as to bring information about the nature,
amounts, and activities of the process waste and effluents
generated, and to ensure the relevant management of the rela-
ted analytical operations.

Spent fuel treatment at La Hague UP2-400 plant

Between 1979 and 1984 the UP2-400 plant at La Hague trea-
ted about 10 tons of fuels from PHÉNIX inner core (i.e. the
core with the lowest Pu enrichment) irradiated at burnups ran-
ging from 24,000 to 91,000 MW d/tox. As the plant was not
designed for treating fast reactor fuel, the following provisions
were taken when treating: pin shearing directly with their trans-
port case, batch dissolution carried out at low Pu concentra-
tion, and dilution of dissolution solutions with natural uranium
graphite gas (UNGG) fuel solutions before sending them to
the extractions unit.

French experience feedback from
spent fuel treatment operations:
recorded results

Sub-assembly dismantling

The thick hexagonal wrapper tube* (HT) of fast reactors
(3-5 mm) obviously does not allow the shearing of the whole
sub-assembly, as is done for water reactors. Sub-assemblies,
previously washed in order to get them rid of residual sodium,
have to be dismantled (head and foot separation, and HT ope-
ning) so that pins can be removed from them.

The HT opening operation was performed at the irradiated ele-
ment examination cell (CEI) of the PHÉNIX plant through the
following successive operations: mechanical milling on two
opposite angles of the HT, spacing of the two HT halves, and,
finally, removal of the various pin trays, to be put into cases. If
this robust, tried technique is well adapted to low treatment
rates, HT opening by the copper cracking technique develo-
ped at LECA (see Fig. 179) would seem better appropriate for
an industrial-scale treatment.

Pin shearing

This operation raises the issue of whether the spacer wire with
which pins are helically wrapped, has to be removed or not.
The answer depends on the operating mode of the shearing
tool and of the dissolver.

It will be noted that in the case of PHÉNIX experience the ope-
ration was conducted without previously removing the spacer
wires. Fuel pin shearing into segments was performed without
any major problem, either pin by pin (AT1, TOP), or on pin rows
(TOR), or by direct shearing of cases (UP2-400). For a future
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Fig. 180. Solubility of solid solutions (U,Pu) O2 in nitric acid.

Waste

The Marcoule PIVER facility vitrified fission products solutions
arising from the treatment of 2 tons of PHÉNIX fuel. Thus,
glass containers containing 100% of fast reactor raffinates
were produced. However, it is worthy mentioning that these
glasses exhibited loading ratios of about 8%, i.e. lower than
those of current “R7/T7” glasses. An increase in this loading
ratio would mean exceeding the alpha dose integrated over
10,000 years, currently specified at 1019 alpha disintegrations
per gram. The chromium content (corrosion product of clad-
ding waste) in fission products solutions could also limit the
loading ratio, for chromium oxide is not easy to dissolve in
glass (the current “R7/T7” glass specification establishes a
maximum Cr2O3 content of 0.6%).

As long as these bounds (alpha dose integrated over 10,000
years, and Cr2O3 content) are not pushed further as part of a
new specification, vitrification will be required for fission pro-
ducts raffinates arising from fast reactor fuels treatment in dilu-
tion with UO2 fuels treatment raffinates. This is a difficulty to
be met today in treating large amounts of LWR MOX fuels. It
is worthy to mention that using dilution provides the advantage
of escaping the chromium incorporation issue.This very prin-
ciple was implemented at the Marcoule vitrification workshop
(AVM 54) for vitrifying PHÉNIX raffinates treated at the
Marcoule pilot workshop (APM), with a dilution by natural ura-
nium graphite gas (UNGG) raffinates.

The issue of managing the dissolution residues of fast reactor
fuels has not yet been fully coped with. In addition, incorpora-
ting them into glasses, at a 3% content as currently limited, is
difficult due to their particle size.Two alternative routes can be
considered for the future: incorporation into the molten hulls
ingot, or manufacturing a specific glass incorporating dissolu-
tion residues at high contents.

The development of a process for melting fast reactor fuel
cladding waste (hulls, spacer wire…), mainly consisting of
stainless steel, has been kept at the laboratory stage (eight
ingots of 3.4 kg manufactured). Nevertheless, melting seems
to be the process to be privileged for the future, resulting in
the generation of dense, bulk waste.

An operating experience feedback unique
in the world

The three facilities AT1, APM, and UP2-400 treated a total of
about 25 tons of fast reactor fuels, irradiated to burnups of
100,000MWd/tox., and for most of them cooling has only been
initiated. However, that French experience has no equivalent
worldwide, regarding both the treatment process control, and
waste management.

The steel grades used for fuel pin cladding in PHÉNIX last
cores, which at least contained 15% chromium – i.e. 316 L,
316 Ti, 15-15 Ti – all displayed a suitable resistance to corro-
sion by the dissolution medium, thereby allowing the imple-
mentation of an industrial “chop and leach” (or “shear-leach”)53

process. That could be no more the case in the future if sub-
assembly designers, in their seeking to reachmuch higher bur-
nups (∼ 150,000 MW d/tox), had to use ODS type martensitic
steels with a chromium content lower than 10%.

Clarification

Separating insoluble products from the dissolution solution by
centrifugation before the extraction operations does not raise
any specific problem in the case of a low treatment capacity.
In contrast, treating large amounts of fast reactor fuels will
require a specific management of the criticality risk, and of the
thermal impact at this step of the proces.

Extraction cycles

These operations have not raised specific problems, and the
improvements brought since then as part of water reactor
spent fuel treatment can be transposed to a fast reactor spent
fuel treatment plant. Yet, it is worthy noting that, in order to
remain within the usual standards of solutions thermal power,
and to get decontamination factors in ruthenium, in finite pro-
ducts, complying with specifications, it is better to allow fuels
to cool for at least five years in a pool before performing their
treatment.
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Alternatives to SFR mixed oxide fuel
Candidate fuels for substituting for U and Pu mixed oxides in
fast reactor fuels mainly are carbides, nitrides, and metallic
alloys.Their behavior in spent fuel treatment differs according
to materials [3].

Mixed carbide (UPu)C was developed mainly in India for the
fuel cycle of the FBTR reactor. One of the properties of this
ceramic is its pyrophoricity* in air in a divided state which
makes it necessary to perform an “inerting” of dry operations:
fabrication, and mechanical treatment before dissolution.
Carbide is quickly dissolved in concentrated nitric acid, but
forms in solution organic carbonate species inducing pluto-
nium losses in the raffinates and in the solvent in the extrac-
tion cycles. So the PUREX process cannot be applied to car-
bide treatment without adapting dissolution conditions so as
to get a mineralization of these species.

Nitrides are mostly investigated in Russia and in Japan.
Similarly to carbides, they are pyrophoric in the divided state.
Uranium nitrides and mixed nitrides (UPu)N are soluble in
concentrated nitric acid. Treating (or reprocessing) nitrides
entails to resolve the two following problems: first, their high
content in C 14 (a : emitter with a 5,600-year half-life) formed
during irradiation by nuclear reaction with nitrogen
N 14(n,p)C 14, and being released during dissolution as
CO2 14 that has to be trapped; secondly, the formation in solu-
tion of high amounts of ammonium ions that have to be des-
troyed in effluents prior to vitrification.

Even if the metallic alloy U-Pu-10Zr can be treated through the
hydrometallurgical* route, as shown by the EUROCHEMIC
experience [4], constraints in using fluorhydric acid required
for dissolution, and possible precipitations on dissolution of
uranium fluorides make this process little attractive for an
industrial application. Molten salt electrorefining, a process
developed at the United States by the Argonne National
Laboratory, seems to be better appropriate for treating this
type of fuel [5]. A pilot facility set up on the Idaho Falls site has
already treated over 3 tons of metallic fuel arising from the
EBR-II reactor using this technique.

An alternative to hydrometallurgy*:
treating fast reactor metallic fuels
by pyrometallurgy*
In the American Integral Fast Reactor (IFR) project in the eigh-
ties, it was planned to recycle the whole of actinides (U, Pu,
Am, Np et Cm) of the driver metallic fuel U-Pu-Zr in a molten
salt medium [6], considered to be more adapted for treating
this type of material than the PUREX process.With a view to
this treatment, the Argonne National Laboratory proposed to
combine a main step of irradiated fuel electrorefining in LiCl-
KCl at 500 °C, and further steps of molten salt / liquid metal

Despite these advances that, concerning some of them, resul-
ted in innovating in the technology of devices, this experience
feedback highlighted the process features and the devices
where significant R&D efforts are still necessary to reach a
mature, robust process for treating large amounts of fast reac-
tor fuels [2].

Fast reactor fuel production

On the other hand, part of the plutonium recovered during
recycling (i.e. 3.3 t) was used to fabricate PHÉNIX fuel. That
demonstrated, indeed, the closing of the fast reactor fuel cycle,
and the feasibility of plutonium multiple recycling (Fig. 181).

The fabrication of future SFR fuel will be different whether
minor actinide recycling is envisaged or not. If they are not
recycled, fast reactor MOX fuel fabrication will not differ much
from that of PWR MOX fuel, currently well controlled by the
French industry. In contrast, if minor actinide recycling is consi-
dered, their radioactivity will have to be faced, which will signi-
ficantly complicate fuel fabrication: the latter will have to take
place in a shielded line due to the necessary radiation protec-
tion provisions.

Two sub-options are considered: heterogeneous recycling, in
which minor actinides are concentrated in transmutation taar-
gets accounting for a low number of tons, and homogeneous
recycling, in which they are diluted in MOX fuel. These two
options will be examined later on (see infra, pp. 171-176, the
chapter “Minor Actinide Transmutation in Fast Neutron
Reactors”).
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Fig. 182.View of a metallic uranium deposit on the solid cathode
of an electrorefiner.

Fig. 183. Principle of the ANL electrorefining process.
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another, hence the possibility to recover them as grouped in
the metal, with an An/Ln separation factor over 20.

The specific quality of pyrochemical treatment, referred to as
pyroprocessing, is to be a compact process, well adapted to
metallic fuel treatment. In contrast, it is not well adapted to an
oxide fuel cycle. Even if this process has not yet reached the
maturity level of the PUREX process in terms of waste sepa-
ration and management performance, INL advances have led
countries such as India and Southern Korea to focus their
attention on this process, and launch large-scale programs of
tehcno;logical development and industrialization [8], [9] in
order to get the first industrial pyroprocessing units around
2030 (Fig. 185).

extraction. The IFR project was halted in 1994. Yet, as the
development of the electrorefining process had reached a
pilot-scale development stage, that technique was put forward
for the recovery and reconditioning of the irradiated metallic
fuels U-Zr [7] of the EBR-II (Experimental Breeder Reactor-II)
and FFTF (Fast Flux Test facility) reactors. For their “as is” dis-
posal on the U.S. territory was deemed to be hazardous, espe-
cially because of the sodium thermal bond. The demonstra-
tion campaign took place between 1996 and 1999, during
which 100 driver fuel sub-assemblies (i.e. about 410 kg of enri-
ched uranium) and 25 fertile fuel sub-assemblies (i.e. 1,200 kg
of depleted uranium) were treated at Idaho Falls using this
technique, with uranium being recovered for the purpose of
storage. A view of uranium deposition on the cathode is given
on Figure 182.

As shown on the schematic diagram on Figure 183, the elec-
trorefining process consists in an anodic dissolution of fuel fol-
lowed by an electrodeposition on cathodes of actinides under
metallic form, in a molten salt electrolyte.

As depicted on Figure 184, which gives the apparent standard
potential of actinides and lanthanides on various types of
cathode, uranium can be recovered separately from the other
actinides on an inert solid cathode. In contrast, on a liquid cad-
mium cathode, actinide potentials are relatively close to one
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Fig. 185.The PRIDE prototype plant for investigating the pyrochemical treatment of nuclear fuel (Southern Korea).

are considered for recycling these minor actinides, which
means different types of fuel: heterogeneous recycling, in
which minor actinides are concentrated in transmutation tar-
gets accounting for a low number of tons, and homogeneous
recycling, in which they are diluted in MOX fuel. Both options
will be examined in the following chapter of this Monograph.

Michel MASSON,
Radiochemistry and Processes Department
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Minor Actinide Transmutation
in Fast Neutron Reactors

Selecting the elements
to be transmuted
Transmutation does have a meaning only if it is coupled with
previous strategy for treating fuel and recycling the major acti-
nide, plutonium, with a view to optimizing the management of
long-lived, high level (LL-HL) ultimate waste.

The occurrence of “minor actinides*”
in ultimate waste mainly contributes to
their long-term potential noxiousness.
Besides, minor actinides are the major
contributors to heat generated by vitri-
fied waste packages, which strongly
limits the capacity of use of deep gelo-
gical disposal cells.

Analyzing how the various elements
contribute to spent fuel decay heat, and
to spent fuel radiotoxicity (see Fig. 186
and 187) shows that, in a uranium and
plutonium recycling strategy, the trans-
mutation effort following fission pro-
ducts (FPs) decay has to be focused on
americium (Am 241, Am 243), curium
(Cm 244, Cm 245), and neptunium
(Np 237).

Recycling some long-lived fission pro-
ducts* is achievable in theory, but their
transmutation, even under a fast neu-
tron flux, is not sufficiently efficient, and
would raise crucial practical problems,
especially because they are net bur-
ners of neutrons that “poison” the core.
Some of them, of a very long life (Tc 99
and I 129) [1], could be distroyed in fast
reactors, and tests were carried out for
this purpose.But measured transmuta-
tion yields are fairly low, and this option
is no longer retained in transmutation
studies. Another feature to be noted,
too, is that their impact is not significant
over long times.
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Transmutation*, that old dream of alchemists, starts with
separation*. In order to improve the management of ultimate
waste, and reduce its toxicity, an attractive solution would be
to extract a certain number of radioactive isotopes during
spent fuel treatment*, especially those displaying long radio-
active half-lives*.

Fast Neutron Reactor Fuel Cycle
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As a conclusion, partitioning/transmutation efforts will be focu-
sed on americium, neptunium, and curium.Research conduc-
ted at CEA have resulted in laboratory-scale developing of effi-
cient processes for removing these threee minor actinides, in
various options (actinide/lanthanide enhanced partitioning,
grouped separation), through variants of the PUREX* process
using selective extracting molecules. A specific monograph
was devoted to these processes (“Spent Fuel Treatment and
Recycling. Actinide Separation. Application to Waste
Management”, DEN, CEA, Éditions du Moniteur, May 2008),
so the latter will not be dealt with in this monograph relating to
sodium-cooled fast reactors.

Once these actinides separated, it will be then indispensable
to “burn” them in reactor. This “transmutation” is dealt with in
this chapter.

In-reactor transmutation physics
The transmutation principle [2] in fission reactors, applied to
nuclear waste treatment, consists in modifying the nuclei of
long-lived elements by neutron irradiation so as to turn the iso-
topes of interest into stable, or shorter-lived bodies, or into
bodies of lesser radiotoxicity.

The neutron-nucleus interaction mainly leads to two types of
reactions, the reaction of neutron capture* by the target
nucleus, and the nuclear fission* reaction. In the case of fis-
sion products, the capture generally results in the generation
of a stable body after successive transformations.

In the case of minor actinides, this capture reaction is to be
avoided, for it leads to generating other actinides, and so only
transfers the problem. In contrast, in the case of fission (only
in the case of heavy nuclei), the action of the incident neutron
generally results in the nucleus being split into two fragments,
fission products, most of them having a short radioactive half-
life and being turned into stable bodies.

On the average, nuclei arising from a fission undergo four
radioactive decays, with a half-life generally not exceeding a
few years, before getting stable. Their activity and the related
radiotoxicity have almost fully disappeared following 200 years.

This is of course the route to be privileged for destroying acti-
nides, as on the one hand, fission leads to short-lived, and
then stable, residues, with a lesser radiotoxicity than the des-
troyed actinide in the long term, and, in the other hand, fission
generates additional neutrons usable to destroy other waste,
or to take part in sustaining the chain reaction, while genera-
ting energy.

Therefore, the ability to get an efficient process for transmu-
ting actinides depends on the competition between the two fis-
sion and neutron capture reactions. The occurrence probabi-
lity of each reaction is characterized by the cross section* of
the isotope of interest. So analyzing the profile of correspon-
ding cross sections as a function of the incident neutron's
energy is crucial, indeed.

This is illustrated in Table 19 by the values of mean cross sec-
tions integrated over two representative neutron spectra: an
“epithermal*” spectrum arising from aMOXPWR, and a spec-
trum arising from a fast neutron reactor.

Table 19.

(Capture/Fission) Cross Section Ratio
for Two Types of Reactors: a Water Reactor
and a Fast Neutron Reactor

Isotopes (MOX) (MOX)
PWR σ- / σ/ Fast Reactor σ- / σ/

Np 237 30 5.3

Am 241 44.5 7.4

Am 243 63.4 8.6

Cm 244 13.1 1.4

Cm 245 0.2 0.18

From this basic analysis, the following items can be drawn:

• Concerning isotopes Np 237, Am 241, Am 243, and Cm 244:

- In PWRs, where the thermal neutron zone is privileged,
these isotopes behave as neutron poisons.They penalize the
neutron balance, and essentially transmute into another acti-
nide;

- In fast reactors, the capture/fission ratio is reduced by a fac-
tor of 5 to 10 compared with (UO2 or MOX) PWRs. So fast
reactors are more efficient to transmute minor actinides by
direct fission.

• Concerning isotopes Cm 243 and Cm 245, capture / fission
ratios are similar in PWRs and fast reactors.They are mainly
transmuted into short-lived fission products.

As a first conclusion:

• The fast spectrum allows “parasitic” capture reactions to be
minimized, and favors fission reactions for all of actinides,
which confers it its “omnivorous” character;

• In a thermal spectrum, minor actinides chiefly undergo neu-
tron capture (apart from Cm 243 and Cm 245).
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The various transmutation modes
So transmuting minor actinides consists in putting them under
a fast neutron flux in order to fission them.

Several modes of transmutation can be considered:

• Homogenous* transmutation: minor actinides are recycled
through “dilution” in the fuel of nuclear power reactors;

•Heterogenous* transmutation:minor actinides are recycled
in power reactors under a more concentrated form, in a limi-
ted number of “dedicated devices”, generally in the core
blanket;

• Transmutation in a “dedicated system”: this is the option of
transmutation in accelerator-driven systems (ADS*), that are
not power reactors, but systems optimized for the only pur-
pose of waste transmutation.

The choice between these three modes depends on the neu-
tronic behavior of each element in the core, on its influence on
in-reactor handling, and on its maturity and overall economi-
cal impact during fuel cycle operations.

Thus, in the homogeneous mode for which minor actinides to
be transmuted are diluted in fuel, the initial content of minor
actinides is adjusted in order to minimize the effects on the
core’s neutronic features. This leads to introduce low initial
contents of minor actinides. Another drawback of this route is
to introduce minor actinides in all the fuel cycle’s operations.
This is a privileged route for neptunium, which has a low neu-
tronic incidence during the reactor’s operation, ane has little
impact on fuel fabrication.

cling on depleted uranium support, under the form of “minor
actinide bearing blankets*” (MABB*) located in the peri-
phery of the core. An approximate 10% content allows minor
actinides generated by the core to be burned without impac-
ting its features.

Homogeneous mode

U PuMA

Fast neutron reactor

Heterogeneous mode

Fast neutron reactor

MA

U Pu

Dedicated Stratum

Fast neutron reactor

ADS

MA

U Pu

In the case of a heterogeneous recycling, minor actinides are
concentrated in a specific space within the core, in matrices
with a much higher content than in homogeneous recycling.
The mass capacity of transmutation gets stronger, and this
heterogeneous route displays the advantage of limiting the
number of minor actinide bearing sub-assemblies, and to dis-
connect the standard fuel cycle from the transmutation-dedi-
cated cycle. A particularly attractive option seems to be recy-

The accelerator-driven system (ADS) is designed to treat high
loads of minor actinides. ADS advantage then is not to upset
the operation of power reactors and of the fuel fabrication
cycle. Moreover, the transmutation yield will be higher in a
dedicated system. In contrast, the latter still requires a system
for treating matrices following irradiations.

However, the R&D effort required to bring such systems to
industrial maturity seems quite considerable, and technologi-
cal breakthroughs are to be achieved prior to any industrial
validation. All that is very expensive, and (for the devices cur-
rently investigated) ADS transmutation means a power (kWh)
overcost assessed to be about 20% versus the fast reactor
option.
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Concept qualification
for transmutation

Promising first tests

In support of the first studies of transmutation concepts,
experimental programs on fuels and targets have been
implemented to demonstrate the technical feasibility of the
transmutation modes under consideration, in terms of fabri-
cation and of behavior under irradiation. Programs were
conducted in research and power reactors in France and
abroad [3].

For instance, the experience feedback from the SUPER-
FACT irradiation [4] conducted in the PHÉNIX reactor bet-
weeen 1986 and 1988, constitutes an outstanding qualifica-
tion in support of the concept of transmutation of americium
and neptunium in fast reactors. Observation of americium-
bearing pellets evidences a behavior under irradiation simi-
lar to that observed for standard fuels (Fig. 188).

The main difference lies in the generation and release of
helium formed during irradiation of, particularly, americium.
The design of the fuel pin* and of the pin bundle dedicated
to the transmutation of minor actinides has to take account
of this impact that depends on the initial content in minor acti-
nides, of the burn-up*, and of the in-core temperature. The
latter may vay significantly, especially for the heterogeneous
concept, in which the sub-assemblies positioned in the per-
iphery of the core display temperatures ranges extremely
variable (Fig. 189).

Fig. 188. Microstructure of a fuel pellet (SUPERFACT1 experiment in the PHÉNIX reactor).

Fig. 189.Temperature range representative of a minor actinide-
bearing sub-assembly located at the core periphery.
The sub-assembly temperature fluctuates between 500 °C (blue)
and 1,500 °C (red).

20% Am 2%Am: 325W/cm Standard: 430W/cm

PHÉNIX restart for a dedicated transmutation test
series in a fast neutron reactor

The PHÉNIX reactor restarted between 2003 and 2009 with a
view to an intensive transmutation test series, in order to com-
ply with Line 1 of the French Act of December 30, 1991 on radio-
active waste management (also known as the “Bataille Act”).

Fifteen experiments on minor actinide homogeneous and
heterogeneous transmutation were carried out, as well as
a technetium (ANTICORPS) transmutation experiment (see
Fig. 190).
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power reactor such as MONJU in
Japan, BN-600 in Russia, or ASTRID in
the future. Here lies the whole stake for
the industrial-scale demonstration, on a
full sub-assembly, of the technical and
economical feasibility of transmutation
in fast neutron reactors.

Transmutation
impacts on fuel cycle
facilities
Recycling minor actinides may have an
impact on the various steps of fuel
cycle, that is fabrication, transport, and
treatment of fuels dedicated to transmu-

tation. These impacts are deduced from the variations in phy-
sical quantities such as decay heat and (gamma and neutron)
radiation sources that will have an impact on the thiermics of
chemical processes, of pin bundles, and on the biological
shields of packagings, of handling systems, and of facilities.

Table 20 indicates, for each physical quantity, the multiplica-
tion factor (f) at the fabrication and treatment stages (five years’
cooling time) with respect to a same mass of standard fast
reactor fuel, for different conditions of minor actinide transmu-
tation [5].

It can be seen that the most important variations appear as
soon as Cm is associated with minor actinide* (MA*) recy-
cling, particularly at the fabrication stage. Isotope Cm 244
significantly contributes to power by alpha disintegration, and
to neutron emission by spontaneous fission. Variations in the
multiplication factor are due to the variation in the Cm 244
concentration in minor actinides during recycling operations.
The options with a strong minor actinide load (ADS and hete-
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In particular, these experiments helped confirm the supporting
materials to be used, and demonstrate the feasibility of ame-
ricium transmutation in relation to pellets. For example, it is
worthy to point out on the ECRIX-H experiment (Fig. 191) a
transmutation ratio of americium close to 94%, with a fission
ratio of 25%, and a large number of lessons learnt from post-
irradiation examinations [1].

Tests to be pursued

In order to pursue research relating to transmutation in condi-
tions representative of industrial conditions in terms of sepa-
ration, fabrication processes, and irradiation conditions, it
seems indispensable to study the behavior of pins, and then
of a full sub-assembly, in a fast reactor core for the two trans-
mutation modes. Such experiments entail the separation of
minor actinides, the fabrication of pins containing a few per-
cents of minor actinides, as well as the availability of a suitable

Fig. 190. Effective times of irradiation reached versus the objectives
aimed at for all transmutation experiments on PHÉNIX.
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rogeneous at 20%) are the most penalizing, and would require
significant evolutions of fabrication processes, of operating
conditions in facilities, and of fuel assembly packagings.During
treatment, the impact is lower, particularly in the homogeneous
mode, for fission products contribution is still predominant, but
increases in power for strong minor actinide loads would
require storage times of several dozen years prior to treatment.
This resulting impact on fuel cycle facilities has contributed to
drop options with a strong minor actinide option, and to only
retain solutions in a homogeneous mode, with a few percents
of minor actinides, or in a heterogeneous mode with a dozen
percents in a fast reactor.

Regarding americium, the impacts of its recycling would then
be lower, and would require no more than adapting current
technologies, and, especially, a shielded fabrication line.

Neptunium does not have a significant impact along the
various stages of fuel cycle. Curium is the element that dis-
plays the strongest impact on the fabrication line, and on fuel
cycle. Moreover, its half-life is relatively short (i.e. eighteen
years for Cm 244), and it is the smallest contributor in radio-
toxicity in the long term (see Fig 186, supra p. 171). So the
interest of transmutation is being debated.

Transmutation: a transition
from research to industry?
Minor actinide separation at the spent fuel treatment stage
would mean significant gains with respect to the toxicity time
of ultimate waste (i.e. a decrease by a factor of 100, after a
few centuries), and to the increased capacity of deep disposal
facilities (i.e. a factor of 5 to 10, according to the assumptions
of previous cooling time). Fast reactors would then make it
possible to consider the transmutation of these actinides
without having to set up an ADS type, of a high cost, that would
request a spent fuel treatment plant, and whose operation is
still to be demonstrated.

Today the scientific and technical feasibility of transmuting
these actinides in fast reactors can be ensured due to the large
amount of tests performed, in particular in PHÉNIX.This option
of optimized waste management still enhances the symbiosis
between LWRs, that build up minor actinides, and fast neutron
reactors, able to “burn” them.The characteristic times for rea-
ching the equilibrium are long indeed, however, which requires
to consider time scales of the order of the century.

Last but not least, there is still a need to demonstrate the ove-
rall commercial feasibility at an allowable economical cost of
all operations, including fuel cycle.

Jean-Paul GROUILLER,
Reactor Studies Department
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Table 20.

Consequences on the Physical Quantities of Fuel Cycle

Fuels Homogeneous Homogeneous Heterogeneous Heterogeneous ADS System
(U, Pu, Am)O2 (U, Pu, AM)O2 (U, Am)O2 (U, AM)O2 (Pu, AM)
(3% Am) (1.2% AM) (10% Am) (20% AM) (55% AM)

Cm 244 = 11% 1.2% < Cm 244 < 8.4% 1.2% < Cm 244 < 6.8%

Fabrication

Power f = 2 f = 5 f = 6 5.5 < f < 38 18 < f < 140

Neutron Source f = 1.7 f = 128 f = 3.5 152 < f <1,700 450 < f < 3,650

Treatment

Power f = 2 f = 2 f = 6 5.7 < f < 12 14 < f < 38

Neutron Source f = 4 f = 5.4 f = 27 15 < f < 63 25 < f < 140
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Projects for the Future

4th-Generation nuclear power plant
stakes
In the future, the worldwide economical development will be
confronted to issues related with significantly growing needs in
energy, the gradual depletion of fossile resources, and the stra-
tegy of greenhouse gas emissions reduction. This is why a
large number of countries are ready to switch to nuclear
energy, even if the Japanese Fukushima plant has slowed
down, or halted, nuclear programs in some countries. Drawn
by the demand from countries such as China or India, pres-
sure on uranium ore will be gradually enhanced. So, even if
the deadlines seem to be far, thinking nuclear future shall
include a policy for preserving resources.This resource mana-
gement entails managing the whole of cycle materials, parti-
cularly plutonium. So preserving resources and materials
management, together with enhanced safety and operability,
will stand as the major stakes of the fourth generation.

This fourth generation will rely on fast neutron reactors that
can transmute a very large amount of uranium 238 into pluto-
nium 239 with a view to electric power supply.This transmuta-
tion makes it possible to use more than 90% of natural ura-
nium for electric power supply, instead of the initial value of 0.5
to 1%, and to burn the large stockpiles of depleted uranium
and reprocessed uranium that, in the case of France, could
indeed provide the current electric output during a few thou-
sands of years. Thus the worldwide availability of primary fis-
sile resources could be multiplied by a factor of (typically) 100.
In addition, introducing fast neutron reactors as a complement

of the water reactor fleet also allows unlimited plutonium recy-
cling (multiple recycling), benefiting from its energy potential,
and so allowing a responsible management of spent MOX
fuels arising from the water reactor fleet.

The other major stake of the fourth-generation reactors is rela-
ting to the sustainable and responsible management of
nuclear waste. For these reactors could be able to burn part of
the long-lived radioactive elements that waste consists of
(minor actinides, among which americium).

The Generation IV International Forum (GIF) arises from the
will to set up an international R&D framework able to catalyze
the research endeavors conducted by various countries for the
most performing technologies to emerge more quickly.

Four main objectives have been defined in order to characte-
rize the systems of the future that have to display all the follo-
wing features:

• Sustainable: that is natural resource-saving and environ-
ment-friendly, through minimizing waste generation and their
impact, thereby improving citizens’ protection;

• Economical: in relation to the capital cost per installed kWe,
fuels’ cost, the facility’s operating cost, and, consequently,
the output cost which has to be competitive relative to that of
other energy sources;

Sodium-Cooled Nuclear Reactors



• Safe and reliable: which entails searching for a very high
safety and reliability (i.e. a very low core damaging probabi-
lity, and no need for off-site countermeasures), taking
account of the experience feedback from the Fukushima
accident;

• Proliferation-resistant and protected against malicious
acts. Several sodium-cooled fast reactors are under
construction worldwide, which proves the attractive feature
of this reactor type.

178 Projects for the future
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Reactors Planned
or Under Construction Worldwide

In 2013, the construction of two large-sized reactors is
coming to an end: BN-800 in Russia and PFBR (Prototype
Fast Breeder Reactor) in India. These two achievements
account for a very important step in the development of the
fast reactor type.They are associated with a commercial reac-
tor project in these two countries.

Several other reactors are planned, with various progress
steps. All ot them are associated with more or less significant
R&D programs.May we first remind the reader of the national
framework and the role of each of these projects, and then
summarize their main technical features, and, finally, the evo-
lutions they account for relative to the current state of know-
ledge, pointing out those that seem to be the most interesting.

Russian BN-800, BN-1200,
and MBIR reactors

BN-800

The BN-800 reactor project was initia-
ted in the seventies. Following the BN-
600 reactor, it constituted an additional
step to a commercial-sized reactor.The
first earthworks on the Beloyarsk site
started in 1984, and then were stopped
after the Chernobyl accident.The reac-
tor design was then reviewed, mainly
for the purpose of improving its safety.
Once the authorization to pursue
construction was granted in the late
nineties, a few civil engineering works
started on the site in 2001. But only
from 2005 did the project find a true
financing, so that the construction was
accelerated. The latter is coming to an
end today. The first divergence took
place in 2014.

Fig. 192. Schematic view of the Russian reactor BN-800.

BN-800 (Fig. 192-194) displays similarities with BN-600. It
integrates the latter’s considerable experience feedback
(Table 22).Safety improvements are mainly focused on the fol-
lowing items:

• The core, in which the sodium void coefficient* is close to
zero, this feature being partly obtained with the help of a
sodium plenum at the sub-assembly head;

• A passive protective system against loss-of-flowrate tran-
sients, consisting of three absorbing rods* that are floating,
i.e. maintained in position in the core by the rising sodium
flow rate through the core;

• A core catcher* covered with a molybdenum protective
layer;

• A decay heat* removal through Na/air exchangers connec-
ted with the secondary loops.

Rotating plug Core cover plug

Pump

Vessel support
structure

Core catcher

Core

Intermediate
exchanger

Main vessel

Diagrid

Strongback

Vessel diameter: 12.9 m
Height: 14 m
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Fig. 194.The BN-800 reactor: installation of the main vessel (2011).

Fig. 193. Construction site of the BN-800 reactor: the reactor building
(2011).

- Adopting a monolithic design of steam generators (SGs) in
contrast with the modular SGs of BN-600 and BN-800, as
well as a new material (with a better temperature behavior
and a better corrosion resistance);

- A vessel-integrated primary purification system;

• Increase in the capacity factor to 90%, and in plant lifetime
to sixty years;

• Higher core burnup (increase in pellet diameter and in sub-
assembly across flats).

Alike BN-800 and BN-600, the BN-1200 reactor project uses
the supported (or resting) vessel concept. This technology
allows mechanical stresses to be reduced in the upper part of
the NSSS subjected to the highest thermal conditions. But it
involves the dimensioning and manufacturing of large-diame-
ter bellows to accommodate differential expansions, a problem
hard to cope with, indeed.

New safety options include the following items:

• An additional shutdown system, consisting of absorbing rods
held by the magnetic force formed by a Curie point electro-
magnet, that causes the rods to drop in the event of abnor-
mal overheating;

• A passive decay heat removal system located in the primary
vessel;

• Secondary circuits fitted with a double envelope vessel;

• A containment building.

A major R&D program is associated with the project.The goal
is a commissioning towards 2020.

MBIR

Russia’s involvement in the fast reactor type entails replacing
the BOR-60 research reactor, which will be soon at the end
of its life.The new sodium-cooled 150-MWth (40-MWe) power
MBIR55 reactor will provide extended experimentation capa-
cities.

If it fulfills the functions of an irradiator (materials and fuel deve-
lopment, radio-isotope production, medical use of neutron
beams) and of BOR-60 technological test bench, it will also
allow, thanks to in-core loops, the experimenting of various
coolants: gas, sodium, lead, lead/bismuth, and molten salts.
The facility will also be open to an international use.

BN-1200

The BN-1200 is an optimized version of the BN-600 and BN-
800 reactors from a techical and economical viewpoint
(Table 22) which also integrates new safety provisions. The
objective is to make the reactor competitive with the VVER
reactor type.

The improvement of economical performance relies on the fol-
lowing items:

• A general approach of design simplification, reduction of
masses, and increase in the size of, e.g., the main compo-
nents;

- A reduction in the length of secondary and auxiliary sys-
tems (using bellows for accommodating expansion);

- A simplification of the sub-assembly handling line by elimi-
nating the external in-sodium storage of sub-assemblies,
replaced by an in-reactor internal storage;

Reactors Planned or Under ConstructionWorldwide180
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Fig. 195.The Indian PFBR reactor: introducing the safety vessel into
the reactor pit (2011).

Fig. 196.The Indian PFBR reactor: introducing the slab into
the reactor block.

The Japanese JSFR reactor
In Japan, a very broad reflective process gathering JAEA
(Japan Atomic Energy Agency) and electric utilities was
conducted in the early years 2000 on the reliability of fast reac-
tor systems and of fuel cycles. It resulted in the JSFR56 com-
mercial reactor project.

In parallel, the design of a 150-MWe fast experimental reactor
has started.The purpose of this reactor, fitted with a metallic-
fuel core, will be the industrial qualification of this type of fuel,
and to finally replace the FBTR reactor. Commercial
1,000 MWe units using metallic fuel are considered for the fol-
lowing period, prior to the later transition to the thorium cycle.

The reactor is of the loop type (two primary and secondary
coolant circuits), and comprises a balance of plant
(water/steam cycle). The core consists of MOX fuel, likely to
experience an evolution to nitride. Its commissioning is sche-
duled by the end of the decade.

The Indian PFBR and FBR reactors
Today India conducts the most ambitious worldwide program
for developing sodium-cooled fast reactors, willing to build a
nuclear industry independent of foreign uranium supply
sources. Based on the uranium cycle as a first step, the bree-
der reactor fleet is to shift in the long term to a cycle based on
thorium*, of which there are abundant reserves in India.

The construction of a first 500-MWe power reactor, the
Prototype Fast Breeder Reactor (PFBR), is coming to an end
on the Kalpakkam site, and its commissioning is to take place
in 2014 (Fig. 195 and 196). Its first objective is to demonstrate
the technical and economic viability of a fast reactor for an
industrial deployment.

Its design is based on the SUPERPHÉNIX reactor, and on the
SUPERPHÉNIX-2 project that followed.Yet it displays notable
differences, among which the choice of reducing the number
of primary pumps – two instead of three –, and the choice of
modular steam generators made of a high chromium content
(9% Cr) steel resisting temperature and displaying a low ther-
mal expansion coefficient.

Two new reactors of the same power (FBR-1 and -2) are sche-
duled, the construction of which is to start on the same site in
the second half of the decade. Their design displays signifi-
cant evolutions with respect to PFBR. In addition to integrating
the construction experience feedback from PFBR, these evo-
lutions have a twofold purpose (see inset):

• First, improving economical performance: here lies the
conventional approach: decreasing capital cost and construc-
tion time (five years), while increasing core burnup, the faci-
lity’s capacity factor (85%), and its lifetime (sixty years). The
reactors will be twinned, and will share the fuel storage faci-
lities;

• Secondly, further enhancing the safety level: improving the
reliability of the shutdown system and of the decay heat
removal system.

Both units will use a MOX fuel.

The inset hereafter (infra, p. 182) illustrates the most striking
technical evolutions in FBR compared to PBFR.
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From PFBR to FBR: the Indian example for the technical and economic optimization and safety improvement
of a sodium-cooled fast reactor (Fig. 197)

PFBR

PFBR CFBR

FBR

Slab

Primary pump

Core cover plug

Sub-assembly
transfer arm

Control rod drive
mechanism

Intermediate exchanger

Main vessel

Safety vessel

Diagrid

Strongback

Vessel diameter: 12.9 m

Vessel diameter: 12.1 m

Integrated-liner safety vessel
anchored to the reactor pit

ISIR: advanced methods for inspecting
the main vessel

Ensuring the decay heat removal
system reliability, increasing
the number of systems (6 DHR
systems instead of 4), and improving
diversification (active and passive
systems)

Increasing core performance
by gradually introducing advanced
structural materials

Reducing core size by optimizing
the core’s lateral neutron shielding

Shutdown system reliability:
adding safety rods fitted with a Curie

point electromagnet

Protecting against unintended rod
withdrawal event: rod drive

mechanism fitted with a stroke
limitation device (SLD)*.

*SLD: also referred to as “rod stop system”.

Preventing core
loss-of-flowrate:
pump-diagrid
connection
by 4 pipes
instead of 2

Thick slab
Dome-shaped

roof slab

Conical ring supporting
the reactor block

Welded diagrid of reduced
height and diameter

Optimizing the main vessel
thickness

Preventing sodium leakage:
an integrated primary purification circuit

Reducing fabrication times: number
of SG modules per loop reduced

by 4 to 3 (by lengthening
the component)

Simplifying and improving the reliability of fuel
handling: sub-assembly transfer using casks instead
of ramp

Distributing fuel removal and storage means among
two twin reactors

Strongback / upper cylindrical
ring direct connection

by conical redan



183Sodium-Cooled Nuclear Reactors

• The reduction in the reactor block diameter (about 10 m),
while keeping a good accessibility to the internal structures
for in-service inspection needs, is implemented through seve-
ral means as follows:

- The structure of the core cover plug* is slotted, and
houses a pantograph arm system for fuel handling;

- The primary cold sodium circulation that ensures the ves-
sel’s cooling is dropped, and is replaced by a hot vessel
concept;

- The lateral neutron shields of the core are made of zirco-
nium hydride the moderating* properties of which help
reduce the radial outline dimensions of the shields.

Coolant circuits
The secondary coolant circuit consists of only two loops (ins-
tead of three on the MONJU reactor and all the loop reactors
built till now).The path of the primary and secondary systems
was shortened, particularly through using 9%Cr steel.Coping
with the issue of vibrations induced in these large-diameter
pipes, where sodium flows at a high rate, stands as a techno-
logical challenge indeed. The pipes are fitted with a double
envelope vessel so as to prevent any leak.

The primary pump is integrated in the intermediate heat
exchanger. Here again, the issue of pump-induced vibrations
raises a difficult problem of heat exchange tube resistance.
Steam generators are of the straight-tube and double-wall
design in order to prevent risks of sodium/water reaction.

The reactor building relies on the SCCV (Steel plate reinfor-
ced Concrete Containment Vessel) concept. The reinforced
concrete structure is inserted between two steel layers. It is fit-
ted with an advanced aseismic system that combines elasto-
mer aseismic bearing pads and oil dampers. That project,
which was based on an ambitious R&D program, has been
suspended since the Fukushima accident.

The Korean PGSFR reactor
The Korean fast reactor project initially labelled KALIMER, and
now referred to as PGSFR (Prototype GEN IV Sodium Fast
Reactor), started in 2002. Several successive versions rea-
ched the step of basic preliminary design: KALIMER-150
(150 MWe power), KALIMER-600 (600 MWe), and today
PGSFR (150MWe).The project is managed by an agency cal-
led SFRA (SFR development Agency), under the aegis of
MEST (Ministry of Education, Science andTechnology) set up
in 2012.

This project is included in an approach for developing a fast
reactor type to be deployed towards the mid-century as a
complement of the advanced PWR fleet.Fig. 198. Schematic view of the reactor and of the secondary loops

of the JSFR Japanese reactor project.

Secondary pumps

Core

Core catcher Main vessel

Steam
generators

Integrated component:
pump and intermediate
exchanger

The development of this reactor was included within a FaCT
(Fast reactor Cycle Technology Development) project. A
Mitsubishi Heavy Industry subsidiary was set up (Mitsubishi
FBR system) in charge of coordinating the prototype design
and, later, its construction.

The first objective assigned to this reactor, in addition to impro-
ving safety, is economical competitiveness relative to water
reactors. So the design choices have been oriented by the
issue of how to reduce capital and operating costs.

The result is a particularly compact loop reactor* (Fig. 198).

Among innovations, we can retain the following items:

• As regards the core, the fuel is of the MOX type, with ODS*
steel clad, able to reach high burnups.

A passive reactor shutdown system was designed in order to
prevent core meltdown accidents: the Self-Actuated Shutdown
System (SASS), consisting of absorbing rods fitted with Curie
point electromagnets.

Several mitigation devices are integrated, and act as an out-
let for molten fuel in the event of a design basis accident, and
contribute to limit the energy release by power excursion. In
the FAIDUS system, a central tube is located in the center of
each fuel sub-assembly (FAIDUS: Fuel Assembly with Inner
Duct Structure), and is used for ejecting molten fuel.
Penetrations are arranged through the diagrid*, at the control
rod positions, in order to allow corium flow to the core catcher
(CRGT: Control Rod Guide Tube).



Fig. 199.The CEFR reactor under construction (2007) during
the French delegation’s visit.

The Chinese CEFR reactor
and the CFR-600 project
The Chinese Experimental Fast Reactor (CEFR) startup is
underway on the site of the Chinese Institute of Atomic Energy
(CIAE), in the Beijing area (Fig. 199).The first divergence took
place in July 2010, and the connection to the grid was achie-
ved in the following year, in July.This facility is to enable China
to get a first SFR operating experience, and is to be used as
a test and irradiation tool. It was designed and built with the
help of Russia.

The following step of the Chinese fast reactor development
program does not seem to be determined yet. An agreement
was signed with Russia in 2009, dealing with a BN-800 based
demonstrator to be built twice. This agreement has not yet
been applied till now.

The Chinese teams also work on developing a pool-typeMOX-
fueled 600 MWe reactor (CFR-600).

Small modular reactors
This name (SMR, for Small Modular Reactor) refers to reac-
tors with a power lower than 300 MWe, that can be manufac-
tured in a factory and commissioned as built on their site for
operation.

This type of reactor first aims at the market corresponding to
remote sites, or sites with low-capacity grids. Arguments put
forth in favor of SMRs are that they require a less heavy invest-
ment than a reactor of a conventional size, that fuel loading
patterns can be designed for long periods of time, thereby
making operation easier, and finally that the size effect may
induce some features favorable to safety.

The main requirements of the specification for this reactor are
as follows:

• Proliferation resistance (no fertile blankets);

• A metallic fuel;

• A safety increased by using passive systems;

• The economical competitiveness (compacity and simplifica-
tion of the nuclear steam supply system).

The goal is a commissioning towards 2030.

The reactor is of the pool type (vessel diameter: approx. 7.9 m,
height: 12 m), with two primary pumps and four intermediate
heat exchangers (IHE). Two secondary loops of reduced
length, thanks to the use of Grade 91 ferritic steel, feed an
energy conversion system (ECS).

Decay heat removal is achieved as follows:

• Through passive systems with two options: two PDRCs
(Passive Decay heat Removal Circuits) in-vessel
sodium/sodium exchangers and sodium/air exchangers, or
an RVACS for decay heat removal through the vessel;

• As well as two complementary ADRCs (Active Decay heat
Removal Circuits) with a design similar to that of PDRCs, and
with sodium and air forced circulation.

The fuel consists of U-Zr metallic alloy and of an advanced
cladding material of the martensitic type (Grade 92). Sub-
assembly handling is performed with a handling cask. Here
again, the project benefits from a fairly significant R&D pro-
gram. A large-scale sodium test facility (STELLA:SodiumTest
Loop for Safety Simulation and Assessment) has recently
been commissioned.
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• The reactor can also be used for other applications than elec-
tric power generation, such as seawater desalination, or
hydrogen and oxygen generation.

The core consists of metallic fuel (U-Zr alloy), and is surroun-
ded by a reflector, mobile from the bottom, that helps compen-
sate for the loss of reactivity due to fuel burnup.

There exist two independent shutdown systems:

• The first one is based on the gravity drop of areas of the
reflector set;

• The second relies on the principle of an absorber rod, loaca-
ted at the center of the core, and positioned as withdrawn
from the core during power operation.

The nuclear steam supply system is of the pool type, of the
same lifetime as the core, i.e. thirthy years. The intermediate
exchangers are arranged at the vessel top, above the core.
Each of them is fitted with two series electromagnetic pumps
that make primary sodium flow, first downward along the ves-
sel, and them upward from the vessel bottom through the core
and the reflector.The secondary sodium systems feed double-
wall SGs.

Secondary sodium circuits feed double-walled SGs.

Decay heat removal is carried out by two types of systems;
one passive, through air flow along the safety vessel, the other
through a sodium/air exchanger placed on the secondary
loops.

As a first step, spent fuel is not to be treated, and the reactor
is to operate in an open cycle. In a second step, spent fuel
could be treated using a pyrometallurgical* process in a
closed cycle.

The SMFR project

An international benchmark for the design of a small modular
fast reactor (SMFR) was conducted between 2004 and 2005,
gathering the Argonne National Laboratory (ANL) (United
States), the Japan Atomic Energy Agency (JAEA) – formerly
JNC –, and CEA.

The purpose was to put forward a reactor adapted to low-
capacity power grids, or dedicated to isolated areas.
Operation, safety, and fuel reloading was to be as simple and
efficient as possible.

Another purpose of this project was to develop innovative tech-
nologies to be used in the longer term for other concepts of
sodium-cooled fast reactor.

The United States, as well as Japan at a lesser degree, are
the most active countries in the SMR area. Several sodium-
cooled SMRs have been developed. The 4S and the SMFR
are detailed in the following pages. It is also worth mentioning
the following projects:

• The GE-Hitachi PRISM: 840 MWth, 310 MWe, metallic fuel
U-Pu-Zr, refuelling every four/five years, two modules per
unit, and the more recent following projects:

• The “Traveling Wave Reactor”, very close to the previous
category, though its power is rather about 600 MWe, that is
supported by the Terrapower company, and financed by Bill
Gates, who founded Microsoft;

• The AFR-100 (Advanced Fast Reactor) of the Argonne
National Laboratory: 250 MWth, 100 MWe, of the pool type,
with U-Zr metallic fuel core ensuring a thirty-year operating
period with no refuelling, supercritical CO2 energy conver-
sion cycle.

The 4S reactor

A program has been developed in Japan from 2002 in relation
to the 4S reactor concept (4S for Super-Safe, Small and
Simple), supported by CRIEPI (Central Research Institute of
Electric Power Industry), JAERI (Japan Atomic Energy
Research Institute), and the Osaka and Tokyo Universities.

A process of US NRC57 preliminary license was initiated in
2007, with the participation of ANL (Argonne National
Laboratory) and the Westinghouse company. Since 2008,
Toshiba has conducted developments focused on electroma-
gnetic pumps and steam generators.

The specificity of this reactor, two versions of which were stu-
died, one of a 30 MWth/10 MWe power, and the other of a
135 MWth/ 50 MWe power, is to be able to operate for thirty
years with no refuelling (the “battery” reactor concept).

The targets are as follows:

• Achieving a better acceptance by public opinion through
improving safety, especially with a core whose reactivity feed-
backs are null or negative;

• Decreasing construction costs by reducing core size, and
minimizing operating costs;

• Achieving increased proliferation resistance through the
absence of fuel loading and unloading, as well as a better
physical protection using a fully buried reactor pit;
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The SMFR displays the following characteristics:

• A core consisting of high-conversion metallic fuel, allowing
a thirty-year operation with a 90% capacity factor, and with
no refuelling;

• An enhanced proliferation resistance with a view to expor-
ting. This is obtained through adopting a fresh fuel containing
the minor actinides of a strongly irradiated PWR fuel, with no
fuel transfer;

• An intrinsic safety completed by passive systems;

• A simplified nuclear steam supply system (NSSS) with a view
to modular construction and transportability;

• An energy conversion system based on a supercritical CO2
Brayton cycle.]

The 125-MWth (50-MWe) reactor is of the pool type (Table 22).
The vessel, 4.6 m in diameter and 14.8 m high, contains two
electromagnetic pumps for primary sodium flow, two interme-
diate exchangers, and two passive decay heat removal sys-
tems.

Fuel is a uranium and zirconium alloy. The NSSS lifetime is
sixty years. A full core reloading is carried out at mid-life.

Overview of sodium-cooled
fast reactors planned
or under construction worldwide
(apart from ASTRID: see infra, pp. 189-196, the chapter “The
ASTRID Project (June 2013)”.)
See Table 21 (next page).

A worldwide sustained interest
This brief overview of sodium-cooled fast reactors under
construction or under study worldwide shows that most
nuclear nations conduct ambitious projects in the perspective
of deploying the reactor type coupled with a closed fuel cycle.
All these projects assign a key role to innovation.

A broad power range is considered as a function of the objec-
tives assigned to each reactor. If some major technical fea-
tures emerge, such as the adoption of the pool-type concept,
with however the notable exception of Japan, a high diversity
of technological options prevails, resulting from various factors
such as the national, technical and regulatory background, the
operating experience feedback, etc.

These projects boost international cooperation, and there is a
large number of stakes indeed, as follows:

• Sharing the vision of the required advances in this reactor
type;

• Sharing the R&D effort;

• Searching for a convergence in relation to the international
standards to be imposed on this reactor type, especially
regarding safety and non-proliferation;

• Articulating the demonstration objectives of prototypes so as
to make them complementary;

• Optimizing the infrastructures required for their development.

CEA has been one of the major players in this international
collaboration since the origin of this reactor type. IAEA also
plays a major role in developing fast reactors.

Let us conclude pointing out that a peculiarly attractive period
is coming ahead while new reactors are going to be commis-
sioned in the next years, thereby further broadening the expe-
rience feedback from this reactor type.

Laurent MARTIN,
Reactor Studies Department
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Table 21.

Sodium-cooled fast reactors planned or under construction worldwide

BN-800 BN-1200 PFBR FBR JSFR PGSFR 4S SMFR

Thermal power (MWth) 2,100 2,900 1,250 3,570 393 30 /135 125

Electrical power (MWe) 880 1,220 500 500 1,500 150 10 /50 50

Capacity factor (%) 85 90 75 85 > 70 > 95 90

Type Pool-type Pool-type Pool-type Pool-type Loops (Nb : 2) Pool-type Pool-type Pool-type

Lifetime 40 60 40 60 60 60 30 60

Gross efficiency (%) 41.9 42.9 41 42 33/37 38

Number of primary pumps 3 3 2 2 2 (integrated 2 2 (PEM) 2 (PEM)
component:
pump-IE)

Number of secondary loops 3 4 2 2 2 2 1 1

Inlet / outlet primaryT° (°C) 354/547 410/550 497/547 395/550 390/545 355/510 355/510

Fuel type UO2-PuO2 UO2-PuO2
(1) UO2-PuO2 UO2-PuO2 UO2-PuO2 Metal, U-Zr Metal, U-Zr Metal, U-Zr

Core height (m) 0.88 0.85 1 1 0.8 2.5

Clad diameter (mm) 6.9 9.3 6.6 6.6 9 17.5

Maximum burn-up 70 → 100 90 →140 100 100 → 200 250 94 34/90 133
(MWd/t) (mean CT)

Maximum linear power density 485 465 450 - - 185 39/110
(W/cm) (mean LPD)

Number of shutdown systems 2+1 2+2 2 2+1 2+1 - 1+1 2
(active+passive)

SG type Straight Straight Straight Straight Double-wall Straight Straight tubes Supercritical
tubes tubes tubes tubes straight tubes tubes(2) helical tubes CO2 Brayton

cycle

Number of SGs per loop 10 1 4 3 1 1 1 -

Number of DHR loops 2 1 4 6, 1 (primary 4 1 (primary 2
(secondary (primary (primary (primary vessel (primary circuit – case (primary
circuit) circuit) circuit) circuit) + 2 primary circuit) of 50 MWe – circuit)

loops) + interspace
cooling)

Ex-vessel in-sodium
storage system for spent fuel Yes(3) No No No Yes(4) No - -
assemblies

(1) Transition to a nitride fuel under consideration.
(2) Supercritical CO2 Brayton cycle also investigated.
(3) Of reduced size as it is coupled with in-pile internal storage system.
(4) A storage system for two twin reactors.



The French Act of June 2006, as well as the 2006 and 2008
atomic energy committees helped define the expectations
relating to ASTRID, that is aimed at demonstrating technolo-
gical advances on the industrial scale by qualifying the inno-
vative options selected in the areas of progress hereabove
identified. Its features will have to be extrapolated to future
high-power commercial SFRs (a 1,500-MWe power was cho-
sen for extrapolation studies), especially regarding safety and
operability.

Yet ASTRID will be distinguished from future commercial reac-
tors through the following features:

• The power selected for ASTRID is 1,500 MWth, that is about
600 electrical megawatts (MWe), a power deemed to be
sufficient to guarantee the representativeness of the core (in
normal operating conditions and with respect to safety stu-
dies, particularly regarding severe accidents), and of the
main components; it also allows the operating costs to be
compensated by a significant power generation.A sensitivity
study of the main parameters characterizing the reactor
behavior will be however conducted around this power in
order to get free of possible threshold effects;

• The reactor will have experimental capacities : so its design
will have to display some flexibility in order to test, in a
second step, the most innovative options not retained in the
initial design, among which, particularly, innovative instru-
mentation technologies, new fuels and materials, and even
new components on the coolant systems;

• The reactor will be commissioned in the next decade, so its
safety level will have to be at least equal to that of the 3rd-
Generation reactors commissioned in the same time period;
special attention will be devoted to making the safety
demonstration more robust than for the formerly designed
sodium-cooled fast reactors; ASTRID will take account of the
experience feedback from the Fukushima accident, particu-
larly concerning the absence of “cliff edge effects” liable to
reduce robustness with respect to external events;

• Regarding availability, account will have to be taken that
ASTRID continous operation will be perturbed by the expe-
rimentations to be conducted on it. Apart from that, the reac-
tor availability will have to be over 80%.The options retained
will have to show that an availability coefficient over 90% for

The French Planning Act n° 2006-739 of June 28, 2006 on
the sustainable management of radioactive materials and
waste requires the commissioning by the year 2020 of a pro-
totype reactor that will have to meet 4th-Generation design cri-
teria, as mentioned during the atomic energy committee mee-
ting held on December 20, 2006. The decision was made to
launch the preliminary design of a sodium-cooled fast reactor
(SFR): this is the only reactor type alternative to light water
reactors that benefits from an industrial demonstration corro-
borated by an operating experience feedback both in France
and abroad over several decades, and that is likely to achieve
the abovementioned 4th-Generation goals.

This project was named ASTRID, for Advanced Sodium
Technological Reactor for Industrial Demonstration.

ASTRID reactor specifications
In order to achieve the goals mentioned above 4th-Generation
sodium-cooled fast reactors will have to make significant pro-
gress, especially in the following areas:

• Enhanced safety compared with former SFRs, with the asso-
ciated goal of increased prevention of severe accidents, and,
in parallel, of taking core melting into account as early as the
design step (mitigation devices) in relation to defense in
depth;

• Improving the inspectability of sodium structures, in particu-
liar those that have a safety function;

• Reducing risks related to sodium’s affinity for oxygen, i.e.
sodium fire and sodium/water reaction;

• Higher availability compared with previous SFRs, with a per-
formance equal to that of the commercial reactors to be
deployed in the same period of time;

• The ability to transmute minor actinides, if this radioactive
waste management choice is decided by the French govern-
ment;

• Competitiveness with respect to other electrical power sup-
ply sources for an equivalent service.

The ASTRID Project (June 2013)
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Fig. 200. Cutaway view of the “low void effect” core of the ASTRID
reactor.
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ASTRID design orientations
ASTRID design options have to comply with the above men-
tioned requirements set out for future power reactors.

Preventing core melting

In relation to this objective, an innovative core concept was
investigated during Phase 1 of the preliminary design phase,
called AVP158 (preconceptual design phase): the heteroge-
neous core referred to as CFV (a French abbreviation for
Cœur à Faible effet de Vide sodium: “low void effect core”).

With a view to drastically reducing the sodium void effect in
contrast with the concept of former reactor cores, the CFV
design was focused on how to optimize the parameters of core
reactivity feedbacks (reactivity coefficients*) in order to get
a better natural behavior of the core during accident situations
resulting in an overall overheating of the core. In particular, the
reactivity effet related with sodium expansion that is obtained
through design (sodium plenum, heterogeneous fertile plate)
is negative in the event of overall loss of flow, and may lead to
a negative overall void effect if a boiling stage is ever reached.
This new specific feature relative to SUPERPHÉNIX or EFR*
type standard cores can be extrapolated, and is confirmed for
higher-power CFV cores.

Regarding local accident transients belonging to the unsche-
duled rod withdrawal accident category, the CFV core displays
a favorable behavior thanks to the built-in reactivity of the core.

Concerning sub-assembly local melting situations, included in
the conventional scenario of the total instantaneous bloc-
kage* (TIB) of a sub-assembly (S/A), of very low probability
due to sub-assembly bottom nozzle design, the behavior is to

the commercial reactor type can be potentially reached when
they are extrapolated to series NPPs;

• Though not being a MTR (Material Testing Reactor), ASTRID
will provide irradiation services, as PHÉNIX formerly did.
These irradiations will help gradually improve core and absor-
ber performance, and test new fuels and structural materials,
such as carbide fuel, and ODS steel for fuel cladding. It will
have to be fitted with an examination cell, located in the
power plant or in the vicinity, in order to expertise these irra-
diations;

• Although future fast neutron power plants can operate in the
breeding mode, ASTRID will be a converter* (or isogene-
rator*) reactor given the current situation of nuclear mate-
rials, and will have to demonstrate the possibility of breeding.
ASTRID will also have to demonstrate the industrial reliabi-
lity of Pu multiple recycling.

Moreover, ASTRID will have to meet the following require-
ments:

• Being located at Marcoule, one of the potential sites for
construction;

• Being able to be easily visited by the public for a purpose of
transparency;

• Relying on the operating experience feedback from the for-
mer reactors, especially PHÉNIX and SUPERPHÉNIX, on
the one hand, while being distinguished from them in a clear-
cut way (through improvements to achieve the above mentio-
ned objectives), and fully complying with the 4th-Generation
specifications, on the other hand;

• Taking account of current safety requirements, particularly
protection against external and internal malicious acts, and
nuclear materials protection;

• Complying with the IAEA’s latest requirements in relation to
proliferation resistance;

• Controlling cost.

The ASTRID Project (June 2013)190

58. AVP1: a French abbreviation for Avant-Projet Sommaire Phase 1,
“preconceptual design phase”.



Taking a core meltdown accident into account

According to a defense-in-depth approach, and even if the
main objective is the practical elimination of the risks of core
melting, the layout of a core catcher for corium* (a mixture of
molten fuel and steel) is considered on ASTRID; the latter will
have to be able to recover all the core, to maintain corium in a
subcritical state, to allow it to cool in the long term, and, at last,
to be inspectable; at this stage, several options are contem-
plated regarding the technology and the (in or out-of-vessel)
localization of this core catcher.

Still according to a defense-in-depth approach, and even if the
objective is to practically eliminate energy-releasing accidents,
the aim will be the robustness of the containment building so
as to avoid taking countermeasures outside the site whatever
the situation may be.

Inspectability of sodium components

Especially for safety reasons, when the project started, CEA
chose a pool-type concept, the whole of the primary coolant
circuit being contained in the reactor’s main vessel doubled by
a safety vessel.This option offers benefits (such as minimizing
and simplifying the structures and the containment building to
be inspected), and drawbacks (larger dimensions, obstructed
access areas) with respect to the inspectability of structures.
The inspectability of components in sodium is difficult due to
sodium opacity, and to the required isolation of sodium from
air. PHÉNIX and SUPERPHÉNIX had based the prevention of
safety-related structures failure on a broad design basis mar-
gin, and on a rigorous construction quality, with the in-service
inspection means being developed during the project or the
operation. These principles will be complied with for ASTRID.
Furthermore, the inspection of the reactor block’s internals will
be taken into account as early as the design step, planning
access areas and structural backfitting for an easier implemen-
tation of the current and developing technologies. According
to the case considered, these inspection technologies will be
implemented either from the outside, or from the inside of the
reactor (Fig. 201); they will chiefly use optical or ultrasonic
methods, the selection being made according to the primary
circuit design. Nevertheless, the amplitude and frequence of
these inspections will have to remain compatible with the
objective of demonstration of the reactor’s availability.

Several architectures of inner vessel have been investigated:

• A pool-type reactor fitted with a conical redan*, a solution
extrapolated from former reactors, and integrating the EFR
project innovations;

• A pool-type reactor fitted with a cylindrical inner vessel sur-
rounded by the components (CICI), which is to be upgraded
with a view to a better accessibility of structures in the ves-
sel bottom, and, in the event of a core meltdown accident, to

be analyzed, and enhanced prevention and detection mea-
sures are to be set up.

As regards the consequences of a postulated severe accident,
the first calculations show an energy release much lower than
in former cores. These trends have to be confirmed by future
calculations.

In addition, the CFV concept displays a low reactivity drop
thanks to fuel pins of a larger diameter. Thus, the CFV core
offers benefits in terms of extended cycle operation and in-
core fuel residence times.

However, regarding these concepts, the reduced power den-
sity entails higher plutonium inventories by almost 30% (for the
same unit power level), and an increased overall diameter of
the core (and, so, of the reactor) relative to SUPERPHÉNIX
or EFR type cores.

Given these results, the CFV core was selected as the refe-
rence for Phase 2 of the preliminary design phase, called
AVP2 59 (conceptual design phase).

In addition, the following provisions will be taken in order to
further reduce core meltdown probability:

• Prevention will be enhanced by the inspectability of all the
safety-related items, and of all the items likely to affect them,
among which, of course, the reactor block’s internals, espe-
cially the core support structures* (CSS) and the core
cover plug, for which efficient inspection methods will have
to be qualified; the selection between the various options of
the reactor block’s internals described hereafter will take the
inspectability criterion into account;

• The hazards will be taken into account as early as the design
step, whether their origin is external (aircraft crash, earth-
quake, flooding, malicious acts) or internal;

• The decay heat* removal (DHR) systems* will be suffi-
ciently redundant and diversified to avoid the full failure of the
function;

• A reflective process is underway in relation to adding a third
level of shutdown, of a passive type; such a device, referred
to as SEPIA, was patented by CEA, and aims at ensuring
reactivity control, with passive means, in the event of the fai-
lure of both automatic shutdown systems; CEA’s industrial
partners are investigating devices for the same purpose;

• Finally, all the latest developments in relation to instrumenta-
tion and measuring systems will be used to enhance core
and reactor monitoring.
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“conceptual design phase”.
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The redan concept has been selected (Fig. 202) for the future
of the project.

The inspectability was one of the major criteria for selecting
among these different concepts, the others being technical
considerations (safety, design basis, lifetime, in-service ins-
pection), as well as the solution’s maturity (project-related risk)
and the economic aspect. For the project objective is to take
account of the inspectability and the repairability as early as
the preliminary design step in order to orient the design
choices.

Mitigating risks relating to sodium’s affinity
for oxygen

As an alternative to the conventional Rankine water-steam
energy conversion cycle, (which could be immediately set up
industrially, and also benefits from a significant experience
feedback relating to operating transient control), a Brayton
cycle gas energy conversion system (pure nitrogen at 180 bar)
is being investigated in order to improve safety together with
the de facto elimination of the risk related with the
sodium/water reaction (Fig. 203). This type of system has
never been set up for an industrial application, or within the
pressure and power ranges required for ASTRID. So it will be
first necessary to check its feasibility, its compatibility with the

constraints of a nuclear reactor, and,
more especially, of a sodium-cooled
fast reactor, its cost, and the delay time
for developing and validating the
concept. All things considered, a
sodium intermediate circuit will be
maintained for safety reasons, whate-
ver the energy conversion system.

In parallel the water-steam cycle was
also studied, and the following improve-
ments have also been taken into
account:

• Using small-sized steam generators
would ensure the integrity of the inter-
mediate exchanger, and so the pro-
tection of the primary coolant circuit,
of the intermediate circuit, and of the
steam generator bundle wrapper,
even in the very broad (envelope)
assumption of the sudden and simul-
taneous failure of all the tubes inside a
module;

Fig. 201. Picture of a robot arm carrying instrumentation
for inspection under sodium.
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Fig. 202. Schematic view of the ASTRID reactor block.

a better protection of the decay heat removal systems, as well
as a better resistance of the primary containment building;

• A pool-type reactor fitted with a cylindrical inner vessel
containing the components (CICE), which entails the simpli-
fication of the NSSS design, a better access to internals for
inspection and repairs, and more room for an internal core
catcher;

• A pool-type reactor fitted with a stratified redan, an innovative
concept which, however, is not mature enough.
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• The technology selected for the steam generator (SG) is a
helical concept with sodium inlet and outlet from the bottom,
preferred to straight-tube concepts with or without an expan-
sion bend; the reverse SG, in which sodium flows inside the
tubes, was also investigated, its potential interest being to
reduce the probability of a crack leading to a leak, or sprea-
ding to the neighboring tubes, to speed up the detection of a
leak, and to limit the crack evolution to only one tube, but it
was not retained because it cannot be easily inspected,
involves a penalizing cost, and also requires a heavy qualifi-
cation program;

• The redundance and performance of the leak detection sys-
tems will also be improved;

• Selecting the steam generator will also take account of the
cost of this component, and, more generally, the cost of the
intermediate circuit;

• The mitigation of the hydrogen risk (a major risk, indeed, in
the case of a sodium/water reaction), and the sodium-water-
air reaction will be taken into account as early as the design
step.

At the end of the preconceptual design phase (AVP1) it was
decided to go on developing the gas energy conversion sys-
tem coupled with compact sodium-gas exchangers, that is the
most innovative options, while keeping the steam energy
conversion system as a backup solution.

As regards the consequences of sodium leakage and fires,
studies will be conducted on how to contain and/or inert the
premises so as to smother fires, and on how to significantly
mitigate the releases of sodium hydroxide (soda).

Reducing outage times

The fuel handling system will be reviewed in
order to improve the handling rate, and
increase its reliability; fuel loading and unloa-
ding will be carried out in sodium, which is
required by the objective of being able to
handle minor actinide bearing sub-assem-
blies displaying a high decay heat. Besides,
this solution, though more complex and
expensive, will offer a better operating flexibi-
lity in normal and incidental conditions.

Special attention will be paid to reducing
causes of outages by orienting preliminary
design studies according to the following
lines:

• Basing equipment reliability on proven technologies;

• Targeting the design of simple, robust equipment;

• Carrying out a preventive detection of failures.

In order to reduce outage time, studies will be carried out on
the pieces of equipment whose change is to be considered,
focusing on in situ maintenance, or handling with a view to
optimizing handling, cleanup, repair, and requalification opera-
tions as early as the design step.

So as to preserve the investment, the project will be focused
(as above mentioned) on the repairability (or replaceability in
exceptional cases) of the highest possible number of reactor
structures, and, particularly, the core cover plug*, a compo-
nent whose thermomechanical loading makes it complex to
demonstrate a sixty-year lifetime.

Transmutation in ASTRID

In compliance with the French Act of June 28, 2006 dealing
with long-lived radioactive waste management, ASTRID is to
provide the demonstration of transmutation on a significant
scale, if this option is selected by the public authorities. A gra-
dual, flexible approach will be adopted in relevance with the
decisions to come.

As a first step only small specimens will be irradiated, typically
a few pellets in one or several pins; then a few pins in a sub-
assembly will be irradiated.This type of irradiation only involves
the experimental capacity of ASTRID, and induces few
constraints on the reactor’s design.

It will probably be necessary to reserve positions for a few spe-
cific sub-assemblies bearing minor actinides.

Turbine

Secondary
sodium / nitrogen

plate-type
exchangers

Fig. 203. Picture of a turbine hall housing a gas energy conversion
system.



ASTRID Project organization
In compliance with the French Act of June 28, 2006, CEA was
entrusted with the project ownership. CEA also received fun-
ding for the preliminary design phase from the French
“Investments for the Future” program (PIA60). In relation to the
preliminary design phase, it set up the following organization
system:

• The project ownership and strategic steering (or manage-
ment) are assumed by the Nuclear Energy Division /
Innovation and Nuclear Support Division, and more espe-
cially by the “4th-Generation Reactor” program;

• The project operational steering (or management) is assu-
med by the ASTRID project team (CPA61) which reports to
the Reactor Studies Department of CEA Cadarache, and is
led by a project manager. The latter relies on a team which
includes the following functions:

- An industrial architect, since CEAmade the decision not to
turn to a prime contractor, and to assume the function of lead
contractor by itself: the industrial architect relies on a confi-
guration and synthesis management team;

- A person in charge of project management: this person is
in charge of organization, risk control, scheduling, and cost
follow-up, and relies on external assistance;

- Persons in charge of transverse functions for ASTRIDmajor
stakes (safety, operability, value analysis, experimental pro-
grams, instrumentation and in-service inspection);

- Managers in charge of controlling the various engineering
batches (site interfaces; nuclear steam supply system; core;
energy conversion systems; nuclear auxiliaries and handling;
instrumentation & control, and electrical power supply; civil
engineering).

The project is broken down into engineering batches which
are assigned to different industrial partners within the scope of
bilateral cooperation agreements involving cost sharing. In
June 2013 the following agreements were signed:

• EDF/SEPTEN (signed on December 22, 2010), which pro-
vides assistance to the CEA project team (CPA) through
direct presence within that team, and through a team based
at Lyon (France) for the safety and technology part:
EDF/SEPTEN thus provides its skills as an architect and
operator of PWR and FBR nuclear power plants;

• AREVA NP (signed on November 5, 2010), the only
European manufacturer able to design sodium-cooled fast
breeder reactor power plants, which provides engineering for
the nuclear steam supply system, nuclear auxiliaries, and
instrumentation and control systems;

Both the homogeneous and heterogeneous transmutation
modes will be considered. In the second case, decay heat may
induce strong constraints on the fuel handling system as a
function of the percentage of minor actinides in a especially
dedicated blanket.

Among the minor actinides of interest, priority will be given to
studying the transmutation of americium.

Today, a 2% potential of minor actinides (MAs) in fuel is envi-
saged in the homogeneous mode, and minor actinide-bearing
blankets (MABBs) could be used with a 10% MA amount.

Cost control

Assessing the cost of the nuclear power plant is an important
factor of decision to pursue the project, and so it is of the power
cost (kWh) associated with future commercial reactors. Of
course, given the absence of design today, and the technolo-
gical complexity of the SFR type, design to cost cannot yet be
undertaken in the present time.

However, the following actions will be initiated from now on;

• A value-analysis approach will be undertaken as early as
the preliminary design phase so as to select economically
attractive options whenever it is possible;

• Attention will also be focused on design margins, while kee-
ping in mind that increased robustness and extended life-
time, too, are aimed at;

• Finally, another issue to be considered will be how to opti-
mize operating costs, while still taking account of human and
organizational factors. At the end of the preconceptual
design phase (AVP1), the lack of feasibility study or prelimi-
nary cost estimates for a commercial plant will not allow cost
to be assessed. Only indicative trends are available, refer-
ring to cost estimates carried out for former projects (EFR*),
with an overall confrontation with recent projects (EPR).The
current studies use a breakdown according to the EMWG
guidelines issued by the GEN IV International Forum (GIF)
for the 4th-Generation reactors.
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60. PIA: a French abbreviation for Programme Investissements d’Avenir.
61. CPA: a French abbreviation for Cellule projet ASTRID.



• ASTRIUM (agreement signed on October 19, 2012), for
applying to ASTRID methodologies oriented to increasing
the reactor’s availability, that arise from the experience of
ARIANE rocket boosters and of missiles.

Other agreements are being discussed.

The main missions of the ASTRID project team are as follows:

• Defining ASTRID options;

• Steering the engineering studies, and controlling the results;

• Examining the feasibility of future experimental programs;

• Ensuring coordination of interfaces, and allocation of perfor-
mance tasks (acting as an industrial architect);

• Preparing safety cases, and carrying out related instruction
with the French nuclear safety authority (ASN) (regular
exchanges take place with ASN on the main safety orienta-
tions);

• Specifying R&D needs;

• Integrating R&D results in the design;

• Managing the interface with CEA/Marcoule, a potential site
for ASTRID.

The ASTRID project team (CPA), mainly consisting of SFR
senior experts, aims at integrating young engineers in order
to ensure that this technological skill be maintained in the long
term.The project membership will evolve as a function of the
project needs.

As ASTRID is a CEA project, it will be conducted in accor-
dance with CEA quality assurance rules, in particular the pro-
ject management methodological guidelines (R2MP62) based
on Recommendation RG AERO00040.

The schedule and the major
deadlines
Thanks to the R&D actions conducted within a CEA – EDF-
AREVA tripartite framework between 2007 and 2009, the first
project orientations could be chosen, and a certain number of
“structuring concepts” (design options) could be frozen, such
as, e.g., the pool-type primary circuit, or the UO2-PuO2 fuel.
They were used as a basis for the first orientation document
of the project issued in September 2010, that listed the design

• ALSTOM POWER SYSTEMS (signed on May 26, 2011), a
designer and manufacturer of power conversion systems
(PCS) for nuclear or non-nuclear power plants, which carries
out the studies in relation to ASTRID PCS;

• COMEX Nucléaire (agreement signed on July 4, 2011),
which brings its skills as a mechanical equipment designer
for the study of various systems, especially robotic systems
for in-service inspection of the primary system, or the diver-
sified design of control rod drive mechanisms;

• TOSHIBA (agreement signed on April 13, 2012), for develo-
ping and qualifying the large-sized electromagnetic pumps
for the secondary sodium systems;

• BOUYGUES (agreement signed on April 27, 2012), whose
contribution mainly deals with the design of the civil enginee-
ring work for all of the nuclear island buildings (including the
reactor building, the nuclear auxiliary buildings, and the fuel
handling buildings), as well as for the turbine hall, that houses
the turbogenerator set;

• EDF (agreement signed on April 25, 2012), for extending the
agreement signed with SEPTEN to the R&D activities and to
the technical expertise in support of ASTRID;

• JACOBS France (agreement signed on June 21, 2012), for
the engineering of the site’s infrastructures and common
means (balance of plant);

• ROLLS-ROYCE (agreement signed on September 24,
2012), for innovative research in relation to sodium-gas
exchangers and fuel handling;
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Industrial partners of the ASTRID project.

Projet ASTRID

62. R2MP: a French abbreviation for Référentiel méthodologique de
management de projet.
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options already approved of, and the options left open. The
aim of keeping some options open was to devote sufficient
time to investigating innovative options likely to be integrated
in ASTRID design, so as to give ASTRID a clearcut rank in the
4th Generation.

The preliminary design phase was initiated in October 2010;
it consists of several stages:

• A preparatory stage, the “preliminary choice of options”, that
made it possible to structure the project, to formalize the
expression of the needs, and to define the main milestones
and deadlines; it ended with a formal review which took place
in March 2011, and launched the following stage (as defined
in Recommendation RG AERO 00040);

• The first stage of the preliminary design, referred to as
“AVP1”, or preconceptual design phase, that aimed at ana-
lyzing the open options, especially the most innovative
options, in order to select the reference design by the end of
2012; the first assessments of the construction schedule
were conducted during that stage; a document summarizing
the main safety orientations was also issued, and transmit-
ted to the French safety authority (ASN) in June 2012;

• The second stage, referred to as “AVP2”, or conceptual
design phase, that started in January 2013; it aims at confir-
ming the design in order to achieve a comprehensive, consis-
tent conceptual design by the end of 2015; the latter will
include a cost estimate and a schedule, and will allow the

decision to continue to be made; this stage is initiated by a pre-
paratory stage that aims at taking account of the new “AVP2”
duration, prolonged till the end of 2015, at performing a
techno-economic analysis of the options retained and of the
functional specifications, and at completing a few options
choices.

The basic design phase (APD63) could be initiated in 2016,
and is to be followed by the detailed design phase, the licen-
sing procedures, and the construction work.

Pierre LE COZ,
Reactor Studies Department, ASTRID Project Head
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Sodium-Cooled Fast Reactor Economics

A SFR displays several key features from a technical
and economical viewpoint.

• Its natural uranium consumption is negligible (only a little of
the already available depleted uranium), whereas that of a
light water reactor (LWR) is about 170 t per GWe and per
year; given the increase in the uranium cost due to the deple-
tion of this resource, SFRs can generate a kWh less expen-
sive than that of LWRs;

• Its construction is more costly than that of a LWR of equal
power. Besides, the first industrial SFRs² will have to face
overcosts due to their prototype feature.This is why its power
production cost is not competitive today relative to that of a
LWR, due to an initial overinvestment and to the low current
cost of natural uranium;

• Starting up this reactor requires a considerable64 amount of
plutonium, i.e. about 16 t /GWe (one half for the first core,
and the remainder for the cycle), which assumes spent LWR
fuels are available in amounts more or less equal to those
produced within sixty operating years of a 1-GWe LWR, and
with sufficient capacities for treating and fabricating fast reac-
tor fuels;

• It harmoniously completes the LWRs for the whole of fuel
cycle up to ultimate waste disposal;

• It is worth to mention that the share of fast reactor fuel cycle
cost in the final power cost (kWh) is about 6%, that is a value
even lower than for a LWR.

Comparing SFR and LWR capital
costs
By its design a SFR displays features that entail an initial
investment overcost.

The following items can be mentioned among the causes of
this overcost:

• Though sodium is an excellent coolant, it is also a metal that
is very reactive with oxygen, and so has to be very carefully

isolated from air and water using an inert atmosphere and
double circuits.Thus, an expensive intermediate circuit is intro-
duced in order to avoid any possible interaction with primary
circuit sodium;

A large number of additional safety provisions have to be sche-
duled:

• As the sub-assembly decay heat is relatively high, an inter-
nal storage unit is required to allow spent fuel sub-assem-
blies to cool prior to being removed and washed;

• The handling of sub-assemblies and of all the components to
be introduced in the core has to be performed in a blind way,
using complex devices, and even a sodium storage drum,
that entail a significant overcost.

A number of uncertainties emerge when trying to evaluate this
investment overcost, often treated parametrically within a
range going from 1.2 to 1.5. The main uncertainties are rela-
ted with defining a SFR concept still under development, with
the difficulty of assessing the cost of a series EPR basing on
data currently available for first-offs, and to the evolution of this
overcost over time: as the structure of SFR costs is not iden-
tical to that of a LWR (shares of manpower, of steel and
concrete materials…), it is necessary to use deflators to
assess this overcost at remote dates. During studies relating
to the EFR (European Fast Reactor), this overcost had been
estimated to be 25%.

Nowadays, the increase in safety constraints, as part of the
analyses that followed Fukushima, rather leads to a more com-
plex design process and to a rise of costs. In contrast, it is wor-
thy to note that, regarding its BN-1200 concept, Russia dis-
plays a strong will to reach costs comparable with that of
VVER water reactors. That implies drastic technical choices,
such as discarding the storage drum option. Similarly, India
has also suppressed the sodium storage drum on the PFBR
reactor under construction in order to significantly reduce the
investment costs. As a conclusion, an overcost of 30% of the
investment for a fast reactor, compared with a conventional
water reactor, will be used in the other studies presented, while
pointing out the very strong uncertainties related with this
value.

64. Even it is technically possible to start up a SFR with enriched uranium,
this solution, too costly from the economical viewpoint, could be conside-
red only with a Pu cost higher than €50 /g.

Projects for the Future



Beyond conventional resources, other (non-conventional)
resources can be found, as in phosphates or seawater.
Estimates of the uranium amounts arising from phosphates
were reviewed downwards in 2012: they are expected to go
down from 22 Mt to a figure between 4 and 7 Mt. Besides, in
order to remain affordable, uranium cannot be more than a by-
product of phosphate output, which will limit its production from
phosphates to a few thousand tons/year. Similarly, save in the
case of a very strong technological breakthrough, uranium
contained in seawater, in nearly unlimited amounts, is likely to
be extracted only at very high costs.

The thorium case

As worldwide thorium resources are three times as high as
those of uranium, it is tempting to consider a fuel cycle based
on this element. However, since thorium 232 (the only natural
isotope) is not fissile, but fertile, fast reactors are those which
are most likely, indeed, to exploit this resource at the best.This
is the choice made by India for the long term, with the
construction of the PFBR reactor whose operation will allow
for thorium blankets.

Worldwide uranium consumption prospective,
and corresponding sustainability

Today the present worldwide fleet, mostly consisting of LWRs,
consumes about 68,000 tons of natural uranium per year.

The evolution of this demand, coupled with that of the world-
wide nuclear fleet, is a major unknown.

Assuming this demand constant, a mere rule of three leads to
more than 100 years of availability with our 7 MtU.Yet, it may
be difficult indeed for an investor to initiate the construction of
reactors whose foreseen operating time is sixty years, if lac-
king visibility about uranium supply over this coming period of
time.

There exist nuclear prospective scenarios set out by organi-
zations such as the World Energy Council (WEC), or the

International Energy Agency (IEA),
which issues theWorld Energy Outlook
(WEO) every year. These scenarios,
very numerous by 2035-2050, are not
so numerous by the 2100 year.Most of
them foresee a strong increase in the
world nuclear power fleet.

Table 22.

Worldwide uranium conventional resources (MtU) [1]

Conventional resources (MtU)

Identified resources Undiscovered resources

Reasonably Inferred Prognosticated Speculative
$/kg U assured

< 40 0.5 0.2 1.6

40-80 1.5 0.9

80-130 1.4 0.8 1.1

130-260 0.9 0.8 0.1

Sub Total 4.4 2.7 2.8 7.6

TOTAL 7.1 10.4
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Natural uranium resources
There are many occurrences of uranium in diluted form in sea-
water, river waters, as well as in the earth. In the ground,
contents are about 3 g/ton. For example, a garden 20 m x
20 m, and 10 m thick contains 24 kg or so of natural uranium.
The Rhône river carries over about 29 tons of uranium every
year, and the sea contains 3 mg/m3, i.e. about 4.5 billion tons.

The issue is to find deposits sufficiently concentrated to be
valuable at a reasonable cost. Mines were opened in France
in the sixties, but prospections have soon led to the discovery
of mines with a very high content in Australia, Canada, Niger…
Hence the closing of French mines.Then uranium prices col-
lapsed, which finally resulted in the completion of all of pros-
pections.

Consequently, potential uranium resources that are available,
and exploitable at realistic costs are not well known, all the
more as there is no overview due to prospection’s being fully
halted.The most updated reference document known today in
relation to assessing resources is the “Red Book” Uranium
2011: Resources, Production and Demand [1] jointly issued
by the IAEA and the OECD NEA in 2012.

Uncertainties remain concerning these resources, for the
figures in the “Red Book” [1] are based on the States’ state-
ments: so a bias in the figures provided cannot be excluded.
An overestimate of the available amounts at a low production
cost is likely to be attractive to potential investors, and, in
contrast, an underestimate is likely to boost the market
prices…

So it may be kept in mind that at least 7 MtU are available at
costs lower than $260 per kilo. In contrast, the available fur-
ther amounts are not well known at all.

As assessed in the “Red Book”, about 10 further MtU are
expected to be discovered within these ranges of extraction
prices. Yet there is a great amount of uncertainty as to their
existence.
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Quite expectedly, it appears that a nuclear power based on
water reactors is not sustainable.Taking the (probably slightly
optimistic) assumption that 38 Mt of uranium are exploitable
(which corresponds to the totality of identified and undisco-
vered resources, and with an amount of 22 Mt of uranium ari-
sing from phosphates (which, as just seen, is probably ove-
restimated), the increasing world nuclear fleet would no
longer be able to meet the demand by the horizon 2100, and
its production would keep decreasing later. Even if conside-
ring an extremely optimistic academic assumption of 90 Mt
for resources, that would mean no more than a fifty years’
delay time (see Table 23).

Nevertheless, it is worth to note that natural uranium consump-
tion in water reactors can still be optimized, which may allow
a further (short) delay time.

However, this new turn will have to be anticipated, for it is
impossible for a fast reactor fleet to replace LWRs within only
a few years, and the 3rd generation LWR operating time is sixty
years. So, extending nuclear power beyond this date will
require a few fast reactors to be progressively introduced into
the fleet in order to foresee the power supply difficulties likely
to emerge gradually.

Apart from sustainability, economic issues, too, have to be
taken into account. The share of natural uranium cost in the
cost of the kWh produced by light water reactors (LWRs)
ranges from 7 to 15% according to the selected assumptions
(open or closed cycle, discount rate, fleet depreciation level).

The competitiveness balance between water reactors and
sodium-cooled fast reactors depends on the natural uranium
cost (Unat) and on the investment overcost of fast reactors.
According to the oversimplifying assumption of a natural ura-
nium price being constant over the whole operating time of a
reactor fleet, and of a null discount rate, a penalizing invest-
ment overcost of 30% is compensated by SFRs for a uranium
cost exceeding €200 /kg (Fig. 204) [2].

In more recent calculations taking account of the increase in
the installed power cost, and of a discount rate not equal to 0,
this value is brought to around€700 /kg (Unat discounted cost
over the reactor’s lifetime).

The date of LWR / FR competitiveness shift is still very uncer-
tain, for it depends on the assumptions issued on uranium
price evolution. This cost depends on resource assessment
and on worldwide nuclear fleet deployment.

Natural uranium price evolution in the long term,
and expected date of fast reactor competitiveness

The uraniummarket is a worldwide market.Today, there exists
a uranium spot market that accounts for less than 10% of
exchange, the remaining exchange taking place through long-
term contracts.

Starting from various assumptions of curves for supply and
for worldwide fleet evolution, worldwide scenarii can be calcu-
lated, and give the evolution of uranium cost in these condi-
tions. The results for four of these scenarios are mentioned in
Figure 205.

The 9 curve corresponds to using limited resources, together
with the scenario for the dynamic development of the world-
wide nuclear fleet. This couple of assumptions does ensure
the fastest rise in uranium cost, and the nearest date for intro-
ducing fast reactors.

Table 23.

LWR Fleet Alone: Impact of the U Limit

Limit on Unat Year of production / Year of forced halt Maximum number Percentage
demand mismatch in nuclear production of EPR reactors of demand

met in 2100

6 Mt 2031 2090 348 0%

20 Mt 2063 2122 1,398 27%

38 Mt 2092 Après 2150 2,494 79%

90 Mt 2149 Après 2150 4,647 100%
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Fig. 204.The competitiveness balance between water reactors
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In contrast, the < curve accounts for the largest amounts of
resources, together with the scenario for the slowest develop-
ment of the world fleet (not including nuclear phase-out sce-
narios).

The other two profiles : and ; account for an intermediate
“best estimate” supply curve, but respectively relate to the sce-
narios for a strong or low development of the worldwide
nuclear fleet.

Basing on these costs, and assuming a 30% overcost of fast
reactors, competitiveness can be expected for the end of the
century.

In this type of theoretical calculation, unknowns are, of course,
quite significant, but they show an overall trend.

Plutonium cost share
in fast reactor competitiveness
In France, plutonium supply is achieved through LWR spent
fuel treatment. In such conditions plutonium cost can but be
considered as null. In countries such as the United States that
have not opted for LWR spent fuel treatment, the situation is
different: the decision to build fast reactors will be preceded by
the decision to build spent fuel treatment plants, the cost of
which will have to be assigned to fast reactors, and not to
LWRs. An easy method would be to finance the construction
of the treatment plant and its exploitation through a produced
Pu cost that would be “paid” by fast reactors, thereby increa-
sing the power cost of the kWh produced by fast reactors, and
delaying their economical competitiveness.Given the nonpro-
liferation problems, it will perhaps be possible, though with dif-
ficulty, to implement a Pu market through a MOX fuel market,
which would allow for other than national policies for mana-
ging these stockpiles.

Using fast reactors
for better closing the MOX
fuel cycle
Today plutonium produced in France through
treating spent fuel is re-used as MOX fuel in
LWRs. Then these MOX fuels, after being
used in reactors, are sent to La Hague plant
where they build up. Treating them at this
stage is not very attractive, for the isotopic

composition of the resulting Pu would make it difficult to use it
in a LWR. So a small-sized fleet of fast reactors could help
adjust the isotopic composition of this Pu, thereby allowing it
to be re-used in LWRs.

Thus, economical gains would be achieved in relation to spent
MOX storage, and through the additional fuel available for
LWRs.

Waste management:
cost of transmutation in a fast
reactor / gain on disposal
Within the framework of the French Planning Act of June 28th,
2006 on sustainable radioactive materials and waste mana-
gement, an economical assessment of transmutation in the
4th-Generation reactors (SFRs) was conducted regarding
various scenarios for transmuting minor actinides (neptunium,
americium, and curium): either in a homogeneous mode (with
their integration in MOX fuel) or in a heterogeneous mode
(introducing them in blankets on an UO2 support). According
to scenarios, all of minor actinides, or only some of them, are
transmuted. Those for which transmutation is not selected
result as waste integrated in glasses.

It appeared that achieving transmutation in SFRs would only
entail a reduced overcost compared with the cost for produ-
cing 1 kWh, ranging between 4 and 9% relative to a fast reac-
tor operating with no transmutation. In addition, actinide trans-
mutation would reduce the residual power of ultimate waste.
For reasons of decay heat removal, and allowable thermal loa-
ding of galleries, this would lead to increasing by a factor of 5
to 10 the available room in the repository for ultimate long-lived
high-level waste (LLHLW).Hence a potential financial gain for
this accounting item.
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Other criteria
for developing fast reactors
If achieving competitiveness through the cycle is to stand as
a very important stage for SFR development, no doubt that
the first buyers of fast reactors will have more political than
economical motivations. Irrespective of their actual rank, which
is likely to vary according to the country, the criteria that will
support this first market will be the following:

• Ensuring the country’s energy independence, and safe
energy supply;

• Protecting against tensions on the natural uranium market;

• Holding a certain rank for the future in a high-technology
industry;

• Taking account of considerations related with non-prolifera-
tion;

• Ensuring plutonium management, and fuel cycle closing;

• Achieving waste management (minor actinide transmuta-
tion);

• Enhancing safety.

Thus, these various criteria may bring some States to make
political decisions of building SFRs, together with implemen-
ting suitable government financing likely to counterbalance
SFR overcost, before the increase in natural uranium price
induces competing electric utilities to make this choice basing
on economical criteria alone.

The countries that seem to be the most likely to finance the
launching of a fast reactor “pre-commercial” program, and so
to set up and develop a market for these reactors, are China,
Russia, and India. These countries hold a strong nuclear
industry, a more or less significant experience in the fast reac-
tor area, and above all a strong political will, likely to lead to
fast reactor construction before their (kWh) power cost be
competitive.

Among other countries, only some of them will be able to
undertake the construction of fast reactors before achieving
their economical competitiveness, but at a smaller scale, their
main purpose being to keep this technology open, and taking
part in defining its standards.

France plans to build a first industrial fast reactor towards
2040, which could be followed by a few units in order to ensure
the implementation of an industrial infrastructure prior to eco-
nomical competitiveness.

Fast reactors, a promising route
for a sustainable nuclear energy
In order to maintain and increase a sustainable worldwide
nuclear output, operating fast reactors is amust by the end of
this century. Worldwide need will be focused on breeder fast
reactors.The depletion of natural uranium resources is to gra-
dually make this reactor type competitive, despite the invest-
ment overcost due to the reactor design.

It is especially important to point out that fast reactor deploy-
ment in the world cannot be achieved before a worldwide treat-
ment and recycling market has been developed.

Major uncertainties prevail in relation to the knowledge of
exploitable natural uranium resources and the LWRworld fleet
development. These two parameters have to be followed up
very attentively. Developing the fast reactor technology is the
best assurance against the risks induced by this uncertainty.

The situation in France is different from the worldwide situa-
tion, for it holds a considerable potential of spent LWR fuels,
and of yet available huge amounts of Pu, thanks to its spent
fuel treatment plants. However, France is still dependent on
what will take place worldwide, particularly through the natu-
ral uranium cost.

Gilles MATHONNIÈRE,
Institute for Techno-Economics of Energy Systems
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Conclusion

From the early age of fast neutron
reactors to current reactors
Fast neutron reactors have been the first reactors built in the
fifties.The stake then was to use fast neutrons for their excel-
lent capacity to convert U 238 into military-grade plutonium for
defense programs.This led to a first generation of reactors of
this type, using coolants likely to be implemented most easily
in the background of that age (mercury, NaK). It has also led
to developing the first process for reprocessing spent fuels so
as to recover plutonium.

The capacity of breeding by fast neutrons, that is of generating
excess plutonium so as to be able to deploy these mostly
U-238 burning reactors as a true reactor type, quickly led to
seeing in this reactor type the technology likely to bring nuclear
energy to a pluricentennial scale, freeing from U 235
resources that only account for 0.7% of natural uranium. In
most of countries ready to engage in the nuclear field, that
perspective opened the path to the first research reactors in
the sixties, and then to the first prototypes in the seventies, as
well as to the first pre-industrial demonstrations of nuclear fuel
reprocessing and recycling.

As a result, these potentialities of fast neutrons have turned
them into a politically sensitive technology, the industrial deve-
lopment of which was dropped in the United States in the early
eighties, for fear that the multiple recycling of fuel might induce
risks of proliferation65. It was given up in Europe, too, in the late
nineties, with SUPERPHÉNIX66 being abandoned in the back-
ground of the antinuclear wave triggered by the Chernobyl
accident.

Nevertheless, the development of this type of reactors is still
being actively pursued nowadays in Russia and India, with the
startup of commercial-sized reactors being scheduled in 2014,
as well as in China, that started up its first research reactor in
2010, and displays quite an ambitious development plan for
years to come. This development is also going on in Japan
with the MONJU reactor.

Coolant selection: from mercury
to NaK, and then to sodium
Considerations relating to neutronic properties (minimum slo-
wing-down of neutrons), operating temperature, physico-che-
mical stability, availability, and cost have first led to use mer-
cury and the sodium/potassium (NaK) eutectic that are liquid
at ambient temperature.As soon as the early sixties the choice
of coolant for research reactors and, then, for prototypes has
focused on sodium, selected as the coolant of the industrial
reactor type. The main reasons are sodium’s excellent physi-
cal properties for heat transfer and transport, its little corrosive
feature for steels, its low activation under neutron flux, its abun-
dance, and its low cost… as well as the advances achieved
for its implementation despite a melting temperature of
97.7 °C, and a strong chemical reactivity with air, water, and
the oxide nuclear fuel. Particularly, the excellent cooling capa-
city of sodium in normal operating, and accidental conditions
stands as a strong asset of this type of reactor. For it allows
decay heat to be removed, including in natural circulation
conditions, through diversified and redundant systems used
in the secondary coolant circuit, the intermediate system, the
steam generator, and the safety vessel.

Closing the fuel cycle
The multiple recycling of fuel cannot be dissociated from fast
neutron reactors.With a burn-up fraction* currently limited to
10-15%, all of the uranium is burned within a dozen spent fuel
recycling campaigns.Given the incidence of fuel choice on the
reactor's features and the recycling technologies, fast neutron
reactors and the related fuel cycle have to be seen as a whole:
a nuclear system, indeed.

Water reactors and fast neutron reactors are related through
fuel cycle, and appear as the two components of a symbiotic
set:

• The plutonium required for starting up fast neutron reactors
arises from water reactor spent fuels treatment;

• Over 90% of the uranium-238 stockpiles that result from
operating the current nuclear reactor fleet can be fully used
by fast neutron reactors: that is, depleted uranium – a by-
product of enrichment plants –, and residual uranium from
spent fuels (96%);

65.The Clinch River prototype was abandoned in 1983 following the Non
Proliferation Act promulgated in 1978.
66. Political decision to abandon SUPERPHÉNIX on February 2nd, 1998.
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• Fast neutron reactors which can operate as plutonium bur-
ners or breeders can fulfill two functions in synergy with water
reactors, and switch from one mode to the other in a flexible
manner: either burning the plutonium generated by the ura-
nium fuel of water reactors so as to remove it from the ulti-
mate waste to be sent to a geological repository, or genera-
ting a plutonium excess that can be used to start up other
fast neutron reactors, or even to provide water reactors with
MOX fuel;

Introducing fast neutron reactors in a water reactor fleet makes
it easy to manage nuclear materials, particularly as the pluto-
nium of all spent fuels (expecially MOX fuels) can so be recy-
cled, and therefore removed from the waste to be sent to a
geological repository, which strongly reduces the harmful
potential and the decay heat of this waste in the long term. At
the same time, it can mitigate the effects of a high boost of ura-
nium price which only affects UO2-fuelled reactors, and can
be reduced through switching to breeder-mode fast neutron
reactors, and converting part of the PWR fleet to MOX fuel,
and even through later switching to a fleet fully consisting of
fast neutron reactors (converters). This flexible use of pluto-
nium makes it possible to consider a gradual deployment of
fast neutron reactors in the French fleet with a short-term
benefit on the nature of long-lived, high-level waste to be dis-
posed of, and the assurance of a lesser impact of uranium
price on nuclear power cost in the longer term.

Fast reactors also make it possible to “burn” minor actinides,
that today are responsible for most of the radiotoxicity and
decay heat of vitrified radioactive waste, which opens the path
to drastically optimizing the waste to be sent to a geological
repository, as regards these two issues, through partitioning
and recycling/transmutation of these minor actinides.Ongoing
research aim at demonstrating the feasibility and efficiency of

these partitioning and transmutation operations. However,
their industrial implementation will depend on the overcosts
induced by the need of specific fuels and cycle facilities, and
on the assessed related benefits as regards both savings on
the necessary disposal capacities, and nuclear power's bet-
ter acceptability.

Even if other routes, such as pyrometallurgical processing,
are being explored, particularly in the United States, fast reac-
tor fuels treatment can be performed using hydrometallurgi-
cal processes similar to those already implemented in France
for treating water reactor fuel. A demonstration was carried
out in the seventies and eighties with several tons of fuel from
the PHÉNIX reactor. Recycling fast reactor plutonium does
not entail a fundamental mutation of the separation pro-
cesses, but requires specific workshops upstream (for sub-
assembly cutting and dissolution), and downstream (for spe-
cific waste conditioning, and recycled fuel refabrication).
Various processes for separating minor actinides have been
developed on the laboratory scale, and may be applied to
both the enhanced partitioning of some actinides for their
selective transmutation (Am, Cm, Np), or to grouped separa-
tion (Am-Cm, Np-Am-Cm, Pu-Np-Am-Cm) in order to reduce
both decay heat (Am) and potential radiotoxicity* (Cm
decaying to Pu), and/or to minimize the risks of proliferation
by increasing the radiation protection measures required to
access to plutonium, if it is coextracted with minor actinides
which are gamma and neutron emitters.

Fig. 206. Fast neutron reactor fuel cycle.

Actinides

Unat

Treatment
and refabrication

Ultimate waste
FPs

Spent fuel



205Sodium-Cooled Nuclear Reactors

Specific assets and constraints
of sodium as coolant
The gradual mastering of sodium coolant technology has
made it possible to design reactors of high power density
(~250 MW/m3), a value targeted owing to both the reactor's
economical competitiveness, and its deployment dynamics
often characterized by the “doubling time”, i.e. the time requi-
red to produce the plutonium load needed to start up a second
reactor of the same power.With this respect, the strong power
density provides the twofold advantage of a lesser plutonium
load for a given power level, and of a fast conversion of U 238
to plutonium, that reduces the time required to constitute the
plutonium load of a second reactor.

In parallel, using sodium has induced some heavy constraints
on reactor design and operation, among which a prevailing
factor is the need for containment, so as to minimize the risks
of reactions with air and water, likely to release large amounts
of energy if they involve large amounts of sodium.This entails
the following needs:

• The need for leak detection systems, and for provisions to
manage sodium fires quickly and efficiently in all premises
housing sodium circuits (and, particularly, in the reactor’s
containment);

• The need for fast detection of the sodium/water reaction in
steam generators, and for fast draining of the affected sec-
tion;

• Developing specific instrumentation and repair techniques
adapted to sodium opacity, to the constraint of a 150 °C tem-
perature at least so as to maintain sodium as liquid, and to
the lack of direct accessibility by circuit opening to structures
under sodium;

• The need for a step dedicated to washing sodium residues
on the fuel sub-assemblies removed from the core, prior to
storing them in a pool.

In addition to the constraints relating to sodium reactivity with
air and water, a few other constraints are to be mentioned, as
illustrated on Figure 207, among which:

Fig. 207. Assets and constraints resulting from the use of sodium as coolant for fast neutron reactors.
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• The need for an intermediate sodium system in order to avoid
the risk of sodium/water reaction with the primary system’s
sodium, made radioactive under neutron flux by the genera-
tion of Na 22 (T~2.6 years) and Na 24 (T~15 h), as well as
by the activation of corrosion products. The design mode of
this intermediate coolant system has resulted in two archi-
tecture types for sodium-cooled fast reactors.

- Pool-type reactors, in which intermediate exchangers are
contained in the primary circuit vessel, which entails a com-
pact architecture that makes containment and leak monito-
ring easier, but makes maintenance and repair more difficult
in a reactor block housing a large number of components.
This is the architecture selected in Europe, in Russia, and in
India.

- Loop-type reactors, in which intermediate exchangers are
outside the reactor block, and that display reverse advan-
tages and constraints relative to the previous type: relatively
easy access to the components of the intermediate system
for maintenance and repair, but an increased exposure to
sodium leaks, especially to the loss-of-coolant accident, and,
as a consequence, need for increased monitoring.

• The need for a fast clad failure detection system in relation to
oxide fuel (MOX fuel) in order to minimize fuel pin damaging
by the reaction with sodium, as well as radionuclide sprea-
ding in the secondary coolant circuit, and the need to extract
any sub-assembly affected by a clad failure due to the impos-
sibility to operate the reactor with a damaged fuel;

• The required control of accidents of any nature (cooling,
reactivity…), that especially prevents sodium from being
brought to boiling in the core, with the related risk of inducing
the reactor’s runaway in the case when the rods cannot be
dropped.This requirement of not exceeding the boiling tem-
perature (883 °C) in the case of an accident is constraining
for reactors operating with a core outlet temperature of
550 °C in normal operating conditions. At the expense of
some complexity and a notable overcost compared with
water reactors of the same power (+ 50%, with a target
reduction to 20%), all of the reactors built up to now have
coped with these constraints, indeed, in compliance with the
level required by the national nuclear safety authorities which
licensed them.

As part of a cooperation in Europe gathering Germany, the
United Kingdom, and Italy, France has gained a first-rank
experience regarding the design, technology, and operation of
sodium-cooled fast reactors, based on the operation of RAP-
SODIE (20 MWth, 1967-1983), PHÉNIX (250 MWe, 1973-
2009), and SUPERPHÉNIX (1,200 MWe, 1986-1998).

It has also gained a unique know-how with the successive
spent fuel treatment campaigns of RAPSODIE and PHÉNIX in
La Hague AT1 workshop (1969-1978), La Hague UP2-400
plant, and Marcoule pilot workshop (APM) (1973-1983, and
then 1988-1997). This experience, compiled in a corpus of
5,300 documents, was structured according to major technical
areas. It is preserved in a specific database (MADONA) set
up in 1995.

Today, as regards sodium-cooled fast reactors, the worldwide
accumulated operating experience reaches ~400 reactor x
years.

Future prospects for SFRs
in France: medium-term projects,
and research in the longer term
In a background where India and Russia are expected to start
up in 2014, 500-MWe and 800-MWe sodium-cooled fast reac-
tors (PFBR and BN-800), displaying the best technologies
available today, France has undertaken since 2006 to investi-
gate and develop a demonstrator for a new generation of reac-
tors of this type (ASTRID) aiming at outstanding advances in
safety and economical competitiveness.

This initiative originates in the framework of the French
Planning Act of June 28, 2006 on “sustainable radioactive
materials and waste management” that stipulates to pursue
the studies and research on separation and transmutation in
relation to those conducted for new reactor generations, in
order to assess the industrial perspectives of these reactor
types, and to implement a facility prototype.

In addition to the demonstrations required about partitioning
and transmutation, the advances targeted for this prototype of
facility are mainly as follows:

• Minimizing the risks of severe accidents liable to result in
significant energy releases, whatever their origin may be : a
nuclear origin (loss-of-coolant accidents, or reactivity-initia-
ted accidents likely to damage the core, for which risks of
recriticality have to be prevented), or a chemical origin (gene-
ralized sodium-water, or sodium-air-water reactions, whose
containment has to be ensured);

• Broadening to external hazards the range of accidental situa-
tions considered in the baseline safety requirements;

• Avoiding any significant radioactive release liable to have a
long-term impact outside the operating site;

• Improving the economical competitiveness of this type of
reactor in terms of investment and availability, by endeavoring
to simplify systems, operation, in-service inspection, mainte-
nance, and repair operations.
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Another objective is tending to flexibility in the fuel cycle so that
the reactor can operate as a plutonium burner or converter (or
isogenerator), or even as a breeder, and minor actinides (first
of all, americium) can be potentially transmuted in order to
reduce decay heat and, potentially, the long-term radiotoxic
inventory of high-level radioactive waste to be sent to a geo-
logical repository.

The ASTRID demonstrator, for which studies and R&D are
jointly conducted by CEA, AREVA, and EDF, with contributions
from other national, European, and international players, aims
at demonstrating the ability for this reactor type to achieve
these new objectives. In addition, French players are mobili-
zing to share this vision of a 4th-Generation sodium-cooled fast
reactor with their partners of the Generation IV International
Forum (GIF), especially through writing a report on common
safety and design criteria and objectives.

Deploying sodium-cooled
fast reactors: challenges
and perspectives
Fast neutron reactors with fuel multiple recycling stand as the
illustration of a sustainable nuclear power, due to their capa-
bility to efficiently use uranium (through duly converting U 238
into plutonium), and to minimize the generation of long-lived,
high-level radioactive waste (by allowing plutonium not usable
in PWRs to be recycled, and, optionally, minor actinides to be
transmuted).

Today, with nineteen reactors built worldwide, sodium-cooled
fast reactors provide the best available technology, and
France, with RAPSODIE, PHÉNIX, and SUPERPHÉNIX, has
actively contributed until the late nineties to bring the reactor,
fuel, and fuel cycle technologies up to the current level. France
has developed an industrial mastering of the main technolo-
gies (sodium, fuel, construction…), and has gained quite a
significant operating experience, with a specially favorable
radiological exposure of the personnel. Besides, it has
demonstrated the feasibility of fuel treatment and recycling on
PHÉNIX.

In a background where two commercial-sized reactors of this
type (PFBR [500 MWe], and BN-800 [800 MWe]) are commis-
sioned by India and Russia, the stake allowed by the French
Act of June 28, 2006, and borne by the Generation IV
International Forum (GIF), is to go back to the best rank on
the international setting through demonstrating safety and eco-
nomical competitiveness advances of sufficient significance to
found a new generation of reactors.With the ASTRID demons-
trator project, CEA and its industrial partners have undertaken
to develop a reactor that minimizes, or even excludes by
design, the accidents likely to lead to strong energy releases
(through recriticality, or generalized water / air sodium reac-
tion), and whose operating reliability is deeply enhanced by a

specific architecture and instrumentation likely to make it
easier to carry out monitoring, diagnostics, and repairs on
sodium circuits. Through these innovations, the ASTRID pro-
ject aims at demonstrating that, despite the delicate character
of the technologies being implemented, this type of reactor
provides true industrial perspectives for electrical power output
by using PWR fuel plutonium as a first step (~2040), and by
switching to the converter, or even breeder mode, when the
installed capacity in worldwide water reactors strongly boosts
uranium price. In parallel, innovations in fuel cycle aim at
improving spent fuel treatment in terms of cost and secondary
waste generation, as well as of resistance against the prolife-
ration risk, through plutonium coextraction, and enhanced
measures for nuclear materials follow-up.

This quite significant effort in research on sodium-cooled fast
reactors goes with taking part, to a lesser extent, in the inter-
national development of alternative technologies potentially
attractive in the longer term (gas or lead-cooled fast reactor,
and even other concepts).

With a view to both significantly improving sodium-cooled fast
reactor technology, i.e. the only one available today for power
reactors, and exploring the potentialities of other technologies
under consideration for the longer term, the international
cooperation implemented on a European scale from the sixties
to the nineties is still indispensable, and has to be considered
today worldwide. In this background, the stake for the French
players is to actively contribute in developing fast neutron reac-
tors, strategic for France, Europe, and the international market.
It is also of prime importance to preserve the power to
influence the safety and security rules to be complied with in
these reactors, and in the related fuel recycling. This twofold
stake – a fundamental one, indeed – is the very stake associa-
ted with the ASTRID demonstrator.

Frank CARRÉ,
Scientific Division



Glossary – Index

Accelerator-driven system (ADS): see Hybrid system*.

Actinides: rare-earth elements with atomic numbers ranging from
89 to 103.This group corresponds to the filling up of electron sub-
shells 5f and 6d. Actinides exhibit very close chemical properties.
11, 15, 38, 52, 77, 90, 155, 156, 168, 200, 204.

Activation* (or radioactivation*): the process whereby certain
nuclides are made radioactive, particularly within structural mate-
rials in reactors, through bombardment by neutrons* or other par-
ticles. 17, 27, 33, 88, 89, 90, 113, 115-117, 121-123, 140, 203, 206.

ADS: Accelerator-Driven System. See Hybrid system*. 19, 173,
176.

Aerosol: a suspension of very fine solid or liquid particles in a gas.
124, 125.

Assembly (fuel): see Fuel assembly*.

ASTRID (Advanced Sodium Technological Reactor for Industrial
Demonstration): an integrated technology demonstrator designed
for industrial-scale demonstration of 4th-generation sodium-cooled
fast reactor (SFR) safety and operation, which is being investiga-
ted at the French Alternative Energies and Atomic Energy
Commission (CEA: Commissariat à l’énergie atomique et aux
énergies alternatives).19, 41, 82, 99, 102-104, 108, 128, 132-134, 137,
141, 144, 175, 186, 189-196, 206, 207.

AURN (or AU/RN): a French abbreviation for Arrêt d’Urgence par
(variation de) Réactivité Négative, i.e. emergency shutdown due to
negative reactivity. See NRES*.

Barn: the unit used to measure cross sections* (1 barn = 10-24

cm2). 11-13, 39.

Becquerel (Bq): a unit of radioactive decay equal to one disinte-
gration per second. 37 billion becquerels are equal to 1 curie (Ci).
30,000 disintegrations per second occur in a household smoke
detector. As the becquerel is a very small unit, large multiples are
often used: mega-, giga-, or terabecquerel (MBq, GBq, and TBq
corresponding respectively to 106, 109, and 1012 Bq). 88.

Beta: the delayed neutron* fraction, generally expressed in pcm*
(pour cent mille). Some fission products generated in the reactor
core* emit neutrons*, sometimes with a delay up to a few dozen
seconds after fission.Though bringing little contribution to neutron
balance*, these very neutrons enable nuclear chain reaction* to
be controlled and regulated.The “effective beta” is the product of
beta by a coefficient larger than 1, which expresses the higher neu-
tron efficiency of delayed neutrons in the core due to their energy
being lower than that of prompt neutrons. 42, 122.

Blanket: an area located in the peripheral part of a reactor core*
and containing fertile*material. See alsoMinor actinide bearing
blanket*. 41, 144.

Blocked sub(-)assembly: see Total instantaneous blockage
(TIB)*.

BN-800: a sodium-cooled fast reactor under construction in Russia
(800MWe).33, 53, 54, 59, 101, 108, 179, 180, 184, 186, 187, 206, 207.

Breeder: of a reactor able to generate more fissile*material than
is consumed in it.The new fissile nuclei are generated through cap-

ture of fission* neutrons* by fertile* nuclei (non-fissile under the
action of thermal neutrons*) after a certain number of radioactive
decays. See also Burner* and Converter*. 16, 38, 40, 47, 52, 155,
181, 201, 204, 207, 212.

Breeding gain: in a nuclear reactor operating with the U-Pu cycle,
a net excess of plutonium 239 generated, i.e. the difference bet-
ween the equivalent plutonium 239 produced through capture* and
the equivalent plutonium 239 destroyed through fission* and cap-
ture, relative to a fission in the whole reactor.

Breeding ratio: the ratio between the number of fissile* nuclei
generated, and the number of heavy nuclei burned in a nuclear
reactor, that corresponds to a conversion factor higher than 1. 38,
44, 49.

Burner: of a reactor that generates less fissile* material than is
consumed in it. Such a reactor may also be referred to as a Low-
conversion reactor. See also Breeder* and Converter*. 38.

Burnable poisons: see Neutron poisons*.

Burnup (or burn-up) (also called burn-up fraction): strictly spea-
king, the percentage of heavy atoms (uranium and plutonium) that
have undergone fission* over a given time interval (referred to as
“burnup fraction”). It is commonly used to determine the amount
of thermal energy generated in a reactor per unit mass of fissile*
material, between fuel loading and unloading operations, and is
then expressed in megawatt.days per ton (MW.d/t): this is referred
to as “specific burnup*” (see this term).Discharge burnup is the
value for which a fuel assembly*must be effectively unloaded, i.e.
after several irradiation cycles.12, 13, 15, 65, 136, 137, 139, 140, 145,
146, 148-151, 162, 163, 165, 166, 174, 180, 181, 183, 187, 203.

Cavitation: the local vaporization of a fluid under motion due to a
local pressure drop in this fluid, the pressure being brought below
the fluid’s vapor pressure. 17, 105, 131, 137, 152.

CEFR: a prototype sodium-cooled fast reactor built in China
(25 MWe). 53, 54, 61, 184, 197.

CFV: a French abbreviation for Cœur à Faible effet de Vidange
sodium (or Cœur à Faible effet de Vide sodium), i.e. “low sodium
void effect core”. A core characterized by a low reactivity effect in
the case of sodium voiding.See also Void effect*. 41, 82, 144, 190,
191.

Clad failure: a leaktightness failure in the clad* of a fuel rod* or
pin*. 17, 56, 70, 74, 111, 122, 124, 129, 132, 145, 206.

Cold trap: a device designed for purifying a coolant* (e.g., sodium)
by cooling the fluid, and crystallizing the dissolved impurities. 31,
70, 71, 85, 111, 113-116, 119, 120.

Cold work (or cold working, strain hardening, work harde-
ning): an action consisting in pressing (forging…), rolling, or dra-
wing a metal at a temperature lower than its annealing tempera-
ture. Cold work generally increases metal resistance to
deformation.

Confinement barrier (or containment barrier): a device able to
prevent or limit dissemination of radioactive materials. 35, 83, 136,
143.
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Note to the readers.– This set of terms and definitions is strictly intended to be a
translation of the French DEN Monograph Glossary and is provided only for
convenience purposes.Accordingly, the definitions herein may differ from standard
or legally-binding definitions prevailing in English-language countries.
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Delayed neutrons:neutrons* emitted by fission* fragments a few
seconds on the average following fission. Although they account
for less than 1% of emitted neutrons, they are those allowing reac-
tor control in fine using this delay. 7, 42, 129.

Depleted uranium: during uranium enrichment, two flows are
separated: one enriched, and the other depleted in uranium 235.
Depleted uranium is characterized by an 0.2% uranium-235
content, instead of the 0.7% occurring in natural uranium.14, 16, 38,
90, 144, 155, 157, 158, 168, 173, 177, 197.

Diagrid: a pressurized component under the reactor core* that is
used to supply the fuel sub-assemblies*with coolant*.29, 31, 34,
44, 73, 74, 81, 105, 127, 132, 143, 179, 183.

Discharge burnup: see Burnup*.

Displacements per atom: see Dpa*.

Divergence: the initiation of a nuclear chain reaction* process in
a reactor. This is the state of a reactor at the very moment when
core* criticality is reached. By extension, this term also refers to
the startup sequence of a nuclear reactor that takes place prior to
reaching core criticality. 8, 47, 48, 50, 54, 179, 184.

Dollar: a reactivity* unit. The dollar is defined by the reactivity /
delayed neutron* proportion ratio = 1, with the cent as a submul-
tiple. 82.

Doppler effect: in neutronics, the broadening of neutron cross sec-
tion resonances resulting from the thermal motion of the target
nuclei. This effect contributes to ensure the stability of a nuclear
reactor, bringing down the reactivity* of its core* as core tempe-
rature rises. 40, 42, 43, 150, 152.

Dose: the amount of energy imparted to a medium by ionizing
radiation. 66, 87, 89, 123, 124, 136, 139, 140, 166.

Doubling time: the operating time required for a breeder* reactor
to generate an additional fuel amount equal to the initial amount at
the reactor’s startup. In other terms, this is the time required for one
breeder reactor to produce a plutonium mass sufficient for com-
missioning a new identical reactor. 16, 38, 205.

Dpa: displacements per atom.A unit of radiation damage in mate-
rials. The number of displacements per atom (dpa) is the number
of times that each atom in a given sample of solid material has
been ejected from its site under irradiation. This is an appropriate
unit to quantify irradiations in metals. 40, 66, 136, 137, 140, 143.

ECS: see Energy conversion system*.

EFR (European Fast Reactor): a European project of sodium-
cooled fast reactor abandoned after SUPERPHÉNIX shutdown.34-
37, 51, 80, 97, 98, 107, 115, 190-192, 197.

Effective beta: see Beta*.

Electromagnetic pump (or EM pump, EMP): a pump with no
moving part, used for liquid metals, that relies on the force exerted
by amagnetic field on a fluid when an electric current flows through
the latter. 36, 105, 115.

Energy conversion system (ECS) (or power conversion sys-
tem,PCS): a device designed to turn the thermal energy of the pri-
mary coolant* of a nuclear reactor into electric power. 31, 36, 43,
93, 95, 102, 103, 105, 184, 186, 192, 193.

Enhanced partitioning: see Partitioning*.

Epithermal neutrons: neutrons having an energy in the (approxi-
mate) 1 eV-20 keV range, thus exhibiting a kinetic energy greater
than that of thermal neutrons*. In this energy domain, neutron-
nucleus interactions exhibit resonances, so that their cross sec-
tions*may vary by several orders of magnitude. 39.

Conservative approach: the quality of a calculation approach or
method that takes into account assumptions enhancing the
adverse effects of phenomena likely to alter the performance of a
material, piece of equipement, or facility, and to affect nuclear
safety* or radiation protection*.

Containment barrier: see Confinement barrier*.

Control rod: amovable rod, or group of rodsmoving as an integral
unit, containing a neutron-absorbing material (boron, cadmium…),
and acting on the reactivity* of a nuclear reactor core depending
on its position in the core. 51, 66.

Converter (or isogenerator): of a reactor that produces as much
fissile* material as is consumed in it (see also Breeder* and
Burner*). 190.

Coolant: a liquid or gas used to remove heat generated by fis-
sions* from the core* of a nuclear reactor. In a pressurized water
reactor (PWR), water plays the role both of coolant, andmodera-
tor*. In a sodium-cooled fast reactor, coolant does not slow down
neutrons significantly. 3-207.

Core: the central area of a nuclear reactor that contains fuel
assemblies*, coolant* and moderator*, and in which nuclear
chain reaction* takes place. 11, 13, 14 sq.

Core catcher: a device designed for recovering and cooling
corium* in the event of an accident including the total or partial
meltdown of a reactor core*. 31, 73, 179, 191.

Core Cover Plug (CCP): a structure located above the core of a
fast neutron reactor, supporting penetrations for instrumentation
and control rods*.35, 47-49, 63, 73, 81, 105-107, 109, 132, 136, 179,
182, 183, 191-193.

Core flowering (or flowering): the geometry distortion of a reac-
tor core*, due to a mechanical motion of fuel sub-assemblies*,
that induces a variation in core reactivity*. 41, 68.41, 68.

Core support structures (CSS): a generic term used to refer to
the whole of the structures supporting the core, that is the strong-
back and the diagrid. It may also be used to refer to the strongback
alone. See also Strongback*. 31, 34, 35, 132, 135, 191, 192.

Corium: a mixture of molten materials resulting from the acciden-
tal meltdown of a nuclear reactor core*.See also Core catcher*.
13, 31, 37, 179, 183, 191.

Cover gas plenum: see Reactor cover gas plenum*.

Crazing: see Thermal striping damage*.

Creep: the progressive deformation of a solid under a stress field
applied for long periods of time. Creep may be activated by heat
(it is then referred to as “thermal creep”), and/or irradiation.35, 84,
99, 135, 136-138, 140, 141, 148, 152.

Cross section: the measure of the probability of interaction bet-
ween an incident particle and a target nucleus, expressed in
barns*. In the case of the neutron*, for instance, this defines its
probability of interaction with nuclei in the material of the various
core constituents. As regards nuclear reactors, the main reactions
of interest are those induced by neutrons: fission*, capture*, and
elastic scattering. 11, 14, 27, 40, 172.

CSS: see Core support structures*.

Decay heat (or residual power): the thermal power generated by
a shut down nuclear reactor, mainly arising from fission products*
activity*. 21, 33, 34, 36, 37, 51, 77, 79, 80, 108, 171, 175, 179, 180-
182, 185, 186, 191-194, 197, 200, 203-205.

Decay heat removal system (orDHR system): 33, 34, 79, 80, 180,
181, 182, 184, 185, 186, 187, 191, 192. See also Decay heat*.

Decontamination: see Radioactive decontamination*.
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Exchanger: see Heat exchanger* and IHX*.

Failed clad: see Clad failure*.

Fast neutron reactor (or fast reactor, FR): a nuclear reactor in
which the amount of materials likely to slow down neutrons* is kept
low, so that most fissions*may be caused by fast neutrons*.See
the Monograph as a whole.

Fast neutrons: neutrons* of a nuclear reactor that exhibit a kine-
tic energy much greater than thermal neutrons*.These neutrons,
released during fission*, move very quickly (20,000 km/s). Their
energy is about twomillion electronvolts.11-18, 23, 24, 29, 39, 42, 45,
79, 81, 114, 142, 143, 153, 155-158, 161, 167, 168, 171-174, 177, 189,
190, 164, 196, 203, 205-207.

Fast reactor: see Fast neutron reactor*.

Fatigue: the loss in mechanical properties undergone by a mate-
rial through generation of cracks, under the impact of repeated
stresses. In the specific case of thermal fatigue, these stresses
arise from thermal loads through expansion. 17, 24, 62, 84, 98, 101,
135-137, 138.

Fertile: of amaterial whose nuclei yield fissile* nuclei when absor-
bing neutrons*.This is the case for uranium 238, which yields plu-
tonium 239.Otherwise, the material containing the nuclides is said
to be “sterile”. 14, 38, 41, 44, 69, 90, 144, 155, 168, 184, 190, 198.

Fissile: of a nucleus that is capable of undergoing fission* through
absorption of neutrons*. Strictly speaking, it is not the so-called
fissile nucleus that undergoes fission, but rather the compound
nucleus formed after a neutron capture*. 6, 11, 12-14, 16, 39, 41-
43, 136, 137, 139-141.

Fission: the splitting of a heavy nucleus into two fragments of
approximately equivalent masses. This transformation, that is a
special case of radioactive decay (“spontaneous fission”) occurring
in some heavy nuclei, releases a large amount of energy, and is
accompanied with the emission of neutrons* and gamma radia-
tion. The fission of so-called fissile* heavy nuclei can be induced
by a collision with a neutron. 7, 11-16, 18, 19, 21, 39, 40, 42, 65, 70,
79, 89, 111, 113, 116, 128, 129, 143, 144, 148-150 sq.

Fission chamber: an ionization chamber used for neutron* detec-
tion, in which ionization is induced by the fission products* yiel-
ded by the nuclear reaction of neutrons on a fissile*material lining.
129.

Fission gas plenum (or plenum): the free volume within a fuel
rod*, holding no fissile* material. This volume is used to confine
fission gases* released by fuel*, thereby preventing that pressure
in the rod is increased too much due to this release. It is worthy to
mention that in a nuclear reactor, the term “plenum” also refers to
the free space within the vessel, beyond the space held by fuel
assemblies*. 18, 25, 41, 179, 190.

Fission gases: volatile fission products* generated during fis-
sion* reactions. 144, 148, 149, 151, 152.

Fission products (FPs): nuclides yielded either directly, by nuclear
fission*, or indirectly, by the disintegration of fission fragments.11,
15, 18, 19, 42, 65, 70, 79, 88, 89, 111, 113, 129, 148-150, 152, 158, 162,
164, 166, 171, 172, 176.

Flowering of the core: see Core flowering*.

FR: see Fast neutron reactor*.

Fuel assembly (or fuel sub(-)assembly, assembly): in the core*
of a water reactor, fuel rods* are grouped into clusters of suitable
stiffness which are precisely positioned in the reactor core.The so-
called fuel assembly is that structure as a whole, gathering from
100 or so to a few hundred rods, that is loaded as a single unit into
the reactor. In a fast neutron reactor, pins are grouped into clusters

inside a hexagonal wrapper tube* (HT), the whole of it also consti-
tuting an assembly, often referred to as sub(-)assembly. 2, 22, 24,
26, 29, 33, 34, 37, 38, 41, 43, 44, 47, 49, 50, 61, 63, 65- 67, 69, 81, 82,
89, 90, 103, 106, 107, 120, 121, 123, 127-129, 131, 132.

Fuel clad (or clad, fuel cladding): a sealed envelope containing
nuclear fuel*, that ensures radioactive materials containment and
fuel mechanical strength (i.e. its protection against coolant*
aggressions) in the reactor core*. 17, 21, 22, 38, 40, 43, 44, 48, 49,
55, 56, 61, 65, 66, 70, 71, 74, 88, 111, 113, 116, 122, 124, 128, 129,
132, 135-137, 139, 140, 143-153, 187, 206.

Fuel element: the smallest constituent, in the core* of a nuclear
reactor, displaying a structure as a whole, and containing nuclear
fuel*. Examples: fuel rod*, pin*. 44, 142, 144, 146, 153.

Fuel handling arm (or handling arm): a mechanical device desi-
gned for handling fuel and other core* devices in sodium-cooled
fast reactors. 124.

Fuel handling transfer lock (or transfer lock): an airtight com-
partment used for transferring fuel assemblies* from the storage
drum* to the reactor vessel*, while maintaining gas isolation bet-
ween those two compartments. 37, 124.

Fuel pellet (or pellet): a small cylinder of uranium- or plutonium-
based ceramic, or of ceramic involving other actinides, used as
nuclear fuel and stacked in a fuel clad* so as to constitute a rod*.
43, 93, 111, 112, 145-147, 149-151, 153, 174, 175, 180, 194.

Fuel pin: see Pin*.

Fuel rod: see Rod*.

Fuel sub-assembly (or fuel subassembly, fuel S/A, fuel SA):
see Fuel assembly*.

Gripper: a mechanical device used for gripping, and then hand-
ling a fuel sub-assembly*. 37.

Guard vessel: see Safety vessel*.

Half-life: see Radioactive half-life*.

Heat exchanger (HE) (or exchanger): a device in which heat is
transferred from a hot fluid to a cold fluid. 18, 19, 96, 183.

Helical wire wrap: see Spacer wire*.

Heterogeneous: of an in-reactor transmutation* in which the
material to be transmuted is concentrated on a support in the per-
iphery of the core*.See alsoMinor actinide bearing blanket*.44,
114, 174, 176, 194.

Hexagonal wrapper tube (or hexagonal tube,HT,wrapper tube,
wrapper, hexcan): the outer envelope of the fuel sub-assembly*
in a fast neutron reactor.29, 43, 49, 131, 136, 139, 140, 143, 144, 165.

Hexcan: see Hexagonal wrapper tube*.

Homogeneous: of an in-reactor transmutation* in which the
material to be transmuted is uniformously incorporated into fuel*.
43, 82, 144, 145, 167, 169, 173, 174, 176, 194, 200.

HT: see Hexagonal wrapper tube*.

Hulls (or clad hulls, cladding hulls): waste consisting of fuel
clad* segments that remain after shearing. 164, 166.

Hybrid system (or accelerator-driven system, ADS): a hybrid
reactor that couples a subcritical reactor core with a high-energy
proton accelerator.The latter uses spallation* reactions to provide
the additional neutrons* required to sustain the nuclear chain
reaction*. 19, 173, 176.

Hydrogenmeter (or hydrogen-meter): a device for measuring the
hydrogen content in the sodium of an SFR* coolant* circuit. 112.
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Hydrometallurgy: a category of processes used for the purpose
of extracting metals from compounds, subsequent to their dissolu-
tion in an aqueous phase.Hydrometallurgical processes are used,
in particular, to extract uranium from uranium ore, and to partition*
actinides* from spent nuclear fuel. 168.

Hydrostatic bearing: the in-sodium bearing of the pump shaft that
supports it during rotation, and ensures its centering with no solid
contact. 63, 105, 106, 125.

IHX: an abbreviation for “Intermediate Heat Exchanger”.26, 32, 36.

Inerting (or inertization): an operation carried out prior to radio-
active waste* conditioning that consists in altering their chemical
form so as to get little reactive substances. 18, 62, 64, 70, 167.

Inner vessel: see Redan*.

Intermediate coolant circuit (or intermediate circuit, secondary
circuit, secondary system): in sodium-cooled fast reactors, a cir-
cuit removing heat from the reactor’s primary coolant circuit* in
order to transfer it to thewater-steam circuit* including the turbine
producing electric power. The intermediate coolant circuit is often
referred to as the secondary circuit in SFRs. See also the gene-
ric term Secondary coolant circuit*. 31, 33, 83-85, 95, 113, 116,
192, 193, 197, 203, 205, 206.

Irradiation: the exposure to radiation of a living organism, or a
material.13-17, 21, 27, 42, 48, 57, 106, 111, 114, 116, 134-136, 139-141
sq.

Isotopes: the forms of one and the same element, the nuclei of
which display an identical number of protons, and different num-
bers of neutrons*.11-13, 15, 27, 40, 42, 111, 122, 155, 158, 171, 172,
180.

Linear power density (LPD) (or linear heat generation rate,
linear heat rate): the power generated per unit active length of a
fuel rod*. 146, 147, 187.

LIPOSO: a French acronym for Liaison pompe-sommier, i.e.
“pump-diagrid connection”. 31, 74, 127.

LLHL (or HLLL): of Long-Lived, High-Level waste. See also
Radioactive waste*. 15, 171, 200.

Loop-type reactor (or loop reactor): a reactor in which primary
coolant* flows in loops located outside the vessel. (See also, in
contrast, Pool-type reactor*). 33, 47, 53.

Low-conversion reactor: see Burner*.

LPD: see Linear power density*.

MA: seeMinor actinides*.

MA bearing blanket: seeMinor actinide bearing blanket*.

MABB: seeMinor actinide bearing blanket*.

Main vessel (or reactor vessel): a vessel that contains the core*
of a reactor and its coolant*. 29, 33-38, 73, 83, 107, 127, 132-135,
179, 180, 182, 183, 191, 192.

Major actinides: uranium and plutonium* nuclei occurring, or yiel-
ded, in nuclear fuel*. See alsoMinor actinides*. 171.

Minor actinide bearing blanket (MABB) (or MA bearing blan-
ket): a blanket into which one or several minor actinides have been
incorporated so as to carry out their transmutation in a reactor.173,
194, 200.

Minor actinides (MA): heavy nuclei formed in a reactor by suc-
cessive captures of neutrons* from nuclei in the fuel. The iso-
topes* chiefly involved are neptunium 237, americium 241 and
243, and curium 243, 244, and 245. Uranium and plutonium*
nuclei occurring, or yielded, in nuclear fuel* are referred to as

major actinides.8, 12, 15, 16, 19, 40, 44, 52, 151, 155, 156, 173, 186,
189, 193, 194, 201, 204, 207.

Mixed OXide fuel: seeMOX fuel*.

Moderator: a material consisting of light nuclei* which slow down
neutrons* through elastic collisions. Moderators are used to
reduce the energy of neutrons emitted by uranium atoms during
fission*, so as to increase their probability to induce other fissions.
The moderating material should have a low capture* capability to
avoid “wasting” neutrons, and be sufficiently dense to ensure effec-
tive slowing-down of neutrons. 11, 13, 20, 21, 66, 82.

MOX fuel (also called Mixed OXide fuel): a nuclear fuel contai-
ning mixed oxides of (natural or depleted) uranium and pluto-
nium*. The use of MOX fuel makes it possible to recycle plutonium.
(See also Recycling*). 12-14, 18, 19, 38, 39, 43, 145, 153, 156-159,
166, 167, 169, 170, 172, 177, 181, 183, 184, 200, 204, 206.

Multiplication factor (infinite 3∞ and effective 3.//): in a neutron
multiplying medium, the average value of the number of new fis-
sions* induced by the neutrons* generated by an initial fission. If
neutron leakage* to the neighboring fuel assemblies or outside
the reactor is not taken into account, this factor is known as the
“infinite multiplication factor” and is noted 3∞.Otherwise, it is known
as the “effective multiplication factor”, and is noted 3.//. 40, 175.

NaK: a sodium-potassium eutectic, liquid at ambient temperature,
used as coolant* in the earlier fast neutron* reactors. 45, 47, 52-
54, 65, 71, 79, 125, 203.

Negative reactivity emergency shutdown: see NRES*.

Negative reactivity trip: see NRES*.

Neutron: an electrically neutral elementary particle of a 1.675 10-27

kg mass. The nature of this nucleon was discovered in 1932 by
the British physicist James Chadwick.Neutrons, together with pro-
tons, constitute atomic nuclei, and induce fission* reactions of fis-
sile* nuclei, the energy of which is used in nuclear reactors. 6, 7,
11-13 sq.

Neutron capture: the capture of a neutron* by a nucleus.The cap-
ture is said to be “radiative” if it is immediately followed by emission
of gamma radiation. It is said to be “fertile*” if it induces the genera-
tion of a fissile*nucleus.11-15, 21, 40, 42, 155, 156, 172, 209, 211-213.

Neutron flux: the number of neutrons* going through a unit area,
per unit time. 17, 27, 143, 171, 173.

Neutron leakage: neutrons* escaping from the core* of a nuclear
reactor. 40.

Neutron poisons (or poisons): element displaying a high poten-
tial for neutron capture*, used to compensate, at least in part,
excess reactivity* in fissile*media.Four natural elements are par-
ticularly neutron-absorbing: boron (due to its B 10 isotope*), cad-
mium, hafnium, and gadolinium (due to isotopes Gd 155 and Gd
157). Some poisons are referred to as “burnable” poisons,
because they gradually disappear during in-pile burnup.Many fis-
sion products* are neutron poisons.See alsoPoisoning*.13, 172.

Neutron-absorbing (or neutron absorbing): of a material that
can strongly absorb neutrons*. 143.

NRES (or AURN, negative reactivity emergency shutdown,
negative reactivity trip): an abbreviation for “negative reactivity
emergency shutdown”.A sudden decrease in reactivity* that took
place on the PHÉNIX reactor, probably originating in a mechani-
cal core* deformation. 81.

Nuclear chain reaction (or chain reaction): a series of nuclear
fissions* during which released neutrons* generate new fissions,
which, in turn, release new neutrons generating new fissions, and
so on. 11, 13.
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Nuclear fuel (or fuel): a constituent material, in the core* of a
nuclear reactor, containing the fissile* elements that maintain a
nuclear chain reaction*within thematerial.The term nuclear fuel
may also refer to the structured elements that a reactor core is
made of. 153, 169, 172, 203.

Number of displacements per atom (or number of dpa): the
number of times that each atom in a given sample of solid material
has been ejected from its site under irradiation. See alsoDpa*. 40,
66, 136, 137, 140, 143.

ODS (Oxide Dispersion Strengthened): of an alloy strengthened
by a dispersion of oxide nanoparticles. 66, 135-137, 140-142, 166,
183, 190.

Partitioning (or enhanced partitioning): strictly speaking, in the
PUREX* process, this refers to the splitting, in the first cycle, of the
uranium, and plutonium production streams.More broadly, in spent
nuclear fuel treatment*, “partitioning” refers to the separation*, for
recycling* purposes, ofmajor actinides* – and, by extension, to
that of all actinides* – from the remainder, which is then designa-
ted as waste. In the secondmeaning, it may also be called “enhan-
ced partitioning”. 169, 172, 204.

Pcm: an abbreviation for the French term pour cent mille, i.e. 10-5:
a reactivity* unit. 41, 42, 82.

PCS: an abbreviation for power conversion system.SeeEnergy
conversion system*.

PFBR: Prototype Fast Breeder Reactor, under operation in India
(500 MWe). 8, 33, 37, 44, 53, 54, 59, 98, 179, 181, 182, 186, 197, 198,
206, 207.

Pin (or Fuel pin): a fuel rod* designed for a fast neutron reactor.
29, 43, 89, 90, 93, 136, 137, 140, 141, 143-153, 162-165, 174, 175, 191,
194, 206.

Plenum: free space within the vessel, beyond the space held by
fuel assemblies*. See also Fission gas plenum* and Redan*.

Pluggingmeter: an instrument designed to quantify sodium purity
level in a SFR* coolant* system by crystallizing impurities in a
controlled gradient of temperature. It may also be called “plugging
indicator”. 111, 112, 116, 119, 120.

Plugging temperature (PT): the temperature of SFR sodium
coolant* below which sodium impurities start crystallizing, thereby
reducing sodium flow in the plugging meter*. 63, 111, 112.

Plutonium: an element formed as a result of neutron capture* by
uranium in the core of nuclear reactors.The odd isotopes* of plu-
tonium are fissile*: so plutonium can be re-used as a nuclear fuel,
e.g., asMOX fuel*. See the Monograph as a whole.

Poisoning: a phenomenon of neutron capture* by some fission
products*which build up during irradiation (xenon 135, samarium
149…), thereby degrading the neutron balance. 13, 65.

Pool-type reactor (or pool reactor): a reactor in which the whole
of primary coolant* flows inside the vessel. (See also, in contrast,
Loop-type reactor*). 32-34, 38, 48, 53, 79, 192.

Potential radiotoxicity: for a material containing a certain amount
of radionuclides, e.g., in waste, the product of the radionuclide
inventory by the “ingestion” dose coefficient for the radionuclides
of interest. This is an indicator of the harmful potential of this
amount of radionuclides in an accident condition. 204.

Power coefficient of reactivity (or power coefficient): in a
nuclear reactor, the ratio between the variation in reactivity* and
the variation in power that induces it. 210.

Primary (cooling) system: see Primary coolant circuit*.

Primary coolant circuit (or primary circuit, primary cooling
system, primary system): a closed loop system, or a set of clo-
sed loops, that allows heat to be removed from fuel elements* in
the reactor core*, through circulation of a coolant* in direct contact
with those fuel elements. 210.

PUREX (Plutonium and Uranium Refining by Extraction): a
hydrometallurgical* process for spent fuel treatment* that is cur-
rently implemented on an industrial scale in order to extract from
spent fuels uranium and plutonium, still valuable energetically.The
process separates these two elements fromminor actinides* and
fission products*, considered as waste. 142, 161, 167-169, 172.

Pyrochemistry: chemistry at high temperatures (i.e. several hun-
dred °C). Pyrochemistry does not involve water or organic mole-
cules, but liquid metals and molten salts.

Pyrometallurgy: pyrochemical* extraction of metals from com-
pounds. 168, 204.

Pyrophoric: of a material capable to ignite spontaneously when
exposed to air. 167.

Radioactivation: see Activation*.

Radioactive decontamination (or decontamination): the remo-
val of radioactive contaminants by washing and cleaning using
water or chemical products. 123.

Radioactive half-life: the time it takes for half the initial number of
atoms in a radioactive nuclide sample to disappear by spontaneous
decay. The radioactive half-life is a property characterizing each
radioactive isotope*. 70, 172.

Radioactive waste (or radwaste): any radioactive substance for
which no subsequent use is planned or contemplated, and that
undergoes a specific management. Ultimate radioactive waste
is radioactive waste that can no longer be treated under current
technical and economic conditions, especially through extracting
its valuable content, or reducing its polluting or hazardous charac-
ter. Waste is categorized according to activity levels or radioactive
half-lives (e.g., LLHLW: long-lived, high-level waste). 5, 6, 8, 12, 15,
16, 63, 70, 72, 77, 87, 90, 91, 156-159, 164, 166, 169, 171-174, 176,
177, 189, 193, 196, 197, 200, 201, 204, 206, 207.

Radiotoxicity: see also Potential radiotoxicity*. 15, 77, 90, 171,
172, 176, 204.

Ramp: the inclined part of the fuel sub-assembly* handling device
in some concepts of fast neutron reactors. 37, 129, 182.

Reactivity: a dimensionless quantity used to evaluate small varia-
tions in themultiplication factor* 3 around the critical value, and
defined by the formula A = (3-1)/3. Its value being very small, it is
generally expressed in hundred thousandths, taking the pcm*
(pour cent mille) as a unit. In a reactor, reactivity is equal to zero
when the reactor is critical*, positive when it is supercritical*, and
negative when it is subcritical*.13, 14, 17, 20, 21, 23, 26, 27, 31, 37,
40, 41, 42, 51, 56, 61, 65, 66, 79, 81, 82, 87, 95, 102, 119, 185, 190,
191, 203, 205, 206.

Reactivity coefficient: the ratio between the variation in reacti-
vity* and the variation in a given parameter (pressure, tempera-
ture, power, or void fraction).This is the variation in themultiplica-
tion factor* due to reactor operation, i.e. to changes in temperature
and composition resulting from energy release and neutron* irra-
diation. 37, 210.

Reactivity feedback: the effects of variations in some parameters
of a nuclear reactor, such as power, temperature, or void fraction,
on its reactivity*. See also Power coefficient*, Temperature
coefficient*, and Void coefficient of reactivity*.13, 40, 41, 42, 65,
77, 81, 190.
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Reactor cover gas plenum (or cover gas plenum): the upper
part in the internal volume of a sodium-cooled fast reactor’s main
vessel, located above the free level of sodium. 50, 58, 65, 66, 84,
87, 88, 105, 125, 132.

Reactor type (or reactor system): a category of reactors dis-
playing common features in relation to the nature and layout of
fuel, moderator (if any), and coolant. This is a possible route for
developing nuclear reactors capable of producing energy under
cost-effective conditions. 11, 12, 14, 29, 48, 53, 55, 56, 65-67, 77, 90,
93 sq.

Reactor vessel: seeMain vessel*.

Recycling (or recycle): the re-use in a reactor of nuclear mate-
rials arising from spent fuel treatment*. 12-15, 155, 156, 158, 159,
167, 169, 170, 171-173, 175-177, 190, 201, 203, 204, 207.

Redan (or redan assembly, inner vessel): in the main vessel of
a pool-type* sodium-cooled reactor, a structure that separates the
hot plenum* receiving hot sodium at core outlet, and the cold ple-
num recovering cold sodium at heat exchanger outlet. This term
originates in the French architectural term redan. It was first used
to refer to the portion of the inner vessel that displayed an inden-
ted shape in the early sodium-cooled reactors.Today the redan has
a different shape in projects of future reactors, but the original term
is still used. The term “inner vessel” may also be used for this
concept. 33-34, 74, 132, 182, 192.

Reheat cracking: see Stress relaxation cracking*.

Relaxation cracking: see Stress relaxation cracking*.

Reprocessing: see Treatment (of spent fuel)*.

Resonance: in nuclear physics, the excited state of the compound
nucleus* that results from coupling a target nucleus and an inci-
dent neutron*. In some incident energy domains, the neutron-
nucleus interaction cross sections* strongly depend on the energy
of the neutron, due to the existence of these resonances. 11, 13,
40, 105, 130.

Rod: a small-diameter tube closed at both ends, used as a com-
ponent of the core* in a nuclear reactor and containing fissile*, fer-
tile or absorbing material.When containing fissile material, the rod
is a fuel element*. 19, 43, 146.

Rotating plug (or rotatable plug, RP): the cylindrical part of the
slab* in a fast neutron reactor, able to turn so as to position the
fuel assembly* handling gripper.31, 37, 61, 63, 66, 73, 95, 107, 113,
124, 179.

S/A (or SA): an abbreviation for “sub-assembly”. See Fuel
assembly*.

Safety vessel (or guard vessel): a vessel in which themain ves-
sel* is placed, whose function is to avoid core* uncovering in the
event of leakage from the main vessel. 29, 35, 37, 38, 50, 73, 132,
133, 181, 182, 185, 191, 192, 203.

Secondary coolant circuit (or secondary cooling system): a
system designed for the flow of the coolant* that removes heat
from the primary coolant circuit*. In water reactors, this circuit is
the water-steam circuit* including the turbine; in sodium-cooled
fast reactors, this secondary circuit, also referred to as the “inter-
mediate” coolant circuit*, transfers heat from the primary coolant
circuit to the water-steam circuit. 210.

Separation: a chemical process, forming part of spent fuel treat-
ment* operations, whereby the various constituent elements of
spent fuel are separated.The PUREX* process partitions uranium
and plutonium; other more advanced chemical processes (DIA-
MEX, SANEX, GANEX) are being investigated for the purposes of

separating actinides* from lanthanides, or from one another (see
alsoPartitioning*).12, 15, 29, 33, 38, 42, 70, 101, 124, 125, 165, 166,
169, 171, 172, 175, 176, 196, 204, 206.

SFR: a sodium-cooled fast reactor.See theMonograph as a whole.

Sievert (Sv): a unit used for measuring the dose* received by living
organisms after applying a weighting factor taking account of its
biological effects. 87, 171.

Sintering: an operation involving the welding together of grains of
a compacted metal or ceramic powder, by heating it to a tempera-
ture lower than the melting point of the material. 145.

Slab: a mechanical structure designed for closing the main ves-
sel* of the reactor. 23, 25, 29, 33, 34-36, 38, 50, 54, 70, 73, 87, 88,
105, 124, 132, 133.

Smothering pan: a holdup tank designed to retain sodium lea-
kage, and prevent sodium combustion by limiting air ingress. 83,
120.

Spacer wire (or spacing wire, (helical) wire wrap, wire wrap
spacer): a metallic wire helically wrapped around each of the fuel
pins* in sodium-cooled fast reactors, designed to ensure a defined
spacing between pins. In addition, the spacer wire controls
coolant* flow, and improves pin / coolant heat transfer. 164-166.

Spallation: the splitting of a heavy nucleus under the shock of a
highly energetic incident particle which is accompanied with a
considerable emission of neutrons*.This nuclear reaction involves
a heavy target nucleus and a particle, most often a proton, accele-
rated up to an energy of a few hundred million electronvolts.
Through successive collisions against the nucleons of the target
nucleus, the incident particle ejects particles, among which a high
number of neutrons.For instance, a proton of 1 billion electronvolts
projected onto a lead target can generate 25-30 neutrons.See also
Hybrid system*.

Specific burnup (or specific burn-up, burn(-)up): the total
amount of energy released per unit mass in a nuclear fuel.
Generally expressed in megawatts x days per ton (MW·d/t). See
also Burnup*. 12, 13, 143, 146, 162.

Spectrometry: measuring and interpreting the spectra of quanti-
ties relating to the physical or chemical constitution of a body, or to
the analysis of a wave. For instance, mass spectrometry relies on
separating the atoms or molecules of a body as a function of their
mass.Gamma spectrometry consists in measuring the energy of
the gamma radiation emitted by a source. It gives access to the
nature and activity of the radionuclides in this source.121, 122, 132.

Spent fuel treatment: see Treatment (of spent fuel)*.

Steam generator (SG): in a sodium-cooled fast reactor, an
exchanger that allows transfer of heat from sodium coolant* to the
water of another coolant circuit, turning it into steam to drive the
turbogenerator. 95, 96, 113, 136, 180, 193.

Storage drum: a rotating structure designed for storing fresh or
irradiated fuel sub-assemblies* of fast neutron reactors in sodium.
29, 37, 50, 57, 58, 64, 67, 82, 87, 111, 113, 124.

Strain hardening: see Cold work*.

Strain softening: the phenomenon in which the reversibility thre-
shold of deformation in a solid is decreased (yield strength). 136,
138.

Stress relaxation cracking (or relaxation cracking, stress relief
cracking): often called “reheat cracking”. 56.

Strongback (or strong back, core support strongback): a struc-
ture for supporting the diagrid* and the core* as a whole in a fast
neutron reactor. 29, 34, 37, 73, 132, 133, 179, 182.
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Sub-assembly (or subassembly, S/A, SA): see Fuel sub-
assembly*.

Swelling: a phenomenon of increased volume that affects mate-
rials under irradiation.48, 49, 63, 66, 99, 136, 137, 139, 140, 148, 149-
152.

Temperature coefficient of reactivity (or temperature coeffi-
cient): in a nuclear reactor, the ratio between the variation in reac-
tivity* and the variation in temperature. In a nuclear reactor, this
coefficient expresses the variation in the neutron multiplication
factor* when the temperature changes. A negative temperature
coefficient is an important criterion of core* stability. 43, 210.

Ternary fission: a fission during which the nucleus is split into
three fragments, the lightest of which is most often an alpha par-
ticle, but may also be a tritium nucleus.Ternary fission occurs much
less frequently than binary fission, in which the nucleus is split into
two fragments. 88, 111, 116.

Thermal creep: see Creep*.

Thermal fatigue: see Fatigue*.

Thermal neutrons (or slow neutrons): neutrons in thermal equi-
librium with the matter in which they move. In nuclear water reac-
tors, thermal neutronsmove at a rate of about 2 to 3 km/s, and their
energy is neighboring one electronvolt fraction. 11, 12, 15, 39.

Thermal striping damage (or thermal striping, crazing): mul-
tiple cracks induced in amaterial by thermal fatigue*.Thermal stri-
ping damage can be caused in a wall by temperature fluctuations
of the fluid in contact with it. 24, 49, 64, 132.

Thermalization: the slowing-down of neutrons* in order to gra-
dually bring them to thermal equilibrium with the matter in which
they are scattered in the reactor. 39.

Thorium: a fertile* element, rather abundant in nature, whose use
in nuclear reactors can be considered with a fuel cycle more or less
analogous to that of uranium 238. 181, 198.

TIB: an abbreviation for Total Instantaneous Blockage*.

Total instantaneous blockage (TIB): an incident affecting a fuel
sub-assembly that induces a loss-of-coolant accident, this event
being considered in the safety studies of sodium-cooled fast reac-
tors. 130, 131, 191.

Transfer lock: see Fuel handling transfer lock*.

Transmutation: the transformation of a nuclide into another
through a nuclear reaction.The transmutation considered for mana-
ging radioactive waste* aims at turning a long-lived nuclide into a
shorter-lived nuclide, or a stable nuclide.Two transmutation modes
in fast neutron reactors are considered:heterogeneous* transmu-
tation, and homogeneous* transmutation. 8, 14, 15, 40, 52, 57, 77,
90, 136, 156, 158, 167, 169, 171, 172, 193, 194, 196, 200, 201, 204, 206.

Treatment (of spent fuel)* (or reprocessing, spent fuel treat-
ment): all the operations performed on spent fuel* arising from
nuclear reactors, in order to separate valuable materials, such as
uranium* and plutonium*, and condition the remaining waste.The
term “(spent fuel) treatment” tends to replace the term “reproces-
sing”. See also Radioactive waste*, Separation*. 200, 203, 206,
207.

ULOF: Unprotected Loss-Of-Flow accident transient: a design
basis accident of sodium-cooled fast reactors that corresponds to
the loss of flow of primary coolant*, with no rod withdrawal. 190.

ULOHS: Unprotected Loss-Of-Heat Sink accident transient: a
design basis accident of sodium-cooled fast reactors that corres-
ponds to the loss of heat sink, with no rod withdrawal. 190.

Ultimate radioactive waste (or ultimate waste): radioactive
waste that can no longer be treated under current technical and
economic conditions, especially through extracting its valuable
content, or reducing its polluting or hazardous character. See also
Radioactive waste*. 15, 77, 158, 171, 176, 200, 204.

Unexpected Loss-Of-Flow accident: see ULOF*.

Unprotected Loss-Of-Heat Sink accident: see ULOHS*.

Uranium: the heaviest natural element, having atomic number 92.
See the Monograph as a whole.

Vessel: voirMain vessel*, Safety vessel*.

Void coefficient of reactivity (or void coefficient): a coefficient
that expresses the variation in themultiplication factor* in a reac-
tor when a larger volume of voids (i.e. areas of lower density, such
as bubbles) is formed in coolant* than in normal conditions. If this
coefficient is positive, a larger volume of voids will result in increa-
sed reactivity* and, so, increased power. In contrast, if it is nega-
tive, a larger volume of voids will tend to bring the reactor to shut-
down. 210, 211.

Void effect: variation in the multiplication factor* in a reactor
when a larger volume of voids (i.e. areas of lower density, such as
bubbles) is formed in coolant* than in normal conditions. If the void
coefficient* is positive, a larger volume of voids will result in increa-
sed reactivity* and, so, increased power. This void effect is a key
component to be taken into account for nuclear reactor stability and
safety. 13, 29, 40, 41, 79, 81, 82, 190.

Wastage: impingement on a wall of a sodium / water jet inducing
thermal and corrosion effects. In a sodium-cooled fast reactor, was-
tage might occur in the steam generator. 17, 84, 85, 87, 98, 99, 100,
104, 116.

Water-steam circuit: a coolant circuit in which the water turned to
steam in a steam generator* is driven into a turbine producing
electric power. 210.

Wire wrap spacer: also abbreviated into wire wrap. See Spacer
wire*.

Work hardening: see Cold work*.

Wrapper tube: see Hexagonal wrapper tube*.

Xenon effect: xenon is a powerful neutron absorber whose gene-
ration in a reactor core* as the disintegration product of another
fission product (iodine) upsets the neutronic behavior of the core
with delay during a power transient. 77, 79.
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Even as civil nuclear energy is experiencing a real resurgence in interest, there is a need also to know pre-
cisely what is involved in the issue, whether it be nuclear energy itself, or the associated science and tech-
nology. And yet, overviews evidencing a good scientific level, as regards this type of energy, are scarce…
To make good this virtual absence, and highlight its own work in due manner, the French Alternative
Energies and Atomic Energy Commission (CEA:Commissariat à l'énergie atomique et aux énergies alter-
natives) is setting out, in the form of short monographs, a comprehensive overview of its own ongoing
research, in the area of civil nuclear energy.

Such research being diverse, and multidisciplinary, this series of CEAmonographs explores, and surveys
topics as varied, if complementary, as the reactors of the future, nuclear fuel, materials under irradiation,
or nuclear waste…

Aimed both at scientists hailing from other areas of expertise, wishing to appraise themselves of the
issues at hand, and a wider public, interested in learning about the present and future technological envi-
ronment, these CEA monographs set out the recent findings from research, together with their context
and the related stakes.

The first nuclear reactor that generated electric power, in
1951, was a liquid metal-cooled fast neutron reactor. In the
following years nineteen fast neutron reactors using sodium

as coolant were constructed, first as research nuclear reac-
tors, and then as power reactors.This Monograph describes
that history as well as the operating experience feedback
gained with those reactors, among which the three French
reactors RAPSODIE, PHÉNIX and SUPERPHÉNIX:design,
materials, measurements, instrumentation, in-service ins-
pection, components, operating experience reviews, etc.

The design principles of this reactor type are also detailed,
highlighting their significant potential assets: the ability to
burn all of the uranium fed to it, which would ensure world
power supply for thousands of years; the ability to recycle
all of the plutonium and uranium arising from spent fuel
treatment, thereby closing the cycle, which would minimize
ultimate waste. Today two high-power sodium-cooled fast
reactors are being constructed, one in India, and the other
one in Russia, and a number of projects are under study,
among which the ASTRID project in France. This
Monograph reviews the status of these developments
in 2013.

The deployment of this promising technology is slowed
down, especially due to overcost in constructing these reac-
tors in contrast with the water reactor type.The perspectives
of this deployment are analyzed in a technico-economic
chapter, in relation to the uranium resource evolution.
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