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PREFACE

The Technical Committee Meeting on Evaluation of Radioactive Materials
Release and Sodium Fires in Fast Reactors was held at the O-arai Engineering
Center (OEC), Power Reactor and Nuclear Fuel Development Corporation (PNC)
on November 11-14, 1996. This technical committee Meeting (TCM) was
sponsored by the International Working Group on Fast Reactors (IWGFR),
International Atomic Energy Agency (IAEA) and hosted by PNC, on behalf of the
Japanese government. The TCM was participated by designated specialists from
the member states of IWGFR: one from China, six from France, two from
Germany, one from India, three from Russia, one from the UK and forty-two from
Japan. The total of thirty-two contributed papers were presented in eight
technical sessions. In addition, the closing session included oral presentation by
a representative of each member state on evaluation of this TCM and on future
views in the subject area.

A broad range of technical subjects was discussed in the TCM, covering entire
aspects of source term and sodium fires relevant to the safety of LMFRs. Recent
achievement and current status in research and development in these areas were
presented from IWGFR member states and these were extensively discussed. All
the papers presented at the TCM are included in this Proceedings. The opening
statement by the Scientific Secretary of the IAEA is also included, together with
Summary of the TCM contributed by session chairmen.

Osamu Miyake (PNC)
General Chairman of the TCM

Shinya Miyahara (PNC)
Technical Secretary of the TCM

Anatoli Rinejski (IAEA)
Scientific Secretary of the IWGFR
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Summary of the Meeting

O. Miyake (General Chairman, compiler)

1. INTRODUCTION

The Technical Committee Meeting (TCM) on "Evaluation of radioactive
material release and sodium fires in fast reactors", was held at the O-arai
Engineering Center (OEC) of Power Reactor and Nuclear Fuel Development
Corporation (PNC) on November 11 to 14, 1996. This TCM was sponsored by the
International Working Group on Fast Reactors (IWGFR), International Atomic
Energy Agency (IAEA), and hosted by PNC on behalf of the Japanese Government.

The number of participants from the Member States of IWGFR was
fifty-seven in total: six from France, three from Russia, two from Germany, one
from China, India, UK, 1AEA/IWGFR, and forty-two from Japan (see List of
Participants). A total of thirty-three papers were presented and discussed in eight
technical sessions (see Agenda). A technical tour of the O-arai, PNC facilities
including experimental LMFR JOYO took place during the TCM.

As the opening session, a welcome address was given by N. Nakamoto, the
Director of Safety Engineering Division of OEC. He welcomed the participants
and introduced recent activities of OEC/PNC. An opening address was given by
A. Rinejski, the Scientific Secretary of IWGFR/IAEA. He also welcomed the
participants and introduced the IWGFR activities and reviewed the current status
of fast reactors in the world. A keynote address was given by O. Miyake, the
general chairman of this TCM.

2. SUMMARY OF TECHNICAL SESSIONS
Session A: Overview (Chairman: K. Maeda - PNC, Japan)

An objective of this session was to review the activities of research on
radioactive materials release and sodium fire in each country.

From France, studies on ignition of sodium and mechanism of sodium
combustion were presented by J.C. Malet, IPSN. Many facilities up to 3600m3

were used for experimental studies of sodium fire. Studies on development of
sodium fire codes, on sodium material reactions and on environmental effects
were also shown. France explained that through many experiments, extensive
knowledge has been obtained for all the aspects of sodium fire to develop codes,



tools, means of fighting and preventing the fires. Scale factors have also been
properly understood.

From Germany, experimental studies on sodium fires and sodium concrete
reactions were presented by W. Cherdron, FZK. Research was performed using
the FAUNA facility with capacity of 220m3. Suitable actions against sodium fires
were described and a recommendation to avoid sodium concrete reactions was
shown.

From India, researches on radioactive material release, sodium fires
including code improvement, and sodium concrete reactions were presented by
S.K. Kannan, IGCAR. Minor incidents of sodium leaks in FBTR were also
introduced. India stressed the economic necessity of a cover gas purification
system for RBCB.

From Russia, sodium fire code development with validation experiments and
research on radionuclides release in case of beyond design basis accident were
presented by V.N. Ivanenko, IPPE. Russia appealed for the possibility of extensive
safe development of sodium cooled fast reactors and the necessity of further
research in this field.

From Japan, the state of research on source terms and sodium fires both
including experimental studies and code development was presented By O.
Miyake, PNC. Source term studies were performed mainly on retention
phenomena of volatile fission products by sodium. Recent sodium fire studies
were performed mainly on realistic leaks, though aiming at a large scale leak.
Only a brief introduction of the study on the Monju incident was presented in
this session as detailed presentations were given during later session.

Session B: Out-of-Pile Experiments and Analysis Code on Source Term
(Chairman: B. Carrier - EdF, France)

In a severe accident, it is very important to have a clear idea about the
fission products expected to be released from the core to the sodium pool and the
cover gas. The papers presented in this session described experiments planned or
carried out in order to determine the amount of behavior of fission products in
sodium and in the gas plenum.

An experimental programme using an induction heating furnace was
presented by T. Takai, PNC, in order to determine the fission products released
from the fuel as a function of temperature. Another paper by S. Miyahara, PNC,
presented the gas bubble behavior in the primary sodium and fission product
mass transfer between bubbles and sodium. An investigation of the iodide
solubility in sodium was also presented By N. Sagawa, Ibaraki Univ.

V.N. Ivanenko, IPPE, presented information on the enrichment of aerosols



with cesium during a sodium pool fire resulting from a core disruptive accident
sequence.

A paper by N. Nishimura, PNC, presented additional information on the
transfer of fission products from liquid sodium to the cover gas. J. Sugimoto,
JAERI, presented measurement and calculation of the deposition of fission
products aerosols in straight pipes in the WIND project, though this study was
currently aimed at LWRs.

Finally, K. Miyagi, Toshiba, presented an analysis code TRACER which
would be helpful to simulate the development of the in-vessel source term.

Session C: In-Pile Experiments on Source Term (Chairman: H.Endo,
Toshiba, Japan)

Fuel release into the primary sodium of BN-600 and BR-10 was presented by
A.G.Tsikounov, SRC-IPPE. The paper considered the fission product behavior due
to fuel pin failure in the primary coolant system of the BR-10 reactor. DN
signals, alpha-activity due to Pu-239 concentration on the surface of in-vessel
structures were evaluated quantitatively, and the relationship between defects in
failed pins were discussed. The characteristics of the FPs released were also
discussed for the fuel materials such as UN, Oxide, and metallic fuels.

Release of radioactive fission products from BN-600 was also presented by
A.G.Tsikounov. The paper concentrated on the characteristic distribution of Xe
and Cs in the primary system, structural surfaces under sodium and in the
gaseous cover gas region, for the BN-600 reactor. It was emphasized that the
amount of Xe and Cs isotopes was noticeably reduced by changes in gas
circulation such as the flow direction in the system RGC and CPS. It was
emphasized that the complex radioactivity transfer processes can be well
described by simple models.

In addition to those two papers, recent information on I migration
characteristics to the surface of in vessel structures were presented by S.
L.Osipov, OKBM. Contrary to the Cs case, iodine would not be deposited on the
surface of structures under sodium due to the formation of Nal within the
sodium pool.

Session D: CDA Source Term (Chairman: S. Kotake - JAPCO, Japan)

A research review achieved in Europe and US was made in the presentation
by J.C. Astegiano, CEA. The important experimental results and the modeling
efforts related to the LMFBR cover gas source term under the Core Disruptive
Accident (CDA) were summarized. The maximum credible instantaneous source
term to be taken into account in the safety analyses would lead to a conservative



result.

In the presentation by T. Varet, FRAMATOME, the current status of the EFR
containment design was presented focusing on the radiological release under
CDA. The CONTAIN/LMR is used to evaluate the radiological releases and
pressure loading due to hypothetical sodium fire, where the applicability of the
code was emphasized and also the significant reduction of the source term could
be expected by providing a ventilation system in the containment.

The R&D requirements for the evaluation of the realistic source term
transport behaviors was presented by K. Yonebayashi, JAPCO, based on the
DFBR design study, where the major FP transport mechanism was qualitatively
extracted based on the current mechanistic evaluation results on the CDA.
Several water experimental results concerning the dynamic bubble behaviors and
aerosol retention phenomena were also introduced. Several issues to be
investigated were summarized with priority in order to define the realistic source
term for the siting events. It was concluded that the extrapolation principle
would be crucial and thus it should be confirmed by the experiments under
sodium conditions.

Session E: Sodium leak experience in LMFR plant and its investigation
(Chairman: J-C. Malet, IPSN, France)

Real accidents were discussed during this session. V.P. Luster, Siemens,
presented accidents in the Almeria and ILONA facilities. In the Almeria accident
(14 tons of sodium), a sodium spray fire occurred; small amounts of concrete
were destroyed; the extension of the fire zone during the accident could be
explained either by high convection due to natural ventilation or by combustion
of hydrogen produced by the water release from the concrete area covered with
sodium. In the ILONA accident, a sodium concrete interaction occurred during
the fire.

The papers presented by H. Mikami and T. Funada, PNC, discussed the
Monju sodium leak in which aerosol was released to the environment, and
corrosion of grating and ventilation duct occurred. H. Sakaba, Mitsubishi,
presented computer analyses of the atmospheric aerosols dispersion in the
building and environment of Monju.

Results of experiments conducted by PNC in the SOFT1, SOLFA2 and
SOLFA1 facilities have been presented by H. Seino, PNC. In the SOLFA1 test, the
corrosion of the liner led to the formation of holes and water release with
production of a small amount hydrogen. This damage occurred 3 hours and 20
minutes after the beginning of the test. R. Currie, AEA-T, presented corrosion
test data which showed that steel corrosion was increased with temperature and
the ratio of monoxide/hydroxide.



Results of tests on sodium leak detection systems were presented by V.N.
Ivanenko, IPPE, and the conclusions from the experience of real leaks in the
Russian fast reactors was also presented.

Session F: Sodium Fire (Chairman: W. Cherdron, FZK, Germany)

In this session five papers were presented: four French and one Japanese
papers. W. Le Saux, IPSN, presented the French experiments on sodium jet fires
with high flow rates. The flow rate reached 225 kg/sec. The modelling of two
dimensional spray fire code PULSAR 2.1 was presented also by W. Le Saux. On
the other hand a global computer code FEUMIX 3 for sodium jet fires was
presented by L. Rigollet, IPSN. J.C. Astegiano, CEA, presented the AIRBUS water
experiments in which an analytical parameter SiH used for sodium jet fire was
examined. S. Ohno, PNC, presented the development of the SOFIRE-M3 and
SOLFAS codes with help of experimental data obtained in the SAPFIRE facilities.

This session showed again what a wide range of knowledge already is
present. On the experimental side, the presentations were made for columnar
fires tests with different conditions (e.g. amount of sodium, flow rate, geometry)
as well as water simulation tests (hot water into cold air to find values for the
thermal power exchange, which cannot be measured in a real sodium fire test).
On the theoretical side, four different codes were presented with different
approaches in development. It seems that the existing knowledge is sufficient to
solve the columnar and jet fire problem. However, different parameters like
droplet size and SiH appeared, which are necessary as input parameter to fit the
code calculation. In the discussion, it was pointed out that especially the droplet
size should be avoided, because it might be known from the experiments, but is
impossible to predict in the reactor leakage case. It had been appreciated that a
bulk parameter like SiH is the better approach if the droplet size is not hidden in
it. It was still unclear if the SiH is really a global "constant parameter," which
can be defined from the water tests. It was also discussed that a more realistic
empirical approach (SOFIRE-M3) could lead to reasonable results. It can be
summarized that there is a more scientific approach (French) and a more
empirical/realistic approach (Japan), and both types have difficulties in
recalculating exactly the experiments.

For the future, it should be clarified how much precision is necessary in
recalculating events, which can not be predicted precisely.

Session G: Aerosol Behavior (Chairman: T. Funada - PNC, Japan)

The paper presented by H. Shunzhang, CIAE, discussed the experiment to
investigate water spray for removing sodium fire aerosols. It was shown that the
efficiency of removal was about 70% in maximum. Another paper related to a
study on wet bed scrubber had been scheduled, though, it was canceled by the
author.



Session H: Evaluation of Sodium Fire in LMFR Plant
(Chairman: J. C. Astegiano - CEA, France)

The first paper presented by T. Varet, FRAMATOME, described the numeral
approach, developed for the study of large sodium spray fire and its application
for SPX1. This approach was based on the successive use of the PULSAR and
FEUMIX Codes. In the first step, the two dimensional code PULSAR is used to
determine the sodium burning rate in a cell, then, FEUMIX is used to evaluate
the pressure transient.

This approach has been successfully tested using available experimental
data, particularly large flow rates tests IGNA 3620 and 3604. The approach has
then been applied to the analysis of the consequences of high flow rate sodium
leak in SPX1 and used to justify the hypothesis used to design the protection
measures implemented on the plant. The paper is a very good example of the use
of a combined tool approach to successfully solve an industrial type problem.

The second paper presented by S. Kubo, JAPCO, described the principle of
the safety design against sodium leaks in the DFBR in Japan. R&D needs to
design the counter measures against sodium fires and aerosols release were
described. The design is based on:

(1) the prevention of sodium leak by the design of reliable sodium components
and pipes to ensure their integrity during plant life.

(2) The mitigation of sodium fire consequence;
(3) Design of the floor to minimize the consequences.

Four fundamental items have been considered:

- limitation of Na leak
- mitigation of Na burning
- mitigation of pressure and temperature rise
- limitation of aerosol release

For each of these points, the paper described the performance of the
corresponding system and defined the associated R&D needs. The paper is a good
guide for the definition of future R&D for sodium fire and aerosol release in
Japan.

3. CONCLUSIONS OF TECHNICAL SESSIONS

The meeting was very successful and informative for all participants. The
papers presented and discussed in the meeting can be categorized into two major
topics: i.e. the radioactive material release and the sodium fires.



Extensive studies concerning the radioactive material release are now
conducted among the members of the IWGFR. These studies span a wide range
of subjects. Some of them are fundamental studies to investigate detailed
mechanisms and phenomena of radioactive material behavior in a primary
system. Other studies are devoted to examination of plant conditions under a
certain degree of fuel failures. These studies are well organized and could provide
with information for estimating radioactive material distribution within a
primary cooling circuit of a fast reactor. On the other hand, studies of
hypothetical core disruptive accidents are also conducted for evaluation of a
severe accident. One of the simplified approaches to severe accident source terms
may be the cover gas source term. This approach utilizes an assumption that a
fractional amount of the radioactive materials in the core are transferred to the
cover gas region of the reactor vessel. If one can estimate the retention effects of
liquid sodium, large mitigation of source terms could be expected. By now, some
cover gas source terms have been proposed, though these are based on limited
information and conservative assumptions. Efforts are being made to obtain
more data on this subject.

The sodium fire studies have long histories as well as those for radioactive
material behavior in the fast reactor. Quantitative data have been obtained in
the experiments conducted in the IWGFR membership countries. Also, computer
codes have been developed and validated using existing experimental data.
Currently, discussion of this subject is mainly aimed at investigation of the
combustion process in a realistic sodium leaking form; i.e. column or jet. In this
case, geometric effects are supposed to be significant because impingement and
splashes of sodium on structures may determine the combustion process. An
empirical parameter obtained by experiments is essential for analyses with the
present calculational models. It could be noted from the indicated experiments
that if a larger sodium flow rate is assumed, the ratio of sodium employed for
combustion becomes relatively small. Sodium leakages in fast reactor plants as
well as those in experimental facilities were reviewed during the meeting. The
Monju sodium leakage is now thoroughly investigated by PNC.

The TCM was not intended to bring about a certain agreement among the
members of the IWGFR. Nevertheless, it was noted by participants that this kind
of meetings will be very valuable and informative for further discussion reflecting
newly obtained data for all IWGFR countries.

4. CLOSING SESSION
(Chairmen: A. Rinejski - IAEA/IWGFR, and H. Tanabe - PNC, Japan)

Each representative of Japan, U.K., China, India, Germany, France, and
Russia expressed his evaluation of this meeting. Some concluded that the TCM
was very successful in that beneficial information was exchanged with discussion
among all the participating states and others insisted on the importance of
international collaboration through IAEA/IWGFR activities.



A. Rinejski, the scientific secretary of IWGFR introduced the future activities
of IAEA/IWGFR and argued the advisability of further collaboration. He
expressed the Agency's thanks to OEC/PNC for the excellent organizations of the
meeting and for the nice hospitality.

Finally, K. Nakamoto, the director of Safety Engineering Division, OEC/PNC
closed the TCM with an address of gratitude to IAEA and all the participants.



IAEA/IWGFR
Technical Committee Meeting on

" Evaluation of radioactive materials Release and Sodium Fires
in Fast Reactors"

Oarai Engineering Center, PNC, Japan, 11-14 November 1996,

Opening Statement

Good Morning Ladies and Gentlemen,

It is my great pleasure and privilege to welcome you all to the IAEA/IWGFR
TCM on " Evaluation of Radioactive Materials Release and Sodium Fires in Fast
Reactors" . On Behalf of the Agency and the participants, I would like to express
my sincere appreciation to the Government of Japan, the Power Reactor and
Nuclear Fuel Development Corporation (PNC) and the O-arai Engineering
Center of PNC for hosting this meeting in Japan and here in O-arai where the
worldwide famous Fast Reactors Scientific and Engineering Center is located.

Therefore, I can think of no better place for holding a Technical Committee
Meeting on Fast Reactor Technology than the O-arai Engineering Center of PNC,
Japan.

One of the major activities in the IAEA'S Nuclear Power Program is to promote
international information exchange on nuclear technology, including technology
of liquid metal cooled fast reactors (LMFR). This meeting is organized within the
frame of IAEA's International Working Group on Fast Reactors(IWGFR). As you
may know, the IWGFR is the oldest working group of the Agency and in the
framework of its program there have been many interesting tasks and good co-
operative programs, also jointly with international organizations. I would like to
briefly examine the worldwide status of nuclear power programs and fast reactor
development.

Many countries already obtain a significant amount of electricity from nuclear
power plants. According to the IAEA Power Reactor Information System (PRIS), by
the end of 1995, there were 437 nuclear power plants connected to the gird,
supplying electricity in 30 countries with total capacity of about 345 MWe.
Combined, these unites represent a reactor experience of about 7700 reactor-
years.

During 1995, four reactors were newly connected to the girl : in India(P
HWR,200 MWe), Republic of Korea (PWR, 1000 MWe), United KingdomfPWR,
1260 MWe), Ukraine (WWER, 1000 MWe). In 1996 five reactors (France, PWR
(1455Mwe); Japan(PWR(1127Mwe) and BWR(1315 MWe) Romania PHWR (650
MWe) and USA PWR (1665 MWe) are expected to achieve grid connection.

I wish to present my views on fast reactor development. A number of
successful projects in design, construction and operation of the liquid metal fast



reactors have demonstrated the liquid metal fast reactor technology worldwide.
Recent milestones are the restart of the 1200 MWe Superphenix in France, the 16
years of commercial operation of the 600 MWe BN-600 in Russia, the 18 years of
successful operation of the 100 MWth experimental JOYO reactor in Japan, and
the recent operation of the 280 MWe Monju reactor in Japan.

Dr.H.Blix, Director General of the IAEA, in his greeting to the Conference on
Nuclear Power and Industry " (Obninsk, Russia, June 1994) .noted that

'." • • • the Russian, French and Japanese experience in the design and
operation of breeder reactors may come to provide an important basis for the
enhancement of their performance and commercial deployment" .

The worldwide investment already made in the development and
demonstration of LMFR technology exceeds US$40 billion. In 1996 the financial
expenditures by Member States devoted to development programs for advanced
LMFRs and related fuel cycles are about US$ 800 million. Fast reactor programs
have recently been initiated in the People's Republic of China, the Republic of
Korea and Brazail.

In most cases the overall experience has been very satisfactory, however some
incidents or failures occurred in the operation of the first prototype reactors .The
operating experience indicated that some LMFR design aspects should be
improved.

With respect to the incident at Monju with non-radioactive sodium leaking
from the secondary cooling system on December 8,1995, I wish to point out that
sodium leaks in secondary piping also occurred in other experimental and
prototype fast reactors.

Other technologies, including water cooled reactors have had coolant leaks in
the reactor system, and oil leaks and fires in turbine-generator systems.

Prevention, detection and mitigation of these leaks and improved resistance of
nuclear system to fires remains an important goal of R&D in the safety ar
ea.Some issues we will discuss at this meeting. Some argue that fast reactors are
too complicated and expensive. One should note that this is true for most
experimental or prototype reactors before scaling up to large commercial
application.

Other technologies, including water cooled reactors, have achieved design
improvements and much lower costs after large scale deployment had taken
place. There is nothing to indicate that this will not happen in the case of fast
breeder reactors.

The Nuclear Safety and Security Summit in Moscow in April 1996 has
concluded that nuclear power is a vitally important energy option. This Summit
initiated a concrete program of international cooperation in this area by
proposing the fast power reactor project under the auspices of the IAEA. The
European R&D collaboration on the CAPRA Project (a concept to accelerate
plutonium consumption in advanced fast reactors)with the participation of
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Japan, Russia and other countries could become the base to develop the flexible
fast reactor design for plutonium and actinides burning.

Full industrial development of fast reactors is not yet been complete.
The accomplishments of reactor development in Japan are very much
acknowledged.

Since Japan has a very high level of industrial development, the world is
looking forward to having the Japanese fast reactor technological experience as
the fundamental information to base decisions of fast breeder reactor
introduction worldwide. This will likely occur when uranium resources become
scarce, and when it is felt that long lived radioactive waste has to be burned both
to produce energy and to reduce the impact of radioactive waste produced.
Advanced liquid metal cooled fast reactor designs are currently under
development in several countries and considerable R&D efforts have been made
in recent years in France, the Russian Federation, Japan, India, China and the
Republic of Korea. Most of the new designs are of evolutionary type with some
moderate modifications and changes from current designs, aiming at achieving
specific improvements with respect to risk minimization, better economics,
improved reliability, and enhanced safety. Some innovative, flexible designs for
plutonium and long-lived radioactive waste burning and/or effective utilization of
fuel materials are also being proposed.In this respect, there was a need to
identify the common trends; inter alia, to improve economics, reliability and
safety and to evaluate the flexibility of fast reactor designs for managing
plutonium stockpiles and to transmute minor actinides.

The objective of this Technical Committee Meeting is to review and discuss
the state-of-the-art of experimental and analytical date and relevant computer
codes for evaluation of radioactive materials release and sodium fires in fast
reactors.

There is no need for me to give you any opinions on the various topics that
will be discussed. They will be described and evaluated by experts for more
qualified in this special area, than I. And what is more I am out of time.Thank
you for your attention and good luck in your vital efforts to develop safe and
economical advanced fast reactors.

Anatoli Rinejski
Scientific Secretary of the IWGFR
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1 - INTRODUCTION

This document presents the results of work carried out at the IPSN on :

- sodium inflammation,

- sodium combustion (pool fires and sprayed jet fires),

- extinguishment (passive means and extinguishing powder)

- the physico-chemical behaviour of aerosols and their filtration,

- the protection means of concretes,

- intervention during and after a fire, treatment of residues, intervention equipment.

The calculation codes developed during these studies are described. The experimental basis which

allowed the qualification of these codes and the technological means aimed at prevention and sodium

fire fighting, was obtained using programmes carried out in the experimental facilities existing in

Cadarache or in collaboration with the German teams of Karlsruhe.

2 - IGNITION OF METALS

2.1 - Theoretical aspects of ignition

Most of the time, studies undertaken to obtain precise information on the ignition temperature of

metals did not yield concordant results. In fact, the ignition temperature may depend on a given

number of factors such as the pureness of the metal considered, the moisture contents of the

combustive gas used, pressure conditions, the dimensions of the test sample, the various treatments
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applied to the metal, the equipment and techniques of the process, the condition of the surface

exposed to sodium, the oxidation rate of this surface etc...

The quality of the oxide layer built up on the surface is directly related to the ignition of metals. It

might prevent the combustion reaction. In a general way, it may be stated that metal oxidation follows

different laws in agreement with temperature variations ; these kinetic laws are responsible for the

formation of superficial oxides which will cover the metal in various ways :

-at low temperatures, the kinetic law related to time is logarithmic : the oxide is a protective agent.

-at intermediate temperatures, the kinetic law is parabolic, the oxide layer is no longer a protective

agent, but it prevents the direct action of oxygen which diffuses through this layer to react on the

metal.

-at high temperatures, the oxygen consumption law is a linear function of time. The porosity of the

oxide layer is sufficient to allow for oxidation.

These temperature ranges are particular to a metal. Burning is subjected to a metal temperature which

is higher than the transition temperature from the parabolic range to the linear range. The value of

this transition temperature moreover depends on different physical and chemical transformations

liable to affect the metal-oxide.

- physical transformations : sublimation or fusion of the oxide, shrinkage due to phase changes,

crackling of the layer due to differences in the thermal expansion coefficient of the metal and of its

oxide.

- chemical processes : alterations of the chemical composition of the layer.

Given the transition temperature (parabolic oxidation range/linear oxidation range), ignition will take

place if the quantity of heat produced by the oxidation reaction is higher than the loss of heat in the

system. The fuel temperature is increased especially as the law of oxidation is generally an

exponential function of temperature and this phenomenon will increase its speed continuously until

combustion occurs.

2.2 - Sodium ignition

2.2.1 - Ignition in air

Experimental and theoretical figures taken from literature relating to the ignition temperature of

sodium are given in TABLE 1 which also evidences the important differences from one value to

another. Still some observations may be made on behalf of this situation :

- the figures for the ignition temperature obtained with a heated sodium pool are higher than those

determined under the same operating conditions with an untroubled pool or with droplets. This is

explained as follows : in the case of the heated pool, the metal temperature (sodium) is increased

while it is not insulated from oxygen. During heating time, an oxide layer is formed at its surface

which will inhibit combustion.
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TABLE I

SODIUM IGNITION AND COMBUSTION

TABLE I

Reference works

COWEN-VICKERS

(experiments)

TOUZAIN

RICHARD

GRACIE-DROHER

NEWMAN

LONGTON

GROSSE-CONWAY

LEMARCHAND-JACOB

MALET (experiments)

MALET (theory)

REYNOLDS (theory)

I.P.S.N.

Mrs. CASSELMAN

Ignition temperature in air (°C)

Droplets

133- 138

200

120

Agitated pool

204

150

140

Untroubled pool

260

150

288

320

260

118

209

215

200-201-224

210

205

Heated pool

440-470

280

280

- under the same operating conditions, the ignition temperature obtained for an agitated sodium pool

is lower than the temperature obtained for an untroubled pool. In the same way, the ignition

temperature of sodium in the form of droplets is lower than the same temperature obtained for an

agitated pool.

In the first case (untroubled pool and agitated pool), the movement of the pool may entail fractures of

the oxide layer. As for the case of droplets, it is known that the smaller the particle, the higher the

pressure tension round it. Knowing that combustion is the consequence of a reaction of oxygen on

sodium vapour, it is obvious that the ignition of a drop is easier when its diameter is smaller.

These consequences partly explain the differences among the figures shown in TABLE 1.

An experimental study carried out in a casing of 316 1 contents with an untroubled pool formed of

100 g of sodium evenly distributed over a surface of 113 cm has evidenced that the ignition
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temperature of sodium in dry air is approximately 205 °C (TABLE II). The variation of this

temperature in terms of the molar fraction of oxygen is not linear (Figure 1) . The minimum molar

fraction of oxygen is not linear. The minimum molar fraction of oxygen which is the ignition

threshold is equal to about 3%.

TABLE II

OXYGEN FRACTION

Ignition temperature (°C)

0.050

344

0.075

252

0.100

228

0.150

220

0.21

205

If these limit temperatures are not reached, the time necessary for the sodium to ignite is given by the

law hereunder:

In which :

9 = ignition delay in seconds

T = initial temperature in K

xo2= molar fraction of oxygen.

This experimental law determines the ignition delay in a particular configuration and is certainly not

effective for all systems. However, this phenomenon may have specific characteristics which

correspond to an exponential form whose coefficients depend on experimental conditions.

2.2.3 - Detailed ignition process

Various tests have shown that ignition is always preceded by a formation of nodules on the surface of

the metal. This nodule formation alone is not sufficient to start ignition. Observation of the metal

surface by means of an I.R. camera has evidenced that the location of the nodules is directly related to

over-temperature phenomena appearing on the surface of the metal. The following hypothesis has

been made : the structure of the oxide film is heterogeneous (porosity, structure defects etc... ) and

this leads to uneven oxidation of the metal and to creation of preferential oxidation spots where

temperature gradients are built up. This induces a system of tangential forces created by surface

tension gradients (thermocapillary convection) leading to rupture of the oxide film and to formation

of nodules. These nodules which are actually sodium droplets will become oxidised and their heating

is faster than that of the remaining metal surface because of the high surface/ volume ratio. The

thermal unbalance thus created will lead to ignition..
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2.3 - Conclusion

It is important to note with respect to these considerations that finely divided sodium may be ignited

even at room temperature. In such a case, the surface/volume ratio reaction is high thus allowing for

quick temperature increase and entailing ignition.

For the personnel working with sodium, it is necessary to have available at a short distance the

equipment required for firefighting and this regardless of the temperature at which the metal is

handled.

When considering all these results, it is obvious that no attempt should be made to cool down the fire

with a view to extinction.

3 - COMBUSTION

3.1— Metal combustion

3.1.1 Different aspects of metal combustion

Metal combustion has only recently been the subject of research work, but is attracting increasing

interest because of the development of spatial applications. Indeed, the advantage of the possible use

of some metals as additives for propulsion resides in their high combustion temperature

corresponding to a high transformation temperature and to fair stability of the reaction products.

After ignition, the combustion of a metal may continue on its surface or in a vapour phase. The

characteristics of the second combustion mode are the presence of a luminous zone at a finite

distance from the surface and the formation of oxide smoke composed of extremely fine particles.

The simultaneous presence of liquid or solid oxide particles and of gaseous molecules or atoms

(metal, actionless gas, oxygen) in the reactive zone gives heterogeneous features to metal combustion.

Sometimes, the chemical processes are not well known as their study is complicated by the influence

of diffusion and by other transfer processes which might act on the reaction and in this way mask the

influence of kinetics as such. As a matter of fact, the chemical processes are most of the time the

quickest stages of reaction because of the temperature attained in the flame.

GLASSMAN and then GLASSMAN and BRZUSTOWSKI inferred some general remarks from the

thermodynamic and physical properties of metals and of their oxides :

- temperature of the flame : with a few exceptions, metal oxide molecules cannot exist in vapour

condition and decompose rapidly into metal vapour and oxygen. This thermal instability of oxide

particles therefore sets an upper limit to the flame temperature : the decomposition temperature of the

oxide, generally considered as the boiling point.

- the consequence of this condition is the presence of condensed matter at high temperature in the

reactive area.
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- the third remark is related to the combustion process of a metal (vapour phase on surface

combustion). The flame area must be at a temperature equal to or higher than the metal surface while

remaining at a temperature lower than or equal to that of the oxide decomposition, i.e.

T metal -< T flame -< T oxide decomposition

This leads to the following conclusions :

- the combustion process in the vapour phase will occur if energy is transferred from the flame to the

metal surface to supply the latter with latent heat for vaporisation. This means that the flame

temperature is higher than the surface temperature. This temperature difference only exists for metals

for which the oxide boiling-point is higher than the metal boiling-point.

- for metals, when the boiling temperature is higher than the temperature of oxide decomposition,

combustion will occur on the metal surface.

3.1.2 - Comparison with hydrocarbon fires

Thermodynamics :

The reaction of metal combustion is a complete reaction while combustion of carbonaceous matters

leads to the formation of many "by-products" accompanying carbon dioxide (CO2 ) and water, i.e. the

"final" components of combustion. These combustion "by products" are generated by exothermic

reactions, but sometimes also by endothermic reactions. This means that in the case of metals all the

energy of metal combustion is dissipated in the air, but that in the case of hydrocarbon fires, the

energy dissipated in only a fractional part of the theoretical energy which would have been generated

by the combustion, had the reaction been complete.

Combustion chemistry :

For organic matter, the flame is of diffusion type, unstuck from the surface during evaporation, and

the combustion products are generated in a series of elementary processes called chain reaction. The

types of matter existing in the flame are either gaseous molecules or ions, but also carbon particles,

the percentage of which varies depending on the oxygen content of the mixture. In the case of metals

for which the flame is of diffusion type (or vapour phase), the reaction products are solid or liquid

particles. The process at the origin of their formation is a process of nuclide forming and of growth

of the particles thus formed. While in the case of a hydrocarbon flame the emission spectrum is

basically composed of bands (molecules) or rays (atoms) accompanied by a slight continuous

background, the emission spectrum of a metal flame is composed of an intense background partly

masking the emission spectrum of intermediate elements.

Flame structure

While the temperature reached in the flame essentially depends on fuel and combustive matter, the

main difference between a hydrocarbon flame and a metal flame resides in the temperature curve as

shown in Figure 3.
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While for metal fire the metal oxide particles act as a screen (the gas temperature above the centre of

the fire decreases rapidly), the burnt gases of hydrocarbon fires will keep their temperature quite a

long time. Because of these conditions, gases of this type are liable to be one of the causes of fire

propagation.

3.2 - Sodium combustion

The boiling temperature of sodium is 881 °C ; monoxide starts evaporation at 1350 °C, a value equal

to the measured flame temperature. In compliance with the third general remark on metal

combustion, the combustion of sodium should be of the vapour-phase type. Indeed, the following

will give details on what the experiment has taught us when studying two types of fires which are

liable to occur

- sodium pool fire

- sodium jet (or spray) fire.

3.2.1 Sodium pool fire

These fires may occur whenever the leakage of a pipe allows sodium to flow into a vessel while the

jet is not broken. They are for this reason localised phenomena.

Basic research completed on small quantifies of sodium (some ten mg) has shown that according to

oxygen pressure and concentration, but also according to temperature, sodium burns either in vapour-

phase with formation of Na2O in the flame area and transformation of monoxide into peroxide at the

end of the flame area (light emitters are gaseous atomic sodium and liquid or solid aerosols)

(superficial oxidation of sodium could occur in this case) or on the surface with formation of peroxide

(the emitter is molecular gaseous sodium Na2). This research work also evidenced the inhibiting role

ensured by the surface crust during combustion.

Under fire conditions of this type which might be commonly found (gaseous mixture : air,

temperature of Na between 200°C and 500 °C) only combustion in gaseous phase will occur.

While for metal fire, the metal oxide particles act as a screen (the gas temperature above the centre of

the fire decreases rapidly), the burnt gases of hydrocarbon fires will keep their temperature quite a

long time. Because of these conditions, gases of this type are liable to be one of the causes of fire

propagation.

The studies completed by the IPSN (Cadarache) on sodium fires ranging from 20 kg to 5 tons

(temperature of Na from 140 °C to 840 °C and area from 0,125 to 50 m2) provided exhaustive

knowledge on sodium fires of medium and large size.
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3.2.1.1 - Effects of sodium temperatures, of combustion surfaces and of pool thickness on the

combustion rate.

TABLE III shows the results of fires with various initial sodium temperatures and under conditions

including oxygen concentration variations.

- it seems that the initial sodium temperature has only minor effects on the average combustion rate.

This is certainly due to the fact that the pool temperature stabilises during combustion at a value

varying between 570°C and 750°C. Boiling temperature is never reached even if the initial

temperature is close to 840°C.

- the average combustion rate seems to diminish when the combustion surface is increased. This is

certainly an effect of the convection movements which in the case of large fire surfaces hinder the

diffusion of oxygen in the centre of the sodium pool. This phenomenon stands out more clearly when

initial combustion rates are considered, which from 49 kg.h" .m" for a surface of 0.125 m decrease to

36 kg. rf' m~2 for a surface of 1 m2 and to 27.6 kg.h"'.m"2 for a surface of 10 m2.

These results were confirmed during tests conducted within the framework of the ESMERALDA

programme, in particular during the ESM 1.2 test (surface of fire 50 m , 5 tons of metal)

The thickness of the sodium pool has no effect on the combustion rate. On the other hand, it is

possible to foresee the mass of burnt sodium using the formula :

mb=K.S.d

with

- K=527 kg. m" for fires burning in a variable atmosphere. In atmospheres with constant oxygen

concentration (O 2 = 0.21) and perfectly dry air, this value rises to 774 kg. m"

- S = surface in m

- d = thickness of the sodium pool, in m.

Beyond d = 26.5 cm, the burnt mass is practically only dependent on the surface of combustion.

As for the quantity of sodium burnt and found again in the aerosols, it is equal to 45% maximum of

the burnt mass. The aerosols are composed of sodium peroxide. The remainder of the burnt sodium

contained in the combustion vessel is essentially made up of monoxide with small amounts of

peroxide. At the end of the fire, the percentage of sodium burnt in the form of peroxide amounts to

52% as an average value.
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TABLE III

Experiment

Cassandre 3

Cassandre 4

Cassandre 5

Cassandre 6

Cassandre 7

Cassandre 8

Lucifer 1

Lucifer 4

Lucifer 5

Drac

EBCOS

Initial sodium 8

°C

550

550

550

550

550

550

250

140

840

200

550

Enclosure m

400

400

400

400

400

400

400

400

400

400

22

Thickness

cm

5.1

10

14

28.6

18.3

9.2

17.5

18.5

20.4

12.8

9.9

Surface

m

1

1

1

1

2

4

2

2

2

10

0.125

Average

combustion C,

kg.h" . m~

24.5

26.9

26.2

23.8

19.6

17.7

17.1

18.5

17.9

17.7

38.4

Oxide throw out

0.31

0.365

0.385

0.40

0.46

0.43

0.45

0.372

0.427

0.163

0.24

3.2.1.2 - Effects of humidity

Tests completed in a room of 22 m 3 determine the effects of humidity on the combustion rate have

shown that humidity inhibits combustion up to a relative humidity of 30% at 20°C. This inhibiting

effect disappears progressively from a degree of relative humidity of 60% on, but the value of the

average combustion rate is not equal to that found in a dry atmosphere (fig.2). This inhibition of

combustion is due to the formation of a film of soda on the surface of the metal ; this formation of

soda is not due to the reaction of sodium with water vapour (indeed, no production of hydrogen is

detectable), but to the action of the latter on the oxides formed during combustion.

3.2.1.3. Details of the combustion process

The bulk of these results made it possible to determine the exact process of sodium combustion

(Figure 4) :

The aerosols come from a reaction in the vapour-phase. Their chemical state is sodium peroxide

which in the case of a fire in open air is converted, in a first stage, into soda and then into carbonate.
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These tests made it possible on the one hand to confirm that the flame is only slightly separated from

the liquid metal and on the other hand that it is possible to approach a fire if one is protected against

the chemical aggressiveness of the aerosols.

A theoretical study has shown that the slowest phenomena in sodium combustion, i.e. those governing

the combustion kinetics, are on the one hand the diffusion of oxygen through the flame area to react

with liquid sodium and to build up the layer and on the other hand the transfer of sodium vapour to

the flame area (evaporation-diffusion).

This means that the combustion process is a double line of phenomena as shown in the diagram of

Figure 4. However, some questions have not yet been answered, for example those on flame structure

and the laws on nuclide formation and aerosol growth, the aerosol emissivity of the sodium pool, the

effects of convection movements due to the fire on the aerosol emissivity of the sodium pool and on

the combustion kinetics.

3.2.2 Sodium jet and spray fire

Experimental studies were carried out at Cadarache in POLLUX (3.7 m3), MERCURE (22 m3)

PLUTON (400 m3 ) and JUPITER (3600 m3 ). Experiments of the same type were conducted in

collaboration with the German partners in the FEUNA facility (220 m3) located in Karlsruhe.

The influence of the direction of the jet (250 to 550°C), of the temperature (0,15 Kg.s"1 a 230 Kg.s"1),

of the obstacle and of the insulation was studied during this experimental programme.

Among these parameters, the direction of the jet appeared as being that which is the r̂nost important

when considering the thermo-dynamic consequences of the fire. The upward jets at a temperature of

55O°C and with impact on an obstacle were therefore the most studied. Under these conditions, the

study showed that combustion was limited by the diffusion of oxygen towards the jet. Consequently,

when the sodium flowrate increases, combustion efficiency (mass of sodium burnt/mass of sodium

ejected) reaches a limit value close to 10 %. This limit is reached even faster when the volume of the

room is small.

Thus the breaking up of rooms into separate units is efficient in reducing the thermo-dynamic

consequences of a sodium jet.

3.3 - Consequences of a fire

3.3.1 - Thermodynamic consequences on installations

Two cases are to be considered : sodium pool fires and sodium spray fires.

3.3.1.1 -Thermodynamic consequences of a sodium pool fire

A « sodium pool fire » computer code (PYROS 1) has been qualified on the basis of results obtained

and is currently used by Novatome for SuperPhenix calculations. This computer code makes it

possible to foresee at any time and for a given confinement the temperature variations (sodium,

surrounding gases, confinement walls), but also the over-pressures which may be generated by a fire
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of a given mass and surface. The energetic power of the source is calculated by taking into account

the double mechanism of sodium combustion (superficial combustion and vapour phase combustion).

At low temperatures (less than 350°C), superficial combustion is predominant. At high temperatures,

vapour phase combustion is the most important phenomenon. We then use the Garellis formula (19)

x = rate of combustion at the moment t

x0 = initial rate of combustion

n = number of oxygen moles at the moment t

n0 = initial number of oxygen moles

T = gas temperature at the moment t (K)

To = initial gas temperature (K)

The percentage of sodium converted into sodium peroxide and sodium monoxide is also taken into

account:

Na + O 2 ->Na 2 0 2 AH = -124 Kcal.mol"1

2 N a + l/2 02-+Na20 AH =-104 Kcal.mol'1

1 9

For safety reasons, To is taken equal to 40 kg.h" .m" which is a value higher than those of the

experiments and the quantity of sodium in the form of peroxide is equal to 40% of the burnt mass ;

the remainder is monoxide.

The energy produced by the combustion reaction is transferred :

- to the ground by conduction through the sodium mass,

- to the air - aerosol system by convection and radiation,

- to the walls by transfer from the air - aerosol system ; radiation and convection, experience having

evidenced that direct radiation from the flame to the walls is equal to zero.

When establishing the energy balance, it is thus possible to calculate step by step the temperature

variations of sodium, air and walls with the coefficients for heat exchange obtained by experiments.

With the oxygen consumption known, the over-pressure in the confinement is calculated assuming

perfect gases. The thermal consequences on a confinement are therefore calculated with a margin for

safety, the basic values and the proportion of sodium in the form of peroxide being pessimistic values.
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Thus, these calculations may be completed taking into account the type of confinement for the room

in case of fire

- air tight and pressure resistant

- air tight and pressure resistant to a given value only, beyond which the gas and aerosol mixture is

released into a ventilation duct or directly into the open air.

- ventilated (natural ventilation, forced ventilation : draught stopped, extraction maintained).

In each case it is possible, thanks to a formula giving the physical behaviour (granulometry and

concentration) of the aerosols in the room, to compute the quantity of aerosols which will be ejected

from the accident room.

3.3.1.2 -Thermodynamic consequences of a sodium spray fire

The study of sodium spray fires and the development of computer codes allowing to foresee the

consequences of fires of this type on the confinement are difficult because they require knowledge of

the diameter of the sodium droplets and this parameter is not easily obtained.

Two codes have been developed. These are FEUMIX and PULSAR.

FEUMIX 3 is the latest version of this point code which globally represents the jet and the thermal

transfers of the jet to the gases and the walls.

PULSAR 2 is a two-dimensional code describing the sodium jet trajectory (or the droplet trajectory)

in the facility. The impact of sodium on the walls and the floor is taken into account.

The openings onto the outside are also modelled in these two codes.

3.3.2 Chemical consequences on installations

A distinction will be made between the effects of sodium on building materials and the effects of

combustion products.

3.3.2.1 Sodium - materials reaction

The electro-positive character of sodium entails, for this metal, a very high reactivity with respect to a

great number of materials. Thus, sodium will attack silica and all silica materials, transforming them

into silicates. Phosphatic products and especially phosphated concretes are reduced. In the latter

case, it is important to note that the product thus formed may react to the humidity of air. The

consequence of this reaction is a formation of phosphorated hydrogen PH3, a highly toxic product. In

a general way, it might be said that all materials embodying mineral components liable to be reduced

are attacked by sodium.

However, the most important reaction of sodium on materials is what is called the sodium - concrete

reaction. Its importance is double : on the one hand, it concerns the high quantities of concrete used in

constructions and on the other hand, it can possibly cause major damage.

One of the constituents of concrete is water, which is found either in free form or bound with other

materials. The thermal effects on concrete entail dehydration. This water reacts with sodium thus
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freeing hydrogen and if the mixture of hydrogen and oxygen reaches a concentration which is

sufficient for detonation, the latter will cause the projection of sodium particles. In this way, the

detonation due to the H2-02 reaction is accompanied by sodium spray fire.

The purpose of a current basic study at Cadarache is to obtain a better understanding of the sodium -

concrete reaction. The first tests tend to prove that the speed of hydrogen production depends on the

thickness of the concrete and on sodium temperature.

At 550 °C and for minor concrete thickness, a non-negligible part of the water may discharge through

the cold face. This fraction decreases when the thickness of the concrete increases. The concrete

temperature may reach values close to 800 °C and analyses completed a posteriori show that the

attack of the concrete by sodium is mainly due to alkaline fusion of certain components of the

conglomerate. The speed of sodium penetrating into the concrete reaches about 2 cm.h" . The

analysis of reaction products has shown that some of the concrete constituents may be transformed

during the attack and that these products will create carbonaceous products such as acetylene,

ethylene and methane, when reacting with water vapour in air.

At 200 °C, the production of hydrogen and the penetration of sodium into concrete are practically

non-existent.

To prevent this reaction, it is necessary to protect the concrete and to insulate it with a metal sheet.

This is how the floor of the SUPER - PHENIX reactor was protected. More analytical studies have

aided the development, in collaboration with EDF and the Societe des Ciments Lafarge, a concrete

which is inert to sodium (BIS). This concrete can be applied as a protective layer over ordinary

concrete. Tested on a tank of 10 m with a leak of 1 ton of sodium at 550°C, this protection revealed

itself to be very efficient. It was not attacked and the concrete placed under the BIS layer remained

intact.

3.3.2.2 - Desorption of water from concrete

The R and D studies in this area have allowed to develop the SORBET calculation code. This code

describes the migration of water in a concrete subjected to a thermal stress. This migration occurs

towards the cold face and towards the hot face of the concrete. The thermal decomposition of

carbonates is also taken into account. Experiments conducted on concrete blocks of 1 m (surface

1 m sodium temperature 800°C) were used to establish the qualification book of SORBET.

3.3.2.3- Reaction of combustion residues on materials

Because of the extremely corrosive nature of soda, we shall insist in this paragraph on the highly

oxidising power of sodium aerosols. Various experiments have shown that the aerosols are sodium

peroxide. This compound is highly hygroscopic and changes into soda as follows ;

Na202 + H 2 0--• 2 NaOH + 1/2 02 26 kcal.mol"1 (1)
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Actually, this reaction passes through the formation of hydrogen peroxide (H2 02 ) which in turn is

decomposed under a double influence of thermal (reaction heat) and chemical (presence of soda)

nature. This decomposition is liable to produce nascent oxygen which is particularly reactive. This is

what made it possible to explain the phenomenon of secondary combustion noticed when the room

was again submitted to the ambient atmosphere prior to the arrival of the personnel. The organic

elements in the room and especially paint are liable to burn. This phenomenon appears when the

oxide deposit contains more than 500 g.m" of sodium. It is therefore advisable, during an

intervention following a sodium fire in a room, to take all possible precautions in particular when the

quantity of aerosols produced is large. The suddenness with which the phenomenon occurs is liable

to endanger the life of the intervening personnel.

3.3.3 Consequences on the environment

The sodium combustion reaction produces two forms of residues : the aerosols and the crust (or

layer).

Initially the aerosols are composed of sodium peroxide which in open air could be transformed at first

into hydroxide and then into carbonate.

The crust is a mixture of sodium, monoxide and peroxide which may also evolve into soda and

carbonate. These highly reactive products, especially peroxide and soda, are harmful to men, but also

to the environment.

3.3.3.1 - Effects on the human body

The caustic effects of soda are well known. The lethal dose for the human body is 20 g ; the skin can

withstand a 1% solution. The tolerance specifications for the PH of water are 8.5 in France. For the

workers, the Institut National de Recherche et de Securite (National Institute for Research and Safety)

takes into consideration the following concentration limits in the atmosphere :

USA 2 mg.m-3

Russia 0.5 mg.m-3

Great-Britain
-32 mg.m

50 mg.m"

100 mg.m

200 mg.m

-3

-3

continuous exposure

(tolerable visibility 15 m)

uncomfortable feeling for the eyes and the lungs. Loss of visibility,

visibility equal to zero.

England has completed these specifications for the limit values under continuous exposure

2 mg.m" hydroxide
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0.2 mg.m"3 oxide continuous exposure

lOmg.m" carbonate

3.3.3.2 - Effects on the environment

The effects of compounds containing soda on the environment are either short-term or long-term -

Short-term effects. These damages result for the flora in burns and perforations of the leaf surface due

to the exothermic transformation reactions and to hydration of the initial oxygen. It is possible that

the harmful effects of carbonate and bicarbonate aerosols are somewhat less severe, but there are no

data available on this subject. Experiments have been carried out in France with sodium oxide

aerosols and have demonstrated that damage of this nature is short-lived.

The experimental studies on the atmospheric dispersion of aerosols conducted using tests in open air

(DIFNA experiment) or using the SATURNE tower (2000 m ) within the framework of the

ESMERALDA programme have shown that the chemical transformation of peroxide into soda then

carbonate is extremely fast, the chemical analysis methods being too slow compared to the speed of

the chemical reaction. These tests have nevertheless enabled us to determine the speeds of deposit on

the ground, values which were introduced in an atmospheric dispersion code, ICAIRNA, a puff model

which describes the atmospheric dispersion of aerosols .

- Long-term effects

Rain and running water pick up the sodium deposited in the soil. The effects of Na+ ions are made

conspicuous in two ways ; on plants they will entail variations of the osmotic pressure between the

plant cell and the soil solution ; on soils they will cause an exchange of Ca and Mg ions thus

entailing alkalisation and the beginning of processes leading to damage for the soil.

The effects are proportional to concentration and have no threshold. This means that damage to

leaves starts when the rate of Na + in the soil solution reaches 0.05 % and the danger of soil

alkalisation is very high for a S.A.R. (Sodium Adsorption Ratio) of 2.25. Aspersion is the most

destructive way of attack. Thus aspersion by means of a 2 g.l" solution will cause the yield to drop

by 30%. As an example, approximate calculations show that such a concentration is equal to a rain of

10 mm.li"1 for an hour occurring after a deposit of 20 g.m"2 of sodium equivalent.

4 - INTERVENTION DURING AND AFTER A FIRE. PLANT REPAIR AND RESIDUE

PROCESSING

Thanks to these large and small scale experimental programmes, rules of conduct have been adopted

concerning :

- intervention during a fire ; for example, in order to avoid too great a production of aerosols which

would lead to an early repair of the filters and re-inflammation risks of organic matters (see paragraph

3.3.2.3), it is recommended to not ventilate the room during the fire, only the opening must remain

open ;
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- the intervention after a fire and the repair of the room ; these rules concern the precautions to be

taken before the intervention of personnel in the damaged room, the cleaning procedures, the

intervention clothing and the tools used to retrieve the sodium ;

- the treatment of combustion residues, their storage and their transformation into soda.

These methods were validated during the large scale tests within the framework of the ESMERALDA

programme.

They were also described in detail during the fourth international conference on liquid metal

technology (LIMET'88- 17/21 October 1988 in Avignon page 203)

5 - FILTRATION AND PREFILTRATION OF SODIUM AEROSOLS

In order to avoid the release of aerosols outside the room, the ventilation system should comprise

filters and prefilters.

Pre-filtration of sodium aerosols is required because of the very small quantifies of aerosols retained

by highly efficient filter cells as shown in TABLE IV.

TABLE IV

Filter

SOLFILTRA

ASTROCEL I (AAF)

ASTROCEL II (AAF)

Surface

m2

45

21.4

34.5

Test flow

m3/h

1 500

1.500

1.500

Retaining power

gNa

270

126

177

Pre-filtration tests carried out in a ventilation loop of 1500 m .h"1, installed adjacent to the

experimental tank of 400 m , have shown that no equipment normally available on the market is in

compliance with the specifications required. For this reason, the IPSN has undertaken to improve

two water pre-filters. One of them is the Colag filter whose improvements made it possible to

increase the initial percentage of efficiency from 84% obtained with the equipment shown in

Diagram 1 (Figure 5) to 99.2%. The other filter is the Aqualine R (initial equipment Diagram 2,

Figure 5) whose efficiency was increased from 70% to 99.9%.

These results have been obtained with draining of the washing water in the pre-filters. Additional

tests have shown that the operation of the equipment in a closed water loop (concentration of soda

increasing as the aerosols are trapped) will not alter the efficiency or the devices developed.
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6 - FIRE EXTINCTION AND MEANS

The study of ignition has evidenced that there is a risk of ignition and of burning of the metal below

114°C. Actually, this metal may cause fire even at room temperature when it is finely divided :

attempts to lower the temperature of the metal during sodium fire fighting will be useless.

The phenomena which are predominant in combustion are oxygen diffusion and sodium vapour

transfer. Fighting these fires therefore means trying to insulate the combustive material from the

fuel. Keeping these facts in mind, studies have been undertaken in order to develop smothering

systems whose purpose is to limit the consequences of a pool fire and extinguishing powders which

should provide additional help to such devices.

6.1 - Passive means

6.1.1- Smothering tanks

The tests on smothering tanks carried out in the PLUTON facility (400 m ) have led to the

development of a device with which the following results have been obtained :

- for one ton of Na poured into the tank, only 30 kg burnt.

- the combustion speed is reduced by a factor of 10.

- the temperature of the sodium in the tank decreased immediately.

Later on, further tests made it possible to examine the connection between the tanks so as to increase

the retention capacity of the system and to cover the whole surface concerned by a possible leakage.

The result obtained by the connection of four tanks marks another progress : for a ton of Na poured

into the tank, only 12 kg were burnt. This system operates according to the following principle

(Figures 6) the sodium drops onto the smothering tanks and flows down the slopes of the V-shaped

plates. The metal consequently flows downwards to the lowest point where hinged flaps are provided.

Actuated by the sodium weight, the hinged flaps open and the metal flows down to the bottom of the

tank. When the leakage is stopped, the hinged flaps take up their initial position again. This system

formed of inclined planes and hinged flaps will thus insulate the metal from the oxygen.

The scale effects (in particular the thermal stresses between tanks) have been verified during the

ESMERALDA tests thus qualifying the facility in case of large sodium leaks.

6.1.2 - GRAPHEX CK 23

This graphite compound which contains sulphuric acid can expand when exposed to thermal shocks.

It is currently under examination at the C.E.A. Its interest is that it may be stored under certain

circuits where it is not possible to install smothering tanks. However, this requires a research

programme in order to determine :

- the efficiency of the product in relation to temperatures (in fact, its expansion will only start at

250°C and the expansion power depends on temperature).

- the quantity of the product required to extinguish fire.
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-The behaviour of sulphuric acid.

- the problem related to the use of this product after the fire. In fact, the expanded product

constitutes, for the sodium, a very large surface of pores into which the metal penetrates. This means

that the sodium is then in a state of division which will facilitate its ignition at room temperature

when the facilities are repaired.

6.1.3 - Funnelling floors

The idea of this technique is to give the ground a sufficient slope to bring the sodium to a low point in

the room from which a duct will evacuate it into a recovery tank. This technique allows to evacuate

the sodium from the damaged room towards the tanks

The slope (3%), the thermal effects due to the transfer of sodium in incompletely filled channels, the

efficiency of such facilities have been qualified during specific tests performed in the SATURNE

tower (2000 m3) within the framework of the ESMERALDA programme.

6.2 Active means - Powders

Until 1975, studies achieved in the IPSN. had shown that the only efficient extinguishing agent was

the Totalit MI powder. As a matter of fact, perlite and vermiculite, because of their high content of

bound silica, react violently with sodium ; sodium carbonate and ANSUL Nax are poor extinguishing

agents. The Totalit MI however has the disadvantage of being a sodium chloride compound

embedded in organic materials which also contain CN bonds in their formula. The sodium chloride

drags the important corrosion products into the ducts and the organic materials react with the sodium,

discharging cyanides into the air.

Moreover, tests conducted at the IPSN following the TRENTE (Italy) accident during which 30 tons

of sodium had been "extinguished" with cement, have shown that this product must absolutely be

avoided with sodium fires. Its application induces violent chemical reactions which very rapidly

increase the temperature of the mixture to a value close to 800°C. These reactions lead to the

formation of carbide which, with the humidity of air, decomposes into acetylene.

For this reason, the IPSN. assisted by the C.N.R.S. has undertaken a study to develop a powder

mainly composed of alkaline carbonate and graphite (Marcalina) which is about five times more

efficient than Totalit. The advantage of this powder for the operator is that it can adhere to vertical

and horizontal walls. In addition, it is also efficient against hydrocarbon fires. The studies

concerning the Marcalina powder were aimed at storage and the application of this product in

portable, moving and stationary equipment. Devices with various capacities have been designed (9 1,

20 1, 40 1, 70 1, 150 1, 320 1,1000 1 and more). The physical and mechanical characteristics of this

powder in its tanks are by now well known. This type of equipment is currently used in C.E.A.

centres where sodium is used. The experimental tank of 400 m3 has been used for studies on a fixed

installation comprising powder tanks (1/3 scale of Super-Phenix) and pipes (the length of which is
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equal to those of Super-Phenix). This installation is operative with material outputs and

concentrations (material / carrier gas) which are those retained for SuperPhenix.

The efficiency of the transportation and powder spreading as well as the powder itself was verified

during tests performed in the JUPITER vessel (3600 m3) , tests using 20 tons of metal sodium.

7 - PROTECTIVE CLOTHING

The preceding chapters of this document have already given detailed information on certain points

concerning possible prevention ; preventive action has also been suggested to avoid fire breaking out

or to limit its consequences. Nevertheless, it is necessary for the personnel working near sodium to

be protected against aggression by this metal and thus to wear adequate clothing.

Tests have indeed demonstrated that a sodium leakage at 200 °C will set fire to the whole outfit if it is

made of cotton or of Kermel. Also, many tests carried out on synthetic fabric have shown that

Nomex alone resists sodium at 250°C. Beyond this temperature, the fabric is locally damaged, but it

will not catch fire. The exploitation personnel of the C.E.A. is therefore wearing the ETNA 100

clothing which is mainly made of Nomex. This outfit is completed by rubber boots as it has been

discovered that this material resists better to sodium than leather (the latter gets hard when heated)

and by a polyurethane helmet.

The agent who will have to fight a sodium fire wears a PARNA outfit which also protects the

individual gas cylinder on his back.

8 - CONCLUSION

The studies achieved by the IPSN since 1972 have led to a good knowledge of sodium fires and of the

problems related to them. These studies have allowed us to acquire a very extensive knowledge on all

the aspects of sodium fires, to develop codes, tools, means of fighting and preventing these fires. The

scale effects have been properly understood with tests of pool fires of 50 m2 in surface, sodium jets at

a flowrate of 230 kg.s"1' with a jet speed of 10 m.s"1 maintained during 10 seconds and

extinguishment tests using 20 tons of sodium.

9 - Remarks

9.1 - This data base on sodium fires could not have been created without the participation and the

competence of Mrs. CASSELMAN and RIGOLLET, Mr. J. CERCY, J. COLOME, J. CHARPENEL,

G. DUVERGER de CUY, W. LESAUX, G. MIACHON, R. RZEKIECKI,. These engineers or PhDs
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in physics ensured, at the Laboratoire d'Experimentation et de Modelisation des Feux of the IPSN,

the role of test conductor and developed then qualified the calculation programmes mentioned in this

document. The calculation codes (numerical and computer) were developed with the help of Ms

MALAMAS , an engineer at the CISI, a computer firm specialised in the development of scientific

programmes. Also, these tests could not have been conducted without the professionalism of all the

technicians. During all these years, there has been no serious accident of any personnel due to a very

reactive chemical product. Finally, this work could not have been carried out without the requests of

"clients" whether they be Safety (IPSN) of Project (EDF, NOVATOME).

9.2 - The information provided in this document has all been published during seminars or

international meetings. The list of publications is available at the Laboratoire d'Experimentation et de

Modelisation des Feux as it is too long to be given in the references of this document.
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Abstract

In the technical and design concept of containment systems of sodium
cooled breeder reactors it has to be considered, that leakages in sodium pipes
lead to sodium fires. The temperature and pressure rise caused by sodium fires
makes it indispensible to analyse these accidents to be able to assess the safety of
the whole system.

Generally sodium leakages may lead to three different types of fires with
different consequences. The main influences are the geometry of the leakage,
shape, size, location, and the sodium conditions, such as temperature, flow rate
and velocity.

It must be also considered the reaction of sodium with surfaces like con-
crete. The paper gives an overview over all the sodium fire experiments perfor-
med in the FAUNA-facility (220 m3) of the Forschungszentrum Karlsruhe in the
years 1979 to 1993. The experimental program started with the investigation of
pool fires on burning areas between 2 and 12 m2 with up to 500 kg of Sodium.

The experiments had been continued with 3 combined fires and 40 experi-
ments on spray fires. 7 experiments on sodium-concrete reactions completed the
program.

1. POOL FIRES
A pool fire occurs, when the sodium flow itself is not or only partly bur-

ning and the main energy is released by the resulting pool. A typical situation is
the pipe rupture or a large leakage, which destroys the insulation immediately, so
that the sodium can flow out undisturbed.

All the pool fires (table 1) had been performed in stainless steel pans with
surfaces between 2 and 12 m2, with amounts of sodium between 150 kg and 500
kg, in normal atmosphere with an initial sodium temperature of 500 °C. The cour-
se of a typical pool fire can be described in three phases:
- During the first minutes a strong heating up of the atmosphere is observed up

to nearly the maximum temperatures reached during the fire. The heating up
of the sodium depends on the pan-conditions (e.g. material, insulation) and
the pool depth.

- The second phase shows a nearly constant temperature level, which is of cour-
se dependent on the pool size, the containment volume and the heat transfer
through the walls.
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- The third phase is the cooling down period of the hot residuals in the pool.

It is obvious, that the burning rate of a pool is the main parameter for the
energy release. In our experiments burning rates between 20 and 40 kg Na/(m2h)
have been found. Up to a certain pool surface (-12 m2) the burning rate increa-
ses with the surface area, but a limiting value in the order of 36 kg/(m2h) can be
accepted.

2. SPRAY FIRES

A spray fire is characterized by the instantaneous airborne reaction of the
sodium, and no or nearly no formation of a pool. This is possible by a jet which is
dispersed at the orifice or by a jet which is dispersed at the orifice or by an obsta-
cle.

The energy release of a spray fire is directly connected with the flow rate
of the leak. If we compare a large pool fire (e.g. 12 m2 surface, burning rate
36 kg/m2h)) the reaction of 120 g sodium per second can be easily reached even
by small leaks (~0.1cm2 hole). The flow rate of a leak and the total amount of so-
dium are of major importance for the consequences of a spray fire.

But the flow rate is not the only important parameter. In the spray fire ex-
periments of the FAUNA facility we changed the parameter as follows:

Orifice diameter:
Flow rate:
Amounts of sodium:

1 mm- 150mm
0.5kg/s-150kg/s
30 kg-1500 kg

We can distinguish three type of spray-fires:

- The FS1 to FS6 experiments, with a high flow rate through a special designed
nozzle with 271 holes, each 4 mm in diameter (Table 2).

- The FS11 to FS35 experiments, with flow rates up to 5,44 kg/s and "reality
like" nozzles (Table 3).

- The FCA-experiments, with a wide range of parameters changed, up to a flow
rate of 150 kg/s (Table 4).

Representatively for all experiments, Fig. 1 shows the pressure transient
inside the FAUNA-vessel for three tests:

Amount of sodium (kg)

Flow rate (kg/s)

Orifice diameter (nm)

FCA150

1500

150

150

FCA++2

400

15.5

35

FS14

30

1.15

8

It is surprising that the largest experiment (FCA 150) shows a smaller pres-
sure maximum than the experiment FCA-I- +2 with a tenth of the flow rate. On
the other side, a very small spray fire with only 30 kg of sodium resulted in an
overpressure of 1 bar. It is obvious, that the consequences from spray fires were
not only influenced by the amount of sodium and the flow rate, but also by the
geometrical conditions and the "shape" of the (burning) jet.
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3. COMBINED FIRES
A combined or mixed fire can be described like a pool fire combined with

the burning jet.
The behaviour of a combined fire is mainly determined by the characteri-

stic of the sodium jet between leakage and pool surface. It can be stated, that an
undisturbed jet, only dispersed by hydrodynamic effects, contributes only a small
energy release compared with the pool.

It must also be stated, that not the pool, but the jet behaviour determines
the energy release. Disturbing the jet (e.g. by obstacles) can lead to consequences
which are comparable with spray fires (Table 5)

4. SODIUM-CONCRETE REACTIONS
A further problem is a burning sodium pool on a concrete surface. In this

case, a sodium-concrete reaction can occur, but the burning characteristics are
more severe and quite different from a "normal" pool fire.

Sodium is able to react with the components of conrete. This includes not
only the humidity and the chemically bound water of the concrete, but also the
reaction with the different types of minerals. In our experiments (Table 6) we
used up to 500 kg of sodium on 1 m2 of concrete. With the strongly reacting con-
crete we found a violent reaction up to the sodium boiling temperature within
the first 30 minutes. This phase continues as long as reacting material is available.
But there are also concrete compositions possible, which react only in a smooth
way. Presently, it is very difficult to predict the behaviour of a concrete under a
burning sodium pool (Table 6, Figures 2 and 3).

5. CONCLUSIONS AND RECOMMENDATIONS
The consequences from sodium fires were all well known, both for pool-

and spray fires. To control pool fires, the following actions are suitable:
- Catch pans with a self-extinguishing design in all hazardous areas
- Extinguishing powder devices
- Inert gas supply for difficult cases.
For possible spray fires the precautions must be taken earlier:
- Steel plate construction (in the sense of impact plates) on critical parts to avoid

long path lengths of the burning jet
- Pipes with double walls or a reinforced insulation including a leak detection

system in the gap between the sodium pipe and the outer wall.
These preventions cover simultaneously the combined fires. Sodium con-

crete reactions are very difficult to extinguish. Therefore, it is recommended to
avoid sodium-concrete reactions in general. This can be done by installing sloped
concrete floors, which direct the liquid sodium into flow channels and catch pans.
In this case, a concrete type which shows a mild reaction would be sufficient. It
can be stated, that with the suitable precautions, already in the technical and de-
sign concept, sodium fires should not be a safety problem for the operation of
fast breeder reactors.
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Fig. 1: Pressure transient inside the test-vessel during different spray-fires
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Pool surface m2

Amount of sodium kg

Oxigen Vol. %

Burning pan, heated,
isolated

F1

2

150

19-22

yes

F2

2

250

17-25

yes

F3

12

500

15-25

yes

F4

12

500

18-25

no

F5

2

350

12-21

no

F6

5

350

4-21

no

F7

2

120

2 %

yes

Table 1: The Conditions of the FAUNA Pool Fire Experiments

Exp.

FS1

FS2

FS3

FS4

FS5

FS6

Amount [kg]

7

20

30

30

40

60

Spray Time [s]

0.12

0.36

0.53

0.53

0.71

1

Table 2: The Conditions of the FS 1 - FS 6 Spray Fire Experiments
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Exp.

FS11

FS12

FS13

FS14

FS15

FS 16

FS 17

FS18

FS20

FS21

FS22

FS23
FS24

FS25

FS26

FS27

FS28

FS29

FS30

FS31

FS32

FS33

FS34

Amount [kg]

30

30

30

30

30

30

30

60

60

90

90

90

90

90

90

90

90

90

105

105

105

105

105

Flow Rate [kg/s]

0,82

0,82

0,52

1,15

0,86

1,15

1,25

1,40

0,92

0,84

0,86

1,03
1,28

1,38

1,47

2,32

1,97

1,26

1,36

2,19

2,06

4,22

4,32

Nozzle

1 hole with 8 mm diameter

1 hole with 8 mm diameter

1 hole with 8 mm diameter

1 hole with 8 mm diameter

4 holes with 4 mm diameter

4 holes with 4 mm diameter

4 holes with 4 mm diameter

4 holes with 4 mm diameter

sharp slit, 1 mm x 50 mm

sharp slit, 1 mm x 50 mm

sharp slit, 1 mm x 50 mm

sharp slit, 1 mm x 50 mm

sharp slit, 4 mm x 12,5 mm

rough slit, 1 mm x 50 mm

rough slit, 1 mm x 50 mm

rough slit, 1 mm x 50 mm

rough slit, 1 mm x 50 mm

64 holes with 1 mm diameter

64 holes with 1 mm diameter

8 holes with 4 mm diameter

8 holes with 4 mm diameter

16 holes with 4 mm diameter

16 holes with 4 mm diameter

FS 35 105 5,44 6 holes with 8 mm diameter

Table 3; The Conditions of the FS 11 - FS 35 Spray Fire Experiments
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Experiment

Amount (kg)

Flow Rate (kg/s)

Nozzle (mm)

Path Lenght(m)

FCA 2-1

98

1.55

10

2.5

FCA 2-1

98.5

1.54

10

2.5

FCA 2-1

91.5

1.7

10

4

FCA 2-1

104

5.05

26

4

FCA 2-1

119

7.85

26

4

Experiment

Amount (kg)

Flow Rate (kg/s)

Nozzle (mm)

Path Lenght(m)

FCA 6.2

112

5.4

26

6.5

FCI3

118

5.15

26

4

FCA + +1

596

15.5

35

2.5

FCA + +2

395

15.5

35

4

FCA 150

1500

150

150

4

Table 4: The Conditions of the FCA-Spray Fire Experiments

Amount of sodium kg

Flow rate g/s

Duration min

Burning pan m2

Falling height m

Sodium temp. °C

FC1

470

bis 290

35

12

6

500

FC2

600

bis 290

45

12

6

500

FC3

815

bis 750

22(110)

12

6

500

Table5: The Conditions of the Combined Fire Experiments
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Concrete type

Surface of specimen (m2)

Height of specimen (m)

Amount of sodium (kg)

Initial sodium temperature (°C)

FB1

s

0.5

0.6

20

200

FB2

s

0.5

0.6

40

200

FB3

s

0.5

0.6

200

270

FB4

c

0.5

0.6

200

400

FB5

c

0.5

0.6

200

400

FB6

s

1

0.6

500

500

FB7

c

1

0.6

500

500

Table 6: List of important experimental parameters for FAUNA
Sodium-Concrete-Reaction tests FB 1 to FB 7

(s = shielding concrete c = construction concrete)
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1. INTRODUCTION

Release of radioactive materials like fission products in the core of LMFBR can
result in their transport to different parts of primary circuit through coolant/cover gas
and subsequent deposition in some of the locations, leading to high radiation fields in
those locations. A leak in the sodium system can cause sodium fire, that can give rise to
increase in pressure, if the event occurs in a confined space or cause damage to concrete,
if the leaking system is located in an area where liners are not provided on concrete.
Hence studies related to release of radioactive materials and sodium fires are relevant to
the assessment of safety of LMFBR.

This paper discusses the status of work at Indira Gandhi Centre for Atomic Research
(IGCAR) in these two important fields.

2. RADIOACTIVE MATERIALS RELEASE

2.1 Cover gas activity in FBTR

For the Fast Breeder Test Reactor (FBTR), activities of Xe-133, Xe-135, Kr-87 and
Kr-88 in cover gas were measured at 10 MW(t) reactor power. Cover gas sampling rate
was 6 mL/s. The values obtained were 207 kBq/m3, 448 kBq/m3, 342 kBq/m3 and
222 kBq/m3 respectively. It was suspected that these could be due to pin failure.
However calculations showed that these activities could be attributed to presence of
tramp uranium in sodium.

2.2 Considerations for cover gas activity release in PFBR

Cover gas leakage through various seals located in the top structure above the reactor
vessel can lead to increase in radiation fields within Reactor Containment Building
(RCB). By maintaining adequate cover gas flushing rate radiation levels in RCB due to
leakage can be brought down, with consequent increase in the activity released to the
environment. Hence for the Prototype Fast Breeder Reactor (PFBR),a quantitative study
of radiation fields in RCB and environmental releases as a function of parameters such
as number of failed fuel pins in the core, cover gas leak rate into RCB, cover gas
flushing rate and containment air-change rate, was made with the assumption that most
of the gaseous fission products with half-life less than 2 hrs. would decay within the
pellet itself. The results are presented in Fig.l and 2.

Fig.l shows variation of dose rate in RCB as a function of P, the product of number
of failed fuel pins and cover gas leak rate in mL/s . For a given allowable dose rate in
RCB, lower the cover gas flushing rate lower will be the value of P. Fig.2 shows the
annual environmental release of activity as a function of number of failed fuel pins in
the core, for various cover gas flushing rates. For a given permissible environmental
release, lower the flushing rate higher the number of failed fuel pins that can be
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permitted in the core. Corresponding to a flushing rate of 30 mVh in Fig.l, the value of
P obtained is about 35 and the number of failed fuel pins that may be permitted to be
present in the core, from Fig.2, is about 6, implying that the permissible cover gas leak
rate is about 6 mL/s.

Run Beyond Clad Breach (RBCB) is an economic necessity but at the same time
environmental releases shall also be kept within the permissible limits. In order to meet
these twin objectives for PFBR, a Cover Gas Purification System (CGPS) has been
proposed as shown in Fig.3. The cover gas, with sodium vapour, moisture, oil-mists
etc., stripped off, is let into charcoal bed tanks where fission product noble gases are
preferentially adsorbed. Cover gas is filtered before venting. The activated charcoal
required for CGPS is estimated to be about 30 t if the bed is maintained at 300 K and 9 t
at 250 K.

2.3 Activity transport studies and radionuclide trap development

Two sodium loops have been set up to carry out simulated studies on activity
transport and deposition behaviour in primary sodium circuits of LMFBRs and for
radionuclide trap development. Towards preparation of radionuclide sources
(54 Mn, 60 Co, 65 Zn etc.) to be used in sodium loops, a process using electrodeposition
technique has been developed.

Calculations of release rates of activated corrosion products from fast reactor core
components involve input of data on various parameters such as solubility, chemical
partition coefficient of radionuclide of interest with respect to sodium and structural
material, release rate from stainless steel etc. Some of these parameters have been
measured as they were not available in the literature. The solution-precipitation model
developed by Kuhn [1] and Polley and Skyrme [2] was employed to calculate the release
rates of54 Mn from 304 type stainless steel.

The solubility of manganese in sodium was measured as a function of temperature in
a small pumped loop [3]. The solubility equation thus established is given as:

log ( C/ppm) =3.6406-(2601.73 K/T)

with a value of 53.9 kJ mol-1 for the heat of solution of manganese in sodium.

The chemical partition coefficient of manganese between sodium and stainless steel
was measured experimentally by equilibrating annealed stainless steel type 304 foils of
50 jj.ni thickness at 773 K for 750 h [4]. After equilibration, the manganese content of
foil was determined by XRF method and that of sodium by inductively coupled plasma
mass spectrometric (ICPMS) technique. The chemical partition coefficient value at
773 K was found to be 5.0 x 106.

Using the data on the solubility of manganese in sodium along with partition
coefficient of manganese between sodium and stainless steel, the release rates of M Mn
from stainless steel surface were calculated as a function of velocity and oxygen
concentration in sodium as shown in Fig.4 .

Radionuclide trap development is in progress. A cesium trap has been developed for
FBTR and its performance under simulated conditions have been evaluated [5]. Studies
related to manganese trap development are in progress.
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Work has been initiated towards development of a code for predicting the release and
deposition of radionuclides at different locations of primary sodium circuit of FBTR.

3. SODIUM FIRES

3.1 Minor incidents of leak in FBTR

In the primary sodium system of Fast Breeder Test Reactor (FBTR), there was no
sodium leak incident. However, in the secondary sodium and auxiliary systems, three
minor incidents of Na/NaK leaks occurred.

During commissioning of FBTR in Aug'84, when the secondary coldtrap was being
preheated, about 2.5 L of NaK leaked through plug type high level probe. On further
investigations, it was found that the failure of level probe was due to high pressure
caused by high temperature during preheating, owing to non-availability of adequate
expansion space in the NaK jacket. Capping of level probes, connection of argon pot of
about 20 L capacity to allow for free expansion of NaK and provision of thermocouples
to measure surface temperature during preheating were the measures adopted to prevent
recurrence of the incident.

In Sept'87, while valving in flow-through-nickel-tube sampler in the secondary
sodium system about one litre of sodium leaked out through Swagelok coupling, as the
leak-tightness of the coupling could not be ensured after making connections.
Subsequently provision was made to carry out helium leak testing at the coupling joints
after sampler installation. Over-flow sampler with cono-seal joints with provision for
helium leak testing for better sampling was installed in east sodium-loop.

In May'88, when argon cylinders in one of the two banks of argon supply system
were being changed, the vent valve was opened to purge the lines before resuming argon
supply. During that time sparks were noticed at the vent point due to NaK coming out
and the valve was immediately closed. On investigation the cause of the incident was
traced to inadvertent depressurisation of upstream side of NaK bubbler, during
adjustment of pressure regulating valve setting carried out the previous day that resulted
in NaK being sucked into argon lines. About 2 L of NaK was estimated to have come
out NaK bubbler. To avoid recurrence of the event, a back flow trap has been provided
to collect NaK in the upstream side of the bubbler.

3.2 Design provisions against sodium fires in PFBR

PFBR uses about 1650 t of sodium as coolant out of which primary sodium inventory
is 1100 t. Sodium systems and components are designed to make the sodium leak most
improbable. Based on successful operation of sodium systems in FBTR as well as from
the experience gained in design and operation of FBRs in different countries, three
strategies have been adopted to avoid sodium leak and its consequences in the design of
PFBR viz.(i) prevention of sodium leak by suitable design provisions, (ii) if a leak
occurs, control of sodium leak by early leak detection and other appropriate actions and
(iii) if the sodium fire occurs, controlling it by suitable leak recovery systems and by
applying suitable extinguishants, as described below and as shown schematically in
Fig.5.

3.2.1 Prevention of sodium leaks

Some of the design provisions for prevention of sodium leaks in PFBR are as
follows:
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1. Sound design and manufacture of sodium systems and components following
international standards and codes such as RCC-MR, using well tested materials.

2. Use of welded construction to ensure leak tightness of joints, minimum number of
welds using large size plates, locating the welds away from the most stressed zone
(e.g. nozzle pullout), and avoiding nozzle penetrations in sodium boundry as far as
possible.

3. Valves with bellows seal or frozen seals with conventional secondary seals.
4. Use of mixer at tee junction in piping where hot and cold sodium are likely to flow

and
5. Adopting periodic in-service inspection.

3.2.2 Control of sodium leak

Control of sodium leak involves sodium leak detection, safety actions and sodium
leak recovery.

Early detection of sodium leak is essential for minimising the quantity of sodium
leaked out of the system and hence requires highly sensitive and reliable leak detectors
with fast response. In PFBR, wire type leak detectors are used on single walled pipes
and components and spark plug type detectors on double walled pipes, vessels and
bellows-sealed valves. The Sodium Ionisation Detectors are used in double walled pipes
and vessels, closed cells and cabins. Sodium leaks are also detected by noting the
change in sodium level in tanks and capacities of the system, radiation monitors, smoke
detectors, thermocouples (change in temperature) and by direct visual inspection by
operators.

On confirmation of sodium leak from redundant/diverse leak detector signals, the
reactor is shut down immediately and fast dump action is initiated to drain sodium in the
affected loop in about 10 minutes.

The design of sodium leak recovery system aims to minimise the sodium-air reaction
by following oxygen starvation principle. The sodium-air reaction is prevented by
blanketing of components/ piping with inert gas(full inhibition- example: main vessel
and all sodium piping inside RCB). For the systems which are normally exposed to air,
on detection of sodium leak, nitrogen is supplied to reduce sodium-air reaction(partial
inhibition-example: the metal enclosure provided on top of roof slab). Leak collection
trays are provided beneath single walled pipes, tanks and components to collect leaking
sodium and to limit the quantity of sodium burning.

Design provisions made to prevent/reduce sodium-concrete interactions are the use of
leak collection trays on the floor over the likely leak zone, use of insulated steel liner
plate on the side walls and floors and use of a layer of sodium- resistant concrete on the
floors and side walls.

3.2.3 Dealing with sodium fires

Some of the important provisions made in PFBR to mitigate sodium fire and its
consequences are :

1. Major systems are in well separated buildings and partition walls/barriers are used to
prevent spread of sodium fire to other systems or rooms or building.

2. No direct fire fighting is envisaged for radioactive sodium fire due to safety hazard.
These radioactive sodium systems are covered under full or partial inhibiting
technique of sodium fire prevention.
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3. Dry chemical powder (DCP) will be used for putting off sodium fires, if they arise.
4. Adequate protective suits for sodium fire fighting personnel.
5. Adequate training to operating personnel in dealing with sodium fires and

emergencies.
6. Adequate ventilation system to release the sodium aerosols to the environment in a

controlled manner.

3.3 R & D on sodium fires and related fields

3.3.1 Code development

Work on development of computer codes for sodium pool and spray fires has been
taken up.

For pool fire code development, SOFIRE II has been used as the starting point. As
verification with experimental data has shown that in general SOFIRE II tends to
overestimate the results(like pool surface temperature and gas pressure), various
parameters affecting the results were analysed. It was suggested by Newman and Payne
[6] that the Sutherland equation used in SOFIRE II for oxygen diffusivity could be
replaced by the more exact Chapman-Enskog model based on kinetic theory of gases
which calculated the oxygen diffusivity within an error of 3%. By incorporating this
modification in SOFIRE II, it was observed that calculated values of sodium pool
surface temperature and gas pressure were less than those obtained by using the original
code, as shown in Fig. 6 and 7. Further modifications to the code by including
Chapman-Enskog correlations for thermal conductivity and viscosity are in progress.
Along with this, development of a pool fire code based on vapour phase combustion
model has been taken up.

As far as spray fire code development is concerned, a beginning has been made with
NACOM code of US. The results predicted by the code were compared with those of
other codes like SPRAY-3A. Good agreement was found between NACOM prediction
and experimental data.

A spray is visualized as a cluster of droplets and hence spray burning rate is sum of
individual droplet burning rates. For appropriate studies of the spray, different
distribution functions are available like log normal, upper-limit, Rosin-Rammler,
square-root normal and Nukiyama-Tanasawa. Applying these distribution functions to
NACOM code and comparing the results obtained with the test data to LTV jet test nos.
4,6 and 8, it is seen that the pressure rise trend is generally same for all the functions.
Log normal and upper-limit distribution functions predict the pressure rise on the higher
side whereas the other three give the pressure rise values in the same range.

In NACOM code, falling droplets are considered as rigid spheres for calculation of
droplet falling velocities. But in reality, falling droplets experience oscillations, internal
circulations and aerodynamic drag forces, all of which cause distortion of shape of the
droplets to oblate spheroids, with axis in the direction of motion [7]. This aspect is
being studied for suitably incorporating in the code.

3.3.2 Sodium-concrete interactions

Studies on sodium-concrete interactions are on hand. Limestone concrete has been
taken as reference, as it has been considered as a good candidate material for structures
housing sodium facilities in view of its better resistance to sodium attack. Studies were
conducted using concrete blocks of 0.15 m diameter and 0.172 m height. In two
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experimental runs about 1 kg of sodium was used without external heating whereas in
the third run, sodium inventory was 2 kg and a 2 kW heater was provided to maintain
sodium temperature at desired value. Sodium temperature was in the range 683 to 773 K
in these experiments. Damage to concrete was assessed by analysing samples taken at
different depths from interaction surface and by ultrasonic testing.

An experimental facility is being set up with about 40 kg sodium inventory that can
be used not only for medium scale sodium-concrete interaction studies, including
evaluation of performance of liners on concrete (metallic/ceramic), but also for code
validation experiments on sodium fires and evolving a suitable air cleaning technique
for sodium fire containment.

3.3.3 Air cleaning of sodium fire containments

In order to mitigate the consequences due to rise in temperature and pressure within
LMFBR containment and to reduce radiological consequences to environment, in the
event of a postulated accident, an efficient air cleaning system needs to be provided.

Based on the studies carried out at Hanford Engineering Development Laboratory,
USA, a wet-bed scrubber has been considered as a potential stand-alone type air
cleaning system for LMFBRs. Higher efficiency, higher mass-loading capability, high
reliability in coming into operation in an emergency and being passive in nature are
some of its attractive features [8].

An experimental set up has been made for performance assessment. It consists of an
inner tube of 0.1 m diameter and 0.15 m height that holds the bed material kept inside
an outer tube of 0.22 m diameter and 22 L capacity, filled with water as shown in Fig.8.
Bed material is gravel/pebble of 6 to 9 mm size. Hot gas with sodium aerosols enters
through a tube at the bottom of the bed. Preliminary studies indicated that the demisters,
if provided for the gas bubbling out of the system to pass through, increased the overall
pressure drop. As minimum pressure drop is the system requirement, performance of the
system with and without demisters is being evaluated to" arrive at an optimal design for
PFBR air cleaning system.
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SODIUM FIRES AT FAST REACTORS:
RF STATUS REPORT
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Ivanenko V.N., Kardash D.Yu., Kulikov E.V., Yagodkin I.V.
State Scientific Center of Russian Federation
Institute of Physics and Power Engineering
Obninsk, Russia

Abstract

Scientific and engineering studies carried out in Russian Federation since 1992 up to 1996 in the
sodium fire area and their main results are described. A review of activities on modification of the computer
codes BOX and AERO developed at IPPE for calculating sodium fire consequences is given. Results of
analysis of possible accidental situations at currently designed BN-800 reactor NPP with the use of these
codes are presented. Sodium leaks occurring at our domestic fast reactors are briefly analyzed. Experimental
work performed are described. Results of comparative analysis of common-cause and sodium fire hazards
for fast reactor NPP are presented.

1. COMPUTER CODES

1.1. The computer codes BOX and AERO

For calculation of sodium fire accident consequences at fast reactor nuclear power
plants the computer codes BOX and AERO have been developed at IPPE. The code BOX
calculates the sodium pool fire accidents. By this code the following most important
parameters are determined:

• temperature and pressure of gaseous medium in the room;
• temperature of structures;
• mass concentration of sodium fire aerosol products in the room;
• air (or gas) ingress or leakage flow rates through points of untightness;
• air (or gas) flow rates of intake and exhaust ventilations (if a fire takes place in a

ventilated room);
• aerosol mass release rate and total mass release from the fire room (into the

atmosphere and/or into the neighbouring rooms).

Main input data of the code are:

• temperature and mass of spilled sodium, leakage flow rate (time of leakage):
• geometrical dimensions of the room (length, width, height, wall thickness);
• initial temperatures of gaseous medium in the rooms and of structures;
• the value of gaseous-medium initial pressure in the rooms;
• characteristics of room lining and of thermal insulation between lining and concrete

(if lining and/or insulation are present);
• parameters of room leak-tightness;
• initial values of intake and exhaust ventilation flow rates.
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The code AERO has been developed for calculation of potentially possible
irradiation doses to population during the design and beyond design basis accidents with
radioactive sodium burning at the BN-type NPP. In the course of such accidents the
sodium aerosols can be released to the atmosphere. This code calculates individual
irradiation doses from the aerosol cloud both due to external irradiation and due to
inhalation (a total-body dose and single organs doses), as well as from fallout radioactivity
species. The code allows also to calculate the toxic effects of sodium aerosols to
population (including those due to non-radioactive releases).

Main input parameters of the code are:

• mass release rate or integral mass release (which are calculated using the code BOX);
• release conditions (a height of the release source, velocity and temperature of

ventilation air released);
• radionuclide composition of a release;

• conditions for aerosol transport in the atmosphere.

In more detail the codes BOX and AERO are described in [1, 2].

1.2. Modification of the codes

Adequacy of calculation results obtained by these codes is being attached much
importance, because they are used for the analysis of probable accidental situations at fast
reactor NPPs in operation and currently designed. Work on improvement of the codes and
their verification is continuously under way.

1.2.1. The BOX code

The BOX code was initially developed for calculation of processes within a single
room and for a case of large fires. Recently, work on it was carried on in two principal
directions:

modification aimed at providing a possibility of calculation within rooms adjacent to
the accidental one;
checking a possibility of using the code for calculation of processes at small-scale
fires.

First of all, it was necessary to introduce algorithms allowing to calculate aerosol
transport between reactor building rooms and the mass concentration in each room. For
calculation of mass concentration in an adjacent room, C , the following equation was
used:

u
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where

C is aerosol concentration in the accidental room (g/m3),
Sjjn is floor area of the adjacent room (m2)

SWJl is total area of adjacent room walls (m2),

Vn is adjacent room volume (m2),
A, is a parameter of aerosol removal from the adjacent room by means of

ventilation (s1),
/ is time (s).

The equation is valid for values of O0 .5 g/m3, and for C<0.5 g/m3 in this equation
7.4x10-4 should be written instead of 1.7xlO"3 . The index n indicates that parameters of
room into which aerosols enter are taken. The value /„ represents the rate of aerosol
ingress into this room. Its value is

I,-C-^, (2)

where the value of L - the flow rate of ingress of gaseous medium with aerosols into this
room - is determined in the course of calculation by the BOX code.

Verification of the code for small-scale fires was carried out in the process of
experiments on investigation of sodium aerosol generation and transport [3]. The thermal
effects at small fires within technological rooms playing no significant part, primary
attention was being given to calculations of aerosol mass concentration. The results of
verification are satisfactory. In Fig. 1, experimental and calculation curves for one of the
tests are presented.

1.2.2. The AERO code

Modification of the AERO code was made mainly with the aim of taking into
account the effect of humidity upon the particle dispersion characteristics at their
propagation in the atmosphere. It is known that at sodium fire aerosol products transport
in the atmosphere the chemical interaction of sodium oxides with its components - steam
and carbon dioxide gas - takes place. If relative humidity of air exceeds 35% a change of
aerosol particles physical structure occurs. They transform from dry particles into liquid
drops. The particle matter initially representing sodium oxides Na2O and Na2O2
transforms initially into hydroxide NaOH and then into carbonate Na2CO3 x nH2O whose
hydration degree depends on atmosphere humidity. Therewith the density as well as the
dispersion characteristics of aerosols are changing. It results in variation of particles
sedimentation parameters that should be taken into account at calculating the doses to
population at accidents.
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Fig. 1. Experimental and calculated aerosols mass concentration.

For taking into account these processes in the AERO code a series of experimental
and theoretical studies were carried out at IPPE. As a result the dependence of n on
relative atmosphere humidity H has been obtained presented in Fig. 2. The curve part for
35% < H < 92% was plotted on the basis of laboratory studies carried out at IPPE, that for
H > 92% was calculated theoretically.

Formulas has been developed that allow to calculate the radius of formed hydroxide
particles and then of carbonate particles for a given relative humidity of air on the basis of
some initial oxide particle radius. Using these relationships and data on particle densities
[4] the variation of particles gravitational sedimentation rate in the atmosphere can be
determined by the formula

v pr

v. p r
m rin in

(3)
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where

v , p , r - are the rate, density and radius of an initial particle, respecti-
in in in

vely;
v. , p , r - are velocity density and radius of hydroxide or carbonate particle,

respectively.

The obtained dependencies were presented by empiric relationships and included into
the AERO code.

Number of H2O molecules
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Fig. 2. Number of H2O molecules in carbonate.

2. CALCULATION ANALYSIS OF POSSIBLE ACCIDENTS

With the use of the BOX and AERO codes an analysis of probable accidental
situations for the operating BN-350 and BN-600 NPPs and for the currently designed NPP
with the BN-800 reactor was carried out. Here main stages and results of the analysis for
the BN-800 are briefly outlined. The presented probability values have been obtained
using the probabilistic reliability analysis methods (PRA).
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2.1. Initial events of accidents

In this statement of the problem the main point is correct specification of the design
defect size. We proceed from that for fast reactor sodium systems a concept of "leak-
before-break" can be used. Consideration of this problem is given in paper [5] presented at
this Meeting. At determining an initial event of the design basis accident it is assumed that
the defect has a form of a circle with a diameter equal to double thickness of the pipe wall.
The probability of such defect formation is 102 1/reactor-year.

For a beyond design basis accident the calculated defect corresponds to the
guillotine-type pipe rupture. We proceed from that the pipe rupture is a consequence of
the development of some initial defect not detected by existing monitoring systems, i.e., a
result of several failures that corresponds to the beyond design basis concept. The
probability of this event is 105 1/reactor-year.

2.2. Paths of accidents development

2.2.2. Design basis accident

Systems for suppression and localization of sodium leak and fire consequences
adopted in the BN-800 project have been outlined in a number of papers, for example, in
[6, 7]. It may be briefly said that they include both passive (powders, drainage systems) and
active systems (switching - off of intake and operating exhaust ventilation, switching - on
of emergency exhaust ventilation with aerosol filters). According to regulatory documents
currently effective in our country [8] the design bases accident is characterized by one
failure. At least one of the sodium leak and fire detection systems comes into operation,
i.e., a fire signal is formed.

2.2.3. Beyond design basis accident

It is characterized by a number of failures [8]. It is assumed that detection systems do
not come into operation, and hence the active systems do not operate. It is assumed that
the passive systems do not also come into operation. The probability of accident
development in this way is 109 1/reactor-year.

2.3. Accident consequences

2.3.1. Design basis accident

Amount of burnt sodium is no more than 600 kg. Release into the atmosphere is not
over 0.06 kg. For the BN-800 with the 24Na radionuclide primary sodium specific activity
of 30 Ci/1 it corresponds to a release of about 1.8 Ci. It is less than the permissible release
by the regulatory document [9] even for normal operation (5 Ci/day).
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2.3.2. Beyond design basis accident

A volume of leaked sodium is < 33 m3. Total release is <2700 kg (for sodium). The values
of in - sodium radionuclides specific activity and their release into the atmosphere are
presented in Table 1.

TABLE 1. SPECIFIC ACTIVITY OF RADIONUCLIDES AND THEIR RELEASE
INTO THE ATMOSPHERE AT THE BEYOND DESIGN BASIS ACCIDENT

Nuclide
Specific
activity,
Ci/1
Release,
Ci

24Na

30

8.1xlO4

22Na

2xlO3

5.4

131!

4xlO-4

1.1

134Cs

l.lxlO-3

9.4

137Cs

5xlO 3

43.2

Doses to population on the site for the total body as a function of distance are
presented in Table 2.

TABLE 2. DOSES TO POPULATION ON THE SITE AS A F U N C T I O N O F
DISTANCE D U R I N G THE FIRST POST-ACCIDENT YEAR

Distance,
km
Dose,
rem

3

2.17

5

1.44

13

0.5

20

0.23

25

0.14

In compliance with the regulatory document [10] at a large radiation accident it is
unconditionally required to carry out protective measures (limitation of consumption of
contaminated foodstuffs and drinking water) if the total-body dose during the first post-
accident year is over 5 rem. The data of the table indicate that in our case it is not
required. If the irradiation level does not exceed 0.5 rem there is no necessity to carry out
any protective measures . If the irradiation level is within the above boundaries then the
decision on carrying out the protective measures is made taking into account a specific
situation and local conditions. Thus, in our case some danger exists only for population of
the area within a radius of 13 km. Let us remind that the probability of such an accident is
negligible.

3. A N ANALYSIS O F O C C U R R I N G SODIUM LEAKS

Much attention is being given to the analysis of sodium leaks that occurred at
sodium systems. It is mainly carried out with the aim of evaluating the decision made at
designing on leak detection and fire control systems, to define the causes of leaks, to
estimate personnel actions. An important aspect of this analysis is evaluation of
applicability to sodium systems of the " leak- before-break" criterion. As it was mtntioned
above this problem is considered in the paper [ 5 ] presented at this Meeting.
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A volume of most leaks did not exceed 10 1. Small volumes of leakages might be
explained by that almost all leaks were detected at early stages of their initiation. This
indicates good operation of the leak detection systems. Sodium burning was noted only in
one half of the total number of leaks that is also the result of small scales of leaks.

There were no cases of guillotine type pipe ruptures. No leak caused any failure of
building or technological structures. There were also no " secondary" leaks, i.e., the leaks
that would be caused by any effect of leaking sodium upon building or technological
struct ui'es.

Personnel errors are a very important factor, in some cases resulting in leak
occurrence and often affecting its development. Large leaks, as a rule, appeared during
commissioning and maintenance activities, i. e., at direct participation of operating or
maintenance personnel.

The most important conclusion following from sodium leak experience is that none
of the leaks and none of occurring sodium fires endangered nuclear safety of a reactor and
lead to any serious deterioration of radiation situation.

4. EXPERIMENTAL STUDIES.

4.1. Sodium spray fires.

Theoretical analysis and operation experience indicate that large leakages of
dispersed sodium at reactor systems are unreal. Nevertheless, sodium spray fire
investigation is under way [11]. For the tests there are used leak-tight chambers in form of
vertical cylinders with elliptic covers and bottoms. The principal aim of experiments is the
determination of a fraction of sodium burning in form of drops. The sodium jet is directed
vertically upwards. An injection device is located near the chamber bottom. Across the jet
a screen is placed by impact against which the jet disintegrates into drops. The distance
from the injector to the screen can be varied.

Initially the tests were carried out in a chamber of 2 m3 in volume and ~ lm in
diameter. The injecting device came into action at a rupture of the membrane which
bursted at a pressure of 0.45 to 0.65 MPa ( depending on its specific design). Temperature
of supplied sodium was within 400 up to 500° C, an amount of injected sodium was 400 to
2000 g, injection time - from 0.07 to 0.7 seconds.

A maximum value of gas pressure in the chamber in the course of experiments was
within the limits from 0,16 MPa (at injection of 400 g of sodium) up to 0.41 MPa
(injection of 2000 g of sodium). The maximum local gas temperature (in the area of jet
impact against the screen) was equal to 1250°C.

The obtained experimental data did not allow to obtain a final answer to the
question about a fraction of sodium burning in form of drops, because large amount of
sodium after jet disintegration got upon the walls of the chamber. That is why the tests
were continued in a chamber of 8 m3 in volume and ~ 2m in diameter. Sodium was fed not
by means of a membrane rupture but by opening the valve. Mass of sodium supplied was
up to 12 kg, a temperature of 500°C. A maximum pressure was obtained equal to 0.16
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MPa, a maximum temperature in the upper part of the chamber was ~ 700°C. Results
obtained by the present time indicate that no more than 10% of injected sodium is burnt in
form of drops. However, the tests are continued.

4.2. Sodium leaks under thermal insulation.

The effect of thermal insulation upon the mechanism of sodium leaking from a hole
in the pipe is great of interest. It is especially concerned with sodium dispersion at leaking
out. This phenomenon is studied experimentally now. For this purpose at IPPE in the
current year a series of experiments have been started [ 12 ]. A facility at which the tests are
carried out consists of a test section ( a tube of 145 x 5 mm with a hole of 0 3 mm on the
upper surface and heat insulation of glass fibre ), a tank with sodium and of a gas
receiver.

In the first series of the tests, heat insulation was placed in one layer 50 mm thick. In
contract to the design adopted at the reactor plants there was no jacket on the heat
insulation surface. Sodium was supplied into the test section by argon pressure.

Visual observations were carried out, temperatures in different zones of the test
section and of air in the cell, sodium flow rate and time of leakage were measured. Initial
data and maximum experimental values of the temperature under thermal insulation of
three tests carried out by now are presented in Table 3.

TABLE 3. DATA OF TESTS ON INVESTIGATION OF THE THERMAL
INSULATION EFFECT.

Tleak Na,

°c
520
515
400

Pleak Na ,

MPa
0.4

0.55
0.55

t leak Na,

min
7,5
8,0
10

GleakNa ,

kg/s
0,08
0,09
0.1

V leak Na ,
1

40
50
70

1 max under insulation .

°c
800
850
600

In these experiments no heat insulation rupture , sodium jet leakage or dispersion
took place. Sodium was leaking out through places of untightness in thermal insulation
which interacted with the leaking sodium rather vigorously. It was especially manifested in
that part of the section which was located below the defect.

It is known that wide experimental work on studying the influence of thermal
insulation on sodium leakage was carried out at RIAR (Research Institute of Atomic
Reactors, Dimitrovgrad) in late 70- ties [12]. It rather differs from our work by initial
parameters values (defect dimension, leakage pressure) as well as by thermal insulation
material. That is why the results of experiments concerning insulation rupture, leakage
mode also differ. We are going to continue these experiments.

4.3. Concrete types not interacting with sodium.

Concrete structures of sodium-containing rooms have steel lining ( primary circuit
rooms are lined completely, and in the secondary circuit rooms floor and walls are lined to
a height by 0.5 m exceeding the level of the sodium surface at a maximum possible design
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leakage). However, some situations are possible when lining has defects formed prior to or
in the process of sodium leakage. That is why investigations aimed at development of
burning sodium - resistant concretes were carried out [ 13 ].

Experiments were carried out with concretes of various composition. As a result it
has been found out that the best characteristics has alumina-cement-based concrete with
vermiculite filler. Experimental blocks of this concrete were subjected to burning sodium
action during two hours. Any explosive effects were absent. After cleaning of the concrete
block from sodium on its surface that was in contact with sodium a number of cavities in
form of craters 3-4 mm deep and in diameter were detected. Chemical analysis has shown
that the depth of sodium penetration into concrete reaches ~ 15 mm. One of these blocks
was subjected to the repeated action of sodium under the same conditions. The result was
qualitatively the same. No cracking of concrete blocks of this composition occurred in the
course of experiments.

4.4. Aerosol filters

It is necessary to ensure the aerosol release filtration in a possible sodium fire at fast
reactor NPP. For this purpose the work on design and investigation of appropriate aerosol
trapping systems were carried out. A two-stage filtration system was adopted. The water
scrubbers were used as a first stage devices. At the second stage the dry filters are usually
used.

A series of experiments have been carried out in order to investigate the parameters
of such system [3], It was shown that the system has high efficiency (99.999%).

5. COMPARATIVE ANALYSIS OF COMMON-CAUSE AND SODIUM FIRE
HAZARDS.

An ability of sodium at operating temperatures to conflagration at a contact with air
is considered by some specialists as the most serious disadvantage of this type reactors. On
this basis sometimes a conclusion is even drawn about an impossibility of extensive
development of sodium-cooled fast reactor NPPs.

However, neither operation experience, nor theoretical and experimental studies
speak in favour of this pessimistic conclusion. Occurring in practice sodium leaks and fires
did not create any danger for nuclear or radiation safety of the plants. On the other hand,
at thermal reactors operation a number of large fires occurred (for example, in USA at the
"Browns-Ferry" NPP in 1975, in the former USSR at the Beloyarsk NPP in 1978, at the
Armenian NPP in 1982) which caused great material damage, and at an unfavourable
development of events could endanger reactor safety [14]. At the same time the analysis
performed suggests that the probability of very large sodium leakages (of the order of
hundreds tons) which only could present such a danger is very small.

These considerations were used as the basis of studies carried out at IPPE on the
comparative analysis of common-cause and sodium fires at the fast reactor NPP.
Properties of sodium and of other materials used in NPP as of combustible materials were
analyzed in comparison. Dangers of different kinds of fires were considered taking into
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account the conditions of specific reactor designs, including relative arrangement within
the reactor building of the systems determining safety of the reactor and of combustible
materials (including sodium), fire resistance barriers, fire detection and fire control
systems, ventilation schemes and operating conditions. The studies were based upon the
probabilistic analysis methods.

As a result it was established as follows:

sodium fire hazard by released toxic materials under similar conditions does not
exceed fire hazard of other materials used at NPP;
thermal effects of a sodium fire are considerably lower than of a common-cause fire
and they are approaching one another only at a sodium spray fire;
a danger of a reactor building destruction because of a sodium fire is within the limits
of residual risk (the probability < 10"9 1/reactor per year);
for really feasible emergency situations a sodium fire does not make any cardinal
contribution into the total fire danger of NPP;
sodium fire dangers for personnel do not exceed those from a common-cause fire;
a sodium fire does not create any danger for reactor nuclear safety.

6. CONCLUSION

The results of the above studies have confirmed in our opinion, a possibility of
extensive safe development of sodium-cooled fast reactors.

We believe that further work should be carried on mainly in the area of computer
codes improvement, of confirmation of the "leak-before-break" concept applicability, of
the analysis of occurring sodium real leaks and fires, of experiments on sodium real leak
and fire conditions simulation.
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1 . Introduction

It has been commonly understood that sodium plays an important role in the course of
postulated accident progression in FBRs. Since 1970s, many efforts have been made at
PNC-Japan to study sodium characteristics in various chemical and/or physical
phenomena in FBR accidents. This paper reviews the R&D studies for source term and
sodium fires performed at O-arai Engineering Center (OEC) of PNC.

2. Source Term Study

Evaluation of radionuclide transport in an accident (generally referred to source term)
is considered to be important especially in the severe accident evaluation. Behavior of
radionuclides is strongly affected by sodium related phenomena in FBRs. Experimental
studies performed at OEC, so far now, include such as iodine behavior in gas bubbles,
iodine and cesium release behavior from sodium surface, and iodine solubility in
sodium. A new study to investigate fission product release from overheated fuel element
will be initiated in near future. A computer code named TRACER has been developed to
analyze the radionuclide transport in a reactor vessel and a primary cooling circuit and
it is called an in-vessel source term code. On the contrary, CONTAIN-LMR is an ex-
vessel code for containment analyses and it has been developed under the international
collaboration.

2.1 Experimental studies of source terms

For the study of fission product release from failed and overheated fuel element, the new
test apparatus has been constructed at OEC [SI]. This apparatus consists of a high
frequency induction furnace and other measurement equipments. The furnace can heat
a fuel test piece up to approximately 3,000°C. Release of fission products will be measured
using a thermal gradient tube (TGT), y-ray spectrometry system, and gas analyzer.
Physical and chemical composition of released fission products will be investigated
from deposits in TGT. A series of performance tests is now under way, and experiments
using irradiated fuels are expected to initiate in near future.

When the fission products release from failed fuels is assumed, it is important to know
their behavior in sodium. Since the failed fuel would release inert gases (xenon and
krypton) along with other fission products, the fission product mass transfer from gas
bubbles to liquid sodium must be investigated. Experimental studies for such gas bubble
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behavior have been conducted at OEC [S2, 11, 12]. Xenon-iodine mixed bubbles have been
examined extensively, because iodine has high volatility and tends to transfer with
bubbles. A number of experiments have already been performed and a new analytical
model describing their behavior has been developed.

It could be expected in an accident condition that a large part of fission products would be
dissolved and retained in sodium. However, especially for volatile species such as
iodine, cesium, and tellurium, fission product release from liquid sodium pool surface to
cover gas should be considered. For this release behavior, equilibrium partition
coefficients (Kd's) of volatile fission products against sodium have been experimentally
measured [S3, 6]. Along with the experiments, theoretical models to predict Kd's have
been studied.

Other studies concerning the source term of FBRs include iodine solubility in sodium
and stainless steel system, and fission product release in sodium-concrete reaction.
These are reported in open literatures [S4, 7-10].

2.2 Computer code development for in-vessel and ex-vessel source term analysis

Two computer codes have been developed to predict radionuclide behaviors in postulated
accidents of FBRs. The TRACER code [S5] is used for in-vessel source term analyses to
predict behavior of fission products within a primary cooling system. It includes models
for fuel temperature changes, fission products release from fuel, transport by coolant
flow, bubble behavior, aerosol behavior in bubbles, mass transfer to cover gas, etc. On the
contrary, the CONTAIN-LMR code [S13] is used for ex-vessel analyses (i.e. containment
analyses). Though CONTAIN-LMR was originally developed in the USA, additional
extensive efforts have been made for its improvements on many aspects under the
international collaboration (SNL-PNC-KfK-GRS-CEA-AEA). CONTAIN-LMR is
mainly aimed for analyses of severe core damage accidents, however, it includes
sufficient computational models for the sodium fire analyses discussed in the later
section of this paper.

3. Sodium Fire Study

Concerning sodium fire studies in FBR plant, experiments for pool and spray fires have
been performed at the SAPFIRE facilities of OEC [F3, 4, 6]. These experiments were
mainly focused on the studies to confirm efficiencies of the fire suppression system of
Monju secondary building. The studies aimed at a large-scale sodium leak, since it had
been chosen as a design base accident. Recent studies include combustion phenomena
occurred in a columnar leak flow, which is more realistic in an actual plant piping and
cell configuration. To analyze the sodium fire phenomena, conventional sodium fire
computer codes such as SOFIRE-MII, SPRAY-II and ASSCOPS have been used. These
codes employ the lumped parameter assumption for their thermal-hydraulic calculation.
These codes have been validated with existing experimental data and applied to FBR
plant design studies. PNC has developed a new generation code SOLFAS in which
multi-dimensional detailed models have been implemented. Applications of SOLFAS
can be extended not only to analyses of complex cell geometry but also to detailed
analyses of phenomena such as self-limiting effects of combustion that depends on
oxygen spatial distribution.

Incidentally, a sodium leak occurred in Monju on December 8, 1995. Since then many
efforts have been made to understand details of the accident. Two sodium fire
experiments, which simulated the actual Monju configuration including sodium piping,
ventilation duct, grating, and steel lining, were performed in 1996 [F2]. Post-test
examination and analyses are under way.
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3.1 Experimental studies of sodium leak and fire

The PNC's experimental study of sodium fire was initiated in 1977 and more than one
hundred tests have been performed. In the early stage the studies were mainly focused on
the sodium leak in PHTS of Monju. In total, fourteen pool tests and seven spray tests
were conducted using a 21 m3 concrete test vessel, and fifty-one spray tests were
conducted in a 1.9 m3 small test vessel. The experimental data obtained in the tests were
used for validation of the computer codes, SOFIRE-MII and SPRAY-II described below.
In general, the spray combustion makes a pressure peak in the early phase of accident,
and the pool combustion determines temperature peaks of cell structures in the long-term
phase.

In 1985, a large-scale experimental facility called SAPFIRE was constructed at OEC.
The SAPFIRE facility consists of three rigs: SOLFA-1 (2 x 70 m3 two-storied concrete
cell), SOLFA-2 (100 m3 steel vessel), and FRAT-1 (3 m3 steel vessel). SAPFIRE is an
integrated experimental facility mainly used for the demonstration of the sodium fire
mitigation system of Monju auxiliary building. Though, many parametric experiments
can also be performed under various test conditions. One of the most important
experiments conducted in SAPFIRE is called 'D2,' in which the performance of the
Monju sodium fire mitigation system was validated using a fully integrated scale model
installed in SOLFA-1. In this experiment, 3,000 kg of sodium at 505° C was spilled from
the simulated pipe and the performance of the mitigation system was confirmed by many
measurements obtained in the test. As a result, it was found that 92% of sodium was
drained and collected in the fire suppression (smothering) tank, where the combustion
was suppressed sufficiently.

The observation of the SAPFIRE experiments revealed that the form of sodium spillage
was not that of spray but of columnar flow. Interpretation has been made as that the
insulation structures of piping system prevented sodium from flowing out as spray. This
means that it is expected consequences of the realistic combustion in the early phase are
much tolerable comparing with spray. Because of this reason, a new experimental
program was initiated in the late 1980s to study the columnar combustion process [Fl, 7].
The burning rate of the columnar fire is mainly controlled by small droplets generated
when the columnar jet impinges against the floor structures.

Other experiments performed in SAPFIRE include tests of low temperature sodium
combustion, those for sodium fluidability on the floor liner, investigation of aerosol
effects on plant equipments (such as pump, air cooler tubes, electric cable), and so on [F9].

3.2 Computer code development for sodium fire analysis

To evaluate plant conditions in a sodium fire accident, one should analyze both the spray
and pool combustion processes as described above. Two computer codes called SOFIRE-
MII and SPRAY-II were developed for those analyses [F5, 8]. Both codes were originally
developed in the USA, and widely used in the world. The PNC's versions are improved
relating to treatment of the heat transport models, though the essential parts of models
(i.e. the combustion models) are adopted from the US versions. These codes were
validated with data obtained in the PNC's experiments. Agreement between the analyses
and the experimental data is satisfactory. For the convenience of analyses, SOFIRE-MII
and SPRAY-II were coupled together into an integrated code named ASSCOPS, and these
codes were used for the Monju evaluation. A new computational model based on
empirical data of columnar fires has been developed and implemented to the SOFIRE-M3
code [Fl, 7]. This model is also used in a more detailed multi-dimensional code
described below.
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Estimation of aerosol behavior is another part of the evaluation of sodium fire accident.
For this purpose, ABC-INTG was developed at PNC. ABC-INTG can analyze time
depending changes of aerosol concentration considering various deposition processes.
ABC-INTG was validated with the experimental data, and participated in the
international benchmarks.

All the codes described previously are based on the lumped parameter assumption. Thus,
those analytical capabilities of spatial effects are limited. For this reason, a next-
generation computer code named SOLFAS is being developed [F7, 9]. SOLFAS is the fully
integrated multi-dimensional code having the following features:

- solver for the multi-dimensional Navier-Stokes equation together with the k-e
turbulence model

- multi-dimensional aerosol behavior model adopted from ABC-INTG
- multi-dimensional radiative heat transfer model based on the six-flux method
- advanced sodium combustion models for pool and columnar fires
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Abstract

Investigations were carried out on the release and deposition behaviour of
cesium from sodium pools in air-filled chamber in the temperature range of
673 to 873 K, using Cs-134 to simulate Cs-137. About 0.12 kg of sodium was
loaded in a burn-pot together with 92.5 kBq of cesium. Experiments were
carried out with 21% oxygen. Natural burning period of sodium and specific
activity ratio between cesium and sodium showed a tendency to decrease and
release fractions of both the species tended to increase with temperature. From
the surface deposited aerosols it was observed that cesium has propensity to
settle down closer to the point of release. A cesium trap has been developed for
FBTR with RVC as getter material. Absorption kinetics and particle release
behaviour studies pointed to its intended satisfactory performance in the plant.

1. INTRODUCTION

During an energetic core disruptive accident in a LMFBR, in the event of
breach of primary system boundary with in containment, liquid sodium
contaminated with fission products can catch fire, leading to release of fission
products. Among the primary risk-dominant radionuclides associated with the
release of fission products, Cs-137 occupies the third rank in view of health
hazards posed by it [1]. Cesium being highly volatile, can readily escape from
burning sodium pool and get suspended in air along with its deposition on the
inner surfaces of the containment. Review of some of the earlier works indicated
that data on release and deposition behaviour of cesium in confined air-filled cells
are scarce [2,3]. Hence experimental investigations were undertaken for
evaluation of release behaviour of cesium from confined sodium pools in air and
its subsequent deposition at different sodium temperatures in the range of 673 to
873 Kin these studies Cs-134 was used as simulant for Cs-137.
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The release of fission products into primary sodium owing to fuel pin failure can
lead to transport of radionuclides to different parts of primary circuit and
subsequent deposition at some of the locations resulting in high radiation fields
and hence complicating repair and maintenance work. By using suitable traps the
radionuclides can be removed from primary circuit, thereby preventing activity
build up. This paper discusses the results of cesium release and deposition
behaviour experiments in air filled chamber in the above mentioned sodium
temperature range and development of a cesium trap to be incorporated in the
primary circuit of Fast Breeder Test Reactor (FBTR).

2.0 CESIUM-134 RELEASE AND DEPOSITION STUDIES

2.1 Experimental

The experimental set-up consisted of a test vessel of 0.6 m diameter and 2.0 m
height (capacity 565 L) fitted with dished ends at the top and bottom as shown
in Fig. 1. A burn-pot containing 0.120 kg sodium with 92.5 kBq of cesium
dissolved in it was attached to the bottom of test vessel. It was provided with
heaters for heating sodium and thermocouples for temperature measurement.
A recorder was used for recording pool temperature and a light sensor for
detecting the light emitted by burning sodium. After each experimental run,
aerosols deposited on the inner surfaces of test vessel were collected by spraying
nitric acid solution and the amount of sodium was estimated by titrimetry. Cesium
activity measurement in the samples was carried out in cesium chlorostannate
precipitate and was measured by beta counting in an end-view GM counter. A
medium of HCl-ethanol/methanol (1:3 vol)was used to minimise carry over of
sodium along with precipitate.

2.2 Definition of terms used

Table-1 lists different terms used in this paper and their definition.

2.3 Results and Discussions

2.3.1 Natural burning period

Throughout these studies natural burning period of sodium pool in confined air-
filled test vessel was observed to decrease with increase in pool temperature as
shown Fig.2. Oxygen is consumed during combustion and hence oxygen
concentration decreases with time. Below 5% by volume oxygen cannot support
burning, resulting in self-extinction of fire. At lower sodium temperature
burning rate is less compared to that at higher temperature. So, as the pool
temperature rises, oxygen consumption increases leading to faster depletion of
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oxygen and quicker extinction of fire. Accordingly, with the increase in pool
temperature natural burning period is reduced.

2.3.2 Release fraction

Fig. 3 shows release fraction values for sodium and cesium plotted against pool
temperature. For both the species there is monotonic rise of release fraction with
pool temperature. The principal mechanism for the release of aerosols for sodium
and cesium is their vapourisation in flame zone and upward transport of oxide
particles by convective currents in the confined space. Higher the vapour
pressure of the liquid, greater is the rate of vapourisation. Vapour pressure of
both sodium and cesium rise with temperature, facilitating rapid vapourisation. In
the range of pool temperatures studied, release fraction of cesium displays a
consistent rise over the host sodium due to its higher vapour pressure at a given
temperature.

In the present work, when the pool temperature was increased from 673 to
873 K (oxygen 21% and relative humidity 70%), release fraction of sodium
increased from about 5% to 22% and that of cesium from 20% to 49% . It is seen
from the work of Kawahara et al.[3],in the same temperature range ,sodiu
release fraction changed from about 8% to 25% and that of cesium from 40% t
70% , when the experiments were conducted with 10% oxygen and 0% humidity.
Going by the fact that higher levels of both oxygen and humidity in the test
atmosphere have a tendency to suppress the release of the species from sodium
pool surface owing to formation of oxide/ hydroxide layer, the change of relea-e
fraction for both sodium and cesium in the temperature range studied in both the
works appear to be comparable.

2.3.3 Distribution of surface deposited aerosols

As the test vessel was considered as containment, aerosols deposited on top
cover, cylindrical section and bottom cover were considered as ceiling, wall
and floor deposited aerosols respectively and the corresponding deposition
fractions are depicted in Fig. 4,5 and 6 respectively.

It is observed that on the ceiling, deposition of sodium increased with pool
temperature whereas that of cesium remained more or less constant. In the case
of wall and floor, deposition of both sodium and cesium were found to rise with
pool temperature. It is noted that cesium selectively gets deposited in lower
plenum than in upper one. This can be ascribed to the fact that molecular mass of
primary oxide of cesium is about 4.6 times more than that of sodium and hence
it settles down closer to the release point. For both sodium and cesium, at any
temperature, the difference between the release fraction and surface deposition of
aerosols accounts for the suspended aerosols in gas space.
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2.3.4 Specific activity ratio between cesium and sodium

As sodium pool temperature is varied from 673 to 873 K, it is noticed that the
specific activity ratio between cesium and sodium ( a relative release measure
of the two species ) decreases from 3.9 to 2.2, as shown in Fig.7. Experimental
studies of Jordan [2] on cesium release from contaminated sodium pools in air-
filled chamber yielded values of similar magnitude for specific activity ratio. For
the test conditions reported in Jordan's work (initial oxygen concentration : 21%
and pool temperature range 773 to 973 K), available data give values of specific
activity ratio in the range of 1.6 to 3.0. At lower pool temperatures, the vapour
pressure of metallic cesium in the pool is much greater than that of sodium
and hence relatively more cesium is released from the pool compared to sodium,
giving rise to higher specific activity ratio values. But with the increase in pool
temperature, increase of vapour pressure of sodium is much higher than that of
cesium due to which larger fraction of sodium is released causing decrease in
specific activity ratio.

3. CESIUM TRAP DEVELOPMENT FOR FBTR

Prevention of activity build up by removal of radionuclides released into
sodium require development of radionuclide trap. Of all the fission products, Cs-
137 causes heavy radioactive burden, as it has high gamma energy and long half-
life, and hence it is necessary to provide a radionuclide trap for cesium in the
primary coolant circuit of fast reactors. From the operating experience of
different fast reactors it is seen that Reticulated Vitreous Carbon (RVC), with
open-pore matrix, is a good trap material for Cs-137.

3.1 Brief description of cesium trap

It consists of trap material of volume 3 L in cylindrical geometry with 0.1 m
diameter. The design flow rate of sodium is 1000 L/hr at a temperature of 433
K . A filter assembly with surface area of 0.4 square metre and 25 urn pore size
is provided at the trap outlet to avoid release of carbon particles into primary
sodium circuit.

3.2 Studies on absorption of cesium by RVC

RVC was equilibrated with sodium containing cesium in an experimental vessel
at 433 K. Cesium uptake was measured by taking RVC samples at periodic
intervals, dissolving the cesium present in RVC in water and measuring the cesium
content by atomic absorption spectroscopy (AAS).From the cesium to carbon ratio
obtained the phase that formed was calculated to be CsCg
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3.3 Particle release studies

The particle release behaviour of RVC was studied using water as medium, by
simulating the Reynolds number to obtain flow turbulence conditions as with
sodium. A stainless steel filter of 10 |im pore size was employed to collect the
particles that were released. The particles were retrieved from the filter element
by ultrasonic treatment and analysed by particle analyser of Malvern
Instruments EASY particle sizer M 3.0. The plot of particle size vs. volume
percentage is shown in Fig.8. Two peaks, one at 27 and the other at 391 u.m
particle size were observed. The weight percentage of carbon released from
RVC was calculated to be 0.09. It was also calculated that incorporation of a filter
element of 25 \xm pore size at the exit of the trap would restrict the release of
carbon into sodium stream to 0.0015 wt%.

4. CONCLUSIONS

From the results of the experimental studies on cesium release and deposition
behaviour and cesium trap development for FBTR the following conclusions are
drawn :

(1) Natural burning period of sodium and specific activity ratio between cesium
and sodium show a gradually decreasing trend with the rise of sodium pool
temperature.
(2) Release fraction and surface deposition fraction for both sodium and cesium
increase with increase of pool temperature.
(3) Of the surface deposited aerosols, cesium forms a larger fraction.
(4) Cesium tends to settle in the lower plenum closer to the point of release.
(5) For the cesium trap developed for FBTR, absorption kinetics of the trap
material was found to be fairly fast at the proposed operating temperature.
(6) Particle release behaviour of the trap has been observed to be satisfactory.
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Table 1

Terms used and their definition

Terms used Definition

Natural burning period

Release fraction of a species

Surface deposition fraction

Ceiling deposition fraction

Wall deposition fraction

Floor deposition fraction

Time elapsed between sodium pool self-
ignition and its self-extinction

Ratio of quantity of species released to
quantity initially taken

Ratio of quantity of species deposited
on the inner surfaces of test vessel
to quantity initially taken

Ratio of quantity of species deposited
on top cover of test vessel to quantity
initially taken

Ratio of quantity of species deposited
on the cylindrical section of test
vessel to quantity initially taken

Ratio of quantity of species deposited
on the bottom cover of test vessel to
quantity initially taken

Specific activity ratio between cesium and sodium

It is the ratio of (quantity of cesium/quantity of sodium) in the released part
of species to (quantity of cesium/quantity of sodium) initially taken.
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Fig.1 Experimental set-up for cesium release studies

87



50

40 h

S 30 j -

Deposited
Fraction

C:

||
CD 20

8
CD

10

673 723 773 823 873

Pool Temperature (K)

Fig. 2 Variation of natural burning period with

pool temperature

88



50

40

Deposited
Fraction

30

c:o

CO
CO
CD
CD 20

Cs i

Na
A

10

0 L

673 723 773

Pool temperature (K)

Fig. 3 Dependence of release fraction on

pool temperature

823 873

89



50

Deposited
Fraction

40

30

o

T3

55
8 20

10

0
673

L
723 773

Pool temperature (K)

823 873

Fig. 4 Variation of surface deposited fraction with

pool temperature

90



0.3

0.25

0.2

<5S

is
CD
«*= 0.15

1
wo
Q.

0.1

0.05

673

Deposited
Fraction

Cs

Na

723 773

Pool Temperature (K)

823 873

Fig. 5 Variation of ceiling deposited fraction with
pool temperature

91



723 773

Pool temperature (K)

823

Fig. 6 Variation of wall and floor deposited fractions

with pool temperature

873

92



.o
5
S

Deposited
Fraction

•I

673 723 773 823

Pool temperature (K)

Fig. 7 Variation of specific activity ratio with

pool temperature

873

93



D)
05

•+-•
C
Q)
O

a5
Q.

£
O

100 200 300 400 500 600

Particle size(microns)

Fig.8 Particle release behaviour of RVC in water medium

94



XA0055529

Deposition of Csl Aerosol in Horizontal Straight Pipes in WIND Project

SUGIMOTO, J., MARUYAMA, Y., IGARASHI, M., HIDAKA, A., MAEDA, A., HARADA,
Y. and HASHIMOTO, K.*

Severe Accident Research Laboratory
Department of Reactor Safety Research
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken, 319-11, Japan

*Institute of Nuclear Safety
Nuclear Power Engineering Corporation

Toranomon 3-17-1 Minato-ku, Tokyo, 105, Japan

Abstract

In the WIND Project at Japan Atomic Energy Research Institute, the aerosol behaviors such
as deposition, revaporization and resuspension have been investigated under the severe accident
conditions. The present paper describes the deposition of Csl aerosol in horizontal straight pipes.
The test results showed that the aerosol deposition depended on thermo-fluiddynamic
characteristics of the carrier gas. In the test with the temperature gradient of the pipe, the deposition
of Csl was remarkable within the downstream side, where the temperature of the gas was higher
than that of the pipe wall. It is thus supposed that the major mechanism of the deposition was
thermophoresis caused by the temperature gradient within the gas phase. However, circumferential
distribution of the deposited Csl was influenced by the argon flow rate. In laminar flow case, larger
amount of Csl was deposited on the ceiling than the floor area. Three-dimensional
thermo-fluiddynamic analysis suggested that much sharper radial temperature gradient was
developed within the gas near the ceiling area due to the formation of a natural convective
secondary flow. This could result in the promotion of the thermophoretic aerosol deposition. On
the other hand, slight circumferential distribution was observed in case of the high flow rate,
probably due to a uniform temperature field. It was also found that the close coupling of the FP
behavior and the detailed thermohydraulic analyses is essential in order to accurately predict the Csl
deposition in the pipe. The findings on aerosol behaviors will also be utilized for the evaluation of
sodium aerosol behaviors of fast reactors.

1. INTRODUCTION

In a severe accident of nuclear reactors, fission product aerosol behaviors within a reactor
coolant system could significantly affect the source term because of the increase or reduction of
released fission products. The deposited fission products on piping might be a source of thermal
loads to the piping and also become one of dominant contributors to source term due to a late phase
release by revaporization or resuspension[l]. Therefore it is important to investigate the fission
product aerosol behaviors in piping. WIND(Wide range Piping INtcgrity Demonstration) Project at
Japan Atomic Energy Research Institute aims at the evaluation of aerosol behaviors such as
deposition, revaporization and resuspension, and piping integrity due to thermal loads from
deposited fission product aerosols[2-3].

Several tests have been conducted to clarify the deposition characteristics of cesium iodide
(Csl) aerosols in a horizontal straight piping in WIND Project. In order to reduce uncertainties in

the FP behavior analyses, the detailed coupling of thermohydraulics and FP behavior was found to
beimportant[4]. However, inmost of previous studies in this field, the detailed thermohydraulics
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was not well reflected on the FP behavior analysis. In WIND Project, three-dimensional
thcrmohydraulic analysis code WINDFL0W[5] and radionuclide behavior analysis code ART[6-7]
both developed by JAERI were connected with a newly developed interface module. One-through
analysis for the WIND experiment was conducted with emphasis on the appropriate coupling
between the thermohydraulics and FP behavior.

2. AEROSOL DEPOSITION TEST

2.1 Test Facility

Schematic of the WIND test facility is shown in Fig. 1. The facility consists of aerosol
generator, aerosol chamber, test section, heat exchanger, aspirator and condense pot. Two kinds of
aerosol generator are used for the experiment. One is the unheated type and monodispersc aerosol
generator with nebulizer which is used for the calibration of measurement system. The other is the
heating type in which aerosol is generated by evaporation and condensation with induction heating.
In the present experiment, the heating type aerosol generator was used. In order to stabilize the
initial aerosol conditions, aerosol chamber with the volume of 0.12 m3 was placed before the test
section.

The test section is a stainless steel (SUS304) straight pipe of 2.0 m in length with 0.1063 m
in diameter. The length of 0.41 m from the pipe inlet was taken as entrance region to realize fully
developed flow. The rest of 1.59 m was assigned as test region for aerosol deposition experiment.
Temperature of the test pipe was controlled by ten half-cylindrical electric heater units.
Thermocouples were installed at 7 different locations on the outer surface of piping and at 15
different locations inside the test piping. Locations of thermocouples arc shown in Fig. 2.

Schematic of aerosol sampling line is shown in Fig. 3. The Andersen type cascade impactor
and the light scattering aerosol monitor were used for the measurement of the concentration and size
distribution of aerosol particles. Aerosol sampling was conducted at the pipe inlet and outlet. The
test pipe contains three 2.0 m long and 0.02 m wide stainless steel (SUS316) coupons located at
floor, wall and ceiling in the piping as shown in Fig. 4. After the experiment, three coupons were
collected and deposited aerosol mass onto the coupons was measured. The other pipes except for
test pipe were equipped with preliminary heaters which can heat the pipes up to 923 K in order to
avoid the aerosol deposition.

2.2 Experimental Conditions

Major conditions of the three tests are summarized in Table 1. Temperatures on the outer
surface of the test section were decreased from approximately 1273 K at the vicinity of the entrance
to approximately 673 K at the exit of the test section for WAD1 and WAD2 as shown in Fig. 5.
Concentration, mass median aerodynamic particle diameter and geometric standard deviation of Csl
aerosols at the test section entrance were ranged from 1.3 to 3.0 g/m3, from 2.0 to 2.6 mm, and
from 1.4 to 2.2, respectively. The flow rates was 21/sec or 71/sec at the standard condition,
corresponding to Reynolds number of approximately 800 or 2800, respectively at the entrance of
the test section.

2.3 Experimental Methods

Before Csl aerosol injection into the test section, a steady-state thermohydraulic condition
was established. Since it takes some time for aerosol generation rate to be stabilized, just after the
initiation of aerosol generator operation, aerosol was lead to a bypass line. Aerosol began to be
injected into the test section under the steady-state thermohydraulic condition after the stabilization
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of aerosol generation. Aerosol sampling was conducted two times at pipe inlet and outlet,
respectively by connecting sampling line nozzles. Aerosol was lead to four cascade impactors
through the sampling line by sucking force. In the post-test measurement, the three coupons were
soaked into pure water for 12 hours to extract the deposited Csl into the water. After that, Csl
dissolved in water was measured for each element. Iodine was extracted by organic solvent and
measured with the spectro photometer. Cesium was measured with the liquid ion chromatography
method. The spectro photometer and the liquid ion chromatography method are detectable for the
deposition mass, at minimum, equal to 0.1 and 0.01 mg, respectively.

3. TEST RESULTS

Distribution of Cs on a deposition coupon is shown in Fig. 6 for WAD1 under a laminar
flow condition. Deposited mass of Cs was drastically increased at approximately 1.1 m from the
test section entrance. Thermophoretic deposition could be the dominant mechanism since the
temperature of the argon gas exceeded that of the test section pipe near the corresponding axial
location. It is also shown that larger mass was deposited on the ceiling than on the other areas.
According to three-dimensional fhermo-fluiddynamic analyses with WINDFLOW code[5], a
sharper radial temperature gradient within the circumferential boundary region could be developed
over the ceiling area due to formation of a natural convective secondary flow as shown in Fig. 7.
This sharper temperature gradient could drive the thermophoretic aerosol deposition onto the ceiling
surface.

No remarkable ununiformity was observed for the circumferential Cs deposition in WAD2
where Reynolds number was highest among three tests as shown in Fig. 8. An analysis with
WINDFLOW code suggested that the radial temperature gradient was nearly identical over the
circumferential boundary of the flow area. It is considered that the inclusion of a turbulence
promoted the mixing of the argon gas, resulting in uniform deposition of Csl onto the test section
surface.

4. ANALYSIS

In the present analysis three-dimensional thermohydraulic analysis code WINDFL0W[5] and
radionuclide behavior analysis code ART[6-7] were connected with a newly developed interface
module. One-through analysis for the WIND experiment was conducted with emphasis on the
appropriate coupling between the thermohydraulics and FP behavior. Noding of WINDFLOW is
shown in Fig. 9. Two kinds of noding in the pipe cross section as shown in Fig. 10 were
considered to investigate the effect of detailed thermohydraulics on the FP deposition.

Measured and calculated Csl mass deposited onto piping is shown in Fig.ll . The experiment
showed that aerosol deposition mass was larger at downstream than that at upstream and aerosol
was mostly deposited as chemical form of Csl. Moreover, deposited mass at ceiling was larger than
that at floor in the downstream. ART code analyses with 1 and 5 nodes mostly reproduced the
trends of experiment. It is noted that 5 nodes calculation succeeded in predicting larger amount of
Csl deposition on the ceiling than the floor at the downstream. This was achieved by giving the
detailed thermohydraulic information calculated by WINDFLOW to the 5 nodes in the pipe cross
section. The reason for larger amount of Csl deposition at the downstream ceiling is that the
temperature gradient of gas near the ceiling was steeper than that near the floor and therefore at the
ceiling the deposition velocity due to thermophoresis was larger than that of the floor. One node
calculation predicted the same deposition concentration for ceiling and floor. In the experiment,
deposited mass slightly increased at upstream due to cesium deposition. Present calculations could
not reproduce it because ART does not model chemical reaction and only the chemical form of Csl
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was treated in the calculation.

5. CONCLUSION

From the present WIND test and analysis on the Csl deposition behavior in horizontal
straight pipes, the following conclusions have been obtained:

(1) The aerosol deposition behaviors much depended on thermo-fluiddynamic characteristics of the
carrier gas.

(2) The major mechanism of the deposition was found to be thermophoresis caused by the
temperature gradient within the gas phase.

(3) Three-dimensional thermo-fluiddynamic analysis suggested that the sharp radial temperature
gradient near the ceiling due to the natural convective secondary flow, could result in the
promotion of the thermophoretic aerosol deposition.

(4) The close coupling of the FP behavior and the detailed thermohydraulic analyses was found to
be essential in order to accurately predict the Csl deposition in the pipe.

(5) The findings on aerosol behaviors will also be utilized for the evaluation of sodium aerosol
behaviors of fast reactors.
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Abstract

Evaluation of the source term released to environment under the accident

conditions is important to the safety evaluation and design of reactor containment

vessel. However, available data related to FBR source term are very limited,

especially for the FPs release data from overheated FBR fuel. The present, source

term evaluation of FBR is based on assumption from that of LWR. Though, this

evaluation is very conservative. Evaluation large scale FBR source term using this

method is result in extremely conservative and lead construction of large scale plant

becomes doubtful from the viewpoints of cost and safety system.

Though, it is necessary to evaluate source term from the realistic and rational

scenario considering a characteristic of FBR. Preparation of FPs release experiment

from irradiated fuel is going on to investigate the FPs release and transport and to

develop the analysis code for in-vessel source term evaluation.

Fabrication of this apparatus was started in 1992, and the installation was

completed in 1994. This apparatus passed the facility inspection by Science and

Technology Agency in March 1995.

This apparatus consists of a high frequency induction furnace, thermal gradient

tube (TGT), sintered metal filters, cold traps, gas-analyzer, y -ray spectrometry

system and so on.

In the experiment, FPs release rate and behavior will be investigated using y -ray

spectrogram and FP gas analysis. Physical and chemical composition of released FP

would be investigated from FPs deposited profiles on TGT.

Now, cold experiment using simulant FP materials are conducted.
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1.INTRODUCTION

The TMI accident in 1979 is made to be an opportunity, source term research for

the LWR is executed mainly in U.S.A., and the data is accumulated. The example

of this experiment data is introduced in figure 1. In NRC of U.S.A., the data

obtained in this experiment is reflected in CORSOR codes, etc. as an estimation

equation of the FP release rate from the fuel in the reactor accident. In the

meantime, available data related to FBR source term are very limited. And, there

is large difference in LWR and FBR fuel, and it is not possible to compare LWR

with FBR directly. The difference of the source term evaluation between LWR and

FBR is explained in following (table 1 reference).

• Burn-up of the FBR fuel is higher than that of LWR fuel. Therefore, the FP

release behavior seems to be different because of difference of FP inventory and

structure of the fuel.

• The plutonium behavior is important in FBR, because Pu mixed-oxide fuel are

used.

• The fuel temperature exceeds the melting point in the severe case in FBR

accident, while not exceed the melting point in LWR. The NUREG evaluation

equation is shown that the FP release rate increases with the fuel temperature as

shown in figure 1, and it is supposed that the FP release rate increases more

rapidly in the region over the melting point.

• It must be considered that the difference of coolant and cladding tube material

have an effect on reactivity and physics and chemical form of the released FP

materials. And, it must be evaluated that the reaction between coolant and

structural material affects the FP release behavior.

2.EXPERIMENT PURPOSE AND PARAMETER

The purpose of this examination is to develop the source term evaluation code, by

investigating the FP and fuel materials release rate under the FBR accident

conditions, and clarifying the FP release mechanism from the fuel. Therefore, in

the examination, it is necessary to investigate the sort and quantity of released FP,
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release rate, physical chemistry form, particles sizes of FP aerosol, etc..

It is necessary the following items which affects the FP release behavior to be test

parameter, in this experiment.

• Fuel temperature (maximum temperature, heating rate)

• Keeping time in maximum temperature

• Burn-up of the fuel

• Existence of other structural material.

• Atmosphere condition.

Considering the experiment purpose, maximum heating temperature of fuel

specimens must be over 2800°C (fuel melting point), and heating rate is necessary

to simulate the fuel heating rate in the hypothetic accident conditions as shown in

table 2 . However, the fuel heating rate on LOF-TOP and LOF accident was

excluded from the experiment condition, because the heating rate is extremely high,

the heating rate can not be achieved by any outside heating method. Therefore, this

experiment will be executed by fuel heating rate of slow-TOP, PLOHS, slow-TOP,

PLOHS accidents. Maximum heating rate and maximum operation temperature of

the test apparatus are about 15°C/sec, and more than 2800°C, respectively.

Irradiated fuel pellets in the experimental fast reactor "Joyo" up to a burn up of

lOOOOOMwd/t is used as the specimen. And, the experiment where cladding tube

materials and control rod materials, etc. are added to the irradiated fuel pellets will

be also carried out in order to simulate the FBR accident conditions. The test

atmosphere is argon or argon + sodium vapor simulated to FBR accident

conditions.

3.COLD EXPERIMENT

3.1 Outline of cold experiment

As advanced experiment and measuring techniques are required to execute the hot

experiment, the cold mock-up experiment is carried out. Survey items in this cold

experiment are as follows.

• To establish the melting technique of the high-melting point materials
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• To establish the sampling technique of simulant FP

• To establish the sodium vapor supplying technique to the test apparatus

The knowledge obtained from the operation of the cold test apparatus has been

reflected in design and construction of the hot test apparatus anytime.

3.2 Cold test apparatus

The schematic drawing of the cold test apparatus is shown in figure 2. This

apparatus is consist of high frequency induction heating furnace to melt simulant FP

materials, sampling system to trap the released material and sodium vaporizer for

supplying the sodium vapor to this apparatus.

(l)High frequency induction heating furnace

This equipment is to melt the simulant FP material, using high frequency induction

heating method. The tungsten crucible (installed in the heating container) which

stores the specimen is installed in the center of the furnace. This equipment has

achieved the maximum operation temperature of 2800°C and over the maximum

heating rate of 15°C/sec .

(2)Sampling system

The sampling system are consist of the following items for collecting released

simulant FP material: Temperature gradient tube(TGT), sintered metal filter and

cold trap.

The temperature gradient tube is the sampling device that has fixed temperature

gradient of 750~~ 150°C at a piping area. This device is one to identify the chemical

form of the simulant FP materials by utilizing the property that the specific

materials deposited specific temperature position.

The sintered metal filter is the granular simulant FP sampling device which can not

be collected in the TGT, and 5 types of filters which the mesh size differs are used

in order to investigate the particle size distribution of the specimen.

The cold trap is the sampling device that condensed and trapped simulant FP
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material which can not be collected in the TGT and the sintered metal filter by

cooling up to -80°C.

(3)Sodium vapor generator

For the purpose of establishing sodium vapor supply method which can be applied

to the hot test apparatus, Following 3 types of sodium vapor supply method are

investigated: outer tank type, cartridge type, inner-crucible type (figure 3

reference).

The outer tank type sodium vapor generator is the method that heats sodium and

transports evaporating sodium with the carrier gas.

The cartridge type sodium vapor generator is now investigating as a method for

enabling much the sodium vapor supply, by miniaturizing the sodium tank, and

raising the operating temperature.

The inner-crucible type sodium vapor generator is installed in the furnace upper

part, and it is a method for generating the sodium vapor by the radiant heat in the

heating furnace operation. In this method, the generated vapor quantity is

controlled by adjusting number of reflectors under the sodium tank.

4.HOT EXPERIMENT

4.1 Hot test apparatus

The schematic drawing of the hot test apparatus is shown in figure 4. This

apparatus is consist of high frequency induction heating furnace to melt irradiated

fuel specimen, sampling system to trap the released FP materials, y -ray spectrum

measuring device and gas analyzer for determining released FP materials. The

composition and functions of the main equipment are as well as the cold test

apparatus, This heating performance of the furnace has achieved the maximum

operating temperature of 3000°C, the maximum heating rate of over the 20°C/sec.

Gas sampler which collect the FP gas is installed (gas sampler not installed in cold

one). And, since sodium vapor supplying method which can be applied to the hot

test apparatus is not established, there is no sodium vapor generator in the present
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state.

Since the test apparatus had to be installed in the existing hot cell, the constraint of

the installation space was heavily. Therefore, the devices (TGT and furnace, etc.)

of which the radiation level increased in the test were installed in the hot cell from

the viewpoint of the radiation protection, and the devices (operation and control

panels and gas analyzers, etc.) which needed steady operation were installed in

operation area in front of the hot cell. It is necessary to carry out decomposition

and assembly of furnace and TGT, etc. installed in the hot cell by the manipulator.

Though various type analyzer seem to be necessary in both on-line and off-line

analyses, considering the measurement item. 7 -ray spectrum measuring device, gas

mass spectrograph, gas chromatography have been installed in the present state. FP

material which trapped to the sintered metal filter is analyzed using the 7 -ray

spectrum measuring device, Released FP gas is analyzed using the gas mass

spectrograph by on-line, and FP gas collected in the gas sampler is analyzed using

the gas chromatography by off-line. It must be confirmed whether the those

analysis method are appropriate by executing the experiment.

4.2 Cold preliminary experiment

After test apparatus completion, it carried out the functional test which confirms

operation and performance of each test apparatus part, remote manipulation and

maintenance, etc. and had been improving the inferior performance part which

found in these test anytime.

Therefore, we began the cold preliminary experiment using the simulant FP

material started after the functional experiment. The heating and melting

performance of the simulant FP material and the performance of the sampling

devices, etc. is been confirmed.

Csl, SrO, etc. are used as the simulant FP material in this cold experiment. Cold

preliminary experiment using Csl specimen has ended under the condition which

specimen mass of lOOmg, argon atmosphere, heating rate at 2.5°C/sec, maximum

heating temperature of 3000°C, maximum temperature keeping time of 20minute.
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The Csl deposition profile in the temperature gradient tube which obtained in this

test and the result of similar experiment conducted in ORNL (test condition: heating

temperature 700°C, atmosphere: Argon + steam ) are shown in figure 5. To

compare these results, both result agreed well, and it was confirmed that there was

no apparatus dependence related to TGT.

5.SUMMARY

(1) The FP release experiment apparatus from irradiate fuel was developed and it

had been improving the inferior performance part which found in these test

anytime.

(2) As a result of the cold preliminary experiment using the Csl specimen,

deposition profile of Csl in TGT confirmed that it agreed with the similar

experimental result carried out in foreign country well and that there was no

apparatus dependence related to TGT.

(3) In the future, it is necessary to develop the sodium vapor supplying method

which can be applied to the hot test apparatus and to establish analysis

procedure of released FP.
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Abstract

Sodium iodide and major constituents of stainless steel in sodium are determined by
using the steel capsules to obtain a better understanding on contribution of the constituents
to the apparent iodide solubility in sodium. The capsule loaded with 20 g sodium and 0.1
- 0.3 g powder of sodium iodide is heated at its upper part in a furnace and cooled at its
bottom on brass plates to establish a large temperature gradient along the capsule tube.
After a given period of equilibration, the iodide and constituents are fixed in solidified
sodium by quick quenching of the capsules. Sodium samples are taken from the sectioned
capsule tube and submitted to sodium dissolution by vaporized water for determination of
the iodine and to vacuum distillation for determination of the metal elements. Iron and
nickel concentrations are observed to be lower in the samples at higher iodine
concentrations. Chromium and manganese concentrations are seen to be insensitive to
the iodine concentrations. The observations can be interpreted by a model that sodium
oxide combines with metal iodide in sodium to form a complex compound and with
consideration that the compound will fall and deposit onto the bottom of the capsule by
thermal diffusion.

1. INTRODUCTION

In a postulated fuel pin failure of a fast reactor, fission products released from
the fuel pin will be retained mostly in the sodium coolant, and a little percent of
them will be transported further to the environment in some cases. Among various
radiological consequences of the fission products, those of iodine isotopes are highly
important for the safety assessment due to their higher volatility and lower
permissible dose to human thyroid. Therefore, experimental and theoretical
efforts have been made for obtaining a better understanding of the iodine behavior
in the sodium system[1-8]. Any iodide or free iodine in the sodium is known to be
converted to sodium iodide, and volatility of the iodide is essentially controlled by
the iodide solubility in sodium.

Work performed under contract with Power Reactor and Nuclear Fuel Development Corp.
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The solubility was measured by Bredig[9,10] at temperatures between 550
~900°C and by Allan[ll] between 250~400°C, and recently supplemented by
Miyahara[12] over a temperature range between 350~800°C. Reported solubility
data are shown in Fig. 1. The solubility expressions given by Miyahara agree
well with the measured data by Bredig in the temperature region higher than
600°C, whereas the expressions yield values about 10 times as large as the data by
Allan and Sagawa[13] in the lower temperature region.

Sodium iodide gathering at the free surface of liquid sodium and solid
particle formation in the sodium were examined to discuss the discrepancy
between Allan's expression and Miyahara's one. Neither the local gathering nor
particle formation of the iodide was observed in the experiment[14]. On the
other hand, solubility data leaving Allan's expression and approaching
Miyahara's expression are obtained in the capsule measurement[14], as seen in
Fig. 2.

The aims of this paper are to determine the major elements leached from
stainless steel into the sodium as well as the solubility of sodium iodide in sodium
and to discuss effect of the leached elements on the apparent solubility
transferring from Allan's expression to Miyahara's one.

2. EXPERIMENTAL

2.1. Experimental Device
The solubility of sodium iodide is measured by using stainless steel

capsules and major elements of the steel in sodium are determined together with
the measurement. The experimental device and method are described in detail
elsewhere[13]. Figure 3 illustrates the experimental device. The capsule
consists of a stainless steel tube, 10 mm in inner diameter, 1 mm in thickness and
180 mm in effective length, and a small vessel with two nozzles. The capsule is
loaded with about 20 g sodium of reactor grade through one nozzle and 0.1~0.3 g
powder of sodium iodide through the other nozzle. The capsule is installed
vertically with the vessel inserted into an electric resistance furnace and with the
tube end standing on brass plates on a brick.

Surface cleaning and iodide dissolving were adopted to stabilize the iodide
deposition in the capsule prior to the long duration of heating for the solubility
measurement. The surface cleaning was made to remove the oxide layer on
stainless steel by the loaded sodium. The iodide dissolving was done to coat sites
of adsorption with the dissolved iodide in the sodium. The heating was
continued for the duration of 1300 h to let the iodide have settled on the bottom of
the capsule by sedimentation and diffusion through the column of sodium. The
capsule was then quickly cooled in quenching oil to fix the iodide and the other
elements in solidified sodium.
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2.2. Sampling and Analyses
After fixing the iodide and the other elements in solidified sodium by

quenching, the capsule was sectioned into samples 10 mm long for chemical
analyses. The sodium in the sample was shared into a core sodium extruded
from the capsule tube and a periphery sodium remaining on the tube. A Teflon
extruding rod and holders, and zirconia knives were used to minimize any
contamination during the sampling.

Figure 4 shows the sodium sampling from the capsule. Two sodium
samples, taken carefully from the upper three sectioned pieces and lower ones,
were submitted to weighing of the sodium samples and then to vacuum distillation
for determination of the metal elements and silicon. Iron dissolved in the acid
solution was determined by using an atomic absorption spectrometer, and other
metals and silicon were done by an inductively coupled plasma mass spectrometer.
One sodium sample, taken from the central five sectioned pieces, was applied to
sodium dissolution with vaporized water for determination of iodine by an ion
chromatography and of sodium by titration.

3. RESULTS AND DISCUSSION

Results of chemical analyses are shown in Table 1, where the upper and
lower samples are united and an average concentration in the united sample is
adopted for each element. Experiments for capsule number 33 and 34 were done
under the lower temperature/concentration conditions along Allan's expression in
the solubility graph, and those for capsule number 35 and 36 under the higher
temperature/concentration conditions.

Little difference can be seen between the concentrations obtained from
capsule number 34 and 35 which have undergone the surface cleaning and those
from capsule number 33 and 36 without the pretreatment. Any direct
relationship can not be observed between the iodine concentration and the silicon
concentration indicating the highest value among the listed elements. The iron
and nickel concentrations in the capsules heated in the region of lower iodide
solubility are found to be relatively higher than those in the region of higher
iodide solubility.

It can be presumed that iodine will react with the metals in sodium to form
a complex compound Na2O'MxIy, as illustrated in Fig. 5. Formation of the
complex compound will lead to higher metals concentration with higher iodine
concentration. This does not agree with the observed fact in Table 1; higher
iodine concentration is seen with lower metals concentration.

A large temperature gradient along the capsule tube with temperature
descending from the top toward the bottom will accelerate falling of large
molecules and solid particles through the sodium by thermal diffusion.
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Table 1 Iodine and metal concentrations in sodium in stainless steel capsule

CAPSULE NUMBER

SURFACE CLEANING

SATURATION
TEMPERATURE (°C)

IODINE (ppm)

1 RON (ppm)
CHROMIUM (ppm)
NICKEL (ppm)
MANGANESE (ppm)
SILICON (ppm)

SOD 1 UM (g)

3 3

—

295

6.5

1.58
0. 168
<0. 056
0.0331
4.88

3.20

3 4

450°C
188h

294

10.6

1.47
0. 180
0.049
0.0389
6. 19

3.04

3 5

450°C
137h

443

318

0.72
0.213
<0. 017
0.0558
17.3

3.31

3 6

—

451

326

0.60
0.090
<0. 01
0.0321
7.40

3. 12
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In addition, leaching of metals diffusing through stainless steel into sodium will
decrease with exposure time. Therefore, by the falling of compound and the
decrease in leaching, metals dissolved in the sodium will decrease their
concentrations with time except iron. This reasoning can be consistent with the
observation of lower nickel concentration with higher iodine concentration.

The apparent iron solubility in sodium is known to be affected by oxygen
concentration in sodium[15]. The apparent solubility will decrease its value with
decreasing oxygen concentration. As oxygen in sodium in the capsule consumes
in formation of the complex compound, the compound concentration will also
decrease with the oxygen. Thus, the observation of lower iron concentration with
higher iodine concentration can be interpreted by formation of the compound and
its falling and accumulation onto the bottom of the capsule.

4. CONCLUSION

Sodium iodide and major constituents of stainless steel in sodium were
determined by using the steel capsules which had been held under a large
temperature gradient with temperature descending from the top toward the
bottom for a period of equilibration.
(1) Iron and nickel concentrations are observed to be lower in the region of higher

iodine concentration and to be higher in the region of lower iodine
concentration.

(2) Chromium and manganese concentrations are seen to be insensitive to the
iodine concentration.

(3) Any direct relationship can not be found between the iodine concentration and
silicon concentration.

(4) A model that sodium oxide combines with metal iodide in sodium to form a
complex compound is presumed. With consideration that the complex
compound will fall and accumulate onto the bottom of the capsule by thermal
diffusion, the model can be consistent with the observation of lower iron
concentration with higher iodine concentration.
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Abstract

In the fuel pin failure accident of a liquid metal fast reactor, volatile fission products play an
important role in the assessment of radiological consequences. Especially the radioisotopes of
elemental iodine are important because of their high volatility and of the low permissible dose to
human thyroid. The released iodines are known to be retained in the coolant sodium as sodium
iodide due to the chemical affinity between alkali metals and halogens. However, the xenon and
krypton released with iodines into the sodium pool as bubbles may influence the reaction rate of
iodine with sodium during the bubble rising. So far, the only few experimental results have been
available concerning the decontamination factor (DF: the ratio of the initial iodine mass in the mixed
gas bubble to the released mass into the cover gas) of iodine in this phenomenon. Therefore,
experimental and analytical studies were carried out to study the mass transfer of iodine from a xenon-
iodine mixed gas bubble to the liquid sodium pool.

In the experiments, the bubble was generated in the sodium pool by cracking a quartz ball which
contains the xenon-iodine mixed gas and then, the mixed gas released into the argon cover gas was
collected to determine the transferred iodine mass into the pool. A rising velocity of the bubble was
measured by Chen-type void sensors arranged vertically in the pool.

From the measured rising velocity and another observation of bubble behavior in simulated water
experiments, it is found that the generated bubble breaks up into several smaller bubbles of spherical
cap type during the rising period.

Transferred iodine mass per unit initial bubble volume from the bubble to the sodium pool shows
increases with increasing time and the initial iodine concentration. A mass transfer rate obtained by
differentiating the transferred iodine mass with respect to the time indicates a rapid decrease just after
the bubble generation and a slow decrease for the successive period. Measured DFs are described as
a function of the time and the iodine concentration.

To clarify the process of the iodine mass transfer in a xenon-iodine mixed gas bubble rising
through the liquid sodium pool, the mass transfer is analyzed on the basis of a diffusion model
applied to the first short stage just after the bubble generation and a convection model applied to the
successive stage. In the diffusion model, production of sodium iodide aerosols and generation of the
heat caused by the chemical reaction of iodine vapor and sodium vapor are taken into account in
addition to the diffusion of vapor and aerosols and the heat conduction in a static spherical bubble.
The diffusion of aerosols is composed of Brownian motion, thermophoresis and diffusiophoresis.
In the convection model, the analysis is made for aerosol settling caused by inertial deposition,
sedimentation and Brownian motion in an internal flow induced by a spherical cap bubble rising.

Increase in the initial iodine concentration in the bubble is shown to enlarge the temperature
difference across a region between the reaction front and the bubble surface and enhance a
contribution of thermophoresis to the aerosol diffusion through the region. The DF obtained from
the calculation describes well a rapid increase at the first stage and a slow increase in the successive
period, which are seen in measured DFs, and suggests the breakup of the original bubble during
rising through the pool.
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I. INTRODUCTION

In a postulated accident of fuel pin failure of a fast breeder reactor, fission products will be
released from the failed pin to the primary cooling system including the cover gas system and further
to the environment in some cases. Among the fission products, the release of iodine radioisotopes
are very important for an assessment of radiological consequences due to their higher volatility and
lower permissible dose to human thyroid. The released iodines are known to be retained in sodium
of the cooling system in the form of sodium iodide [l]-[5], which has a little escape tendency from
the sodium to the cover gas. The xenon and krypton released with iodines into the sodium pool as
bubbles, however, have an influence on the reaction rate of iodine with sodium in a period of bubble
rising to the pool surface. The increase in the released iodine mass will be more important to the
safety assessment, to which measured release data are required to be applied.

An experimental study [6] was made to obtain the decontamination factor DF defined by the ratio
of the initial iodine mass in the mixed gas bubble to the released mass into the cover gas. However,
the experimental conditions were limited to the regions of higher iodine concentrations, of smaller
bubble sizes and of lower sodium temperatures. A resumed work [7] was attempted to obtain the
DFs and the iodine mass transfer rate from the mixed gas bubble to the liquid sodium pool under
wider experimental conditions applicable to the safety assessment. In this work, the mass transfer
rate was not correlated successfully with the experimental parameters due to a small number of
measurements.

Therefore, experimental and analytical studies were carried out to study the mass transfer of iodine
from a xenon-iodine mixed gas bubble to the liquid sodium pool.

II. EXPERIMENT

An experimental apparatus is consists of a test vessel, a damp tank of sodium, a supply system of
argon and a sampling system of cover gas. The stainless steel test vessel is 0.30 m in inner diameter
and 3.0 m high and contains 180 kg of sodium as shown in Fig. 1. A bubble generating device
which consists of a quartz glass ball containing mixed gas of xenon-iodine and a cracking device of
the ball is fixed at the bottom of the vessel. In the cover gas, a funnel device is attached on the
sodium surface for collecting the mixed gas. A void sensor assembly is composed of two Chen-type
sensors 0.65 mm in outer diameter. They are fastened to four arms projecting toward the center axis
of the test vessel. The four assembles are attached at the positions of 0.45, 0.75, 1.05 and 1.35m
from the quartz ball in the vessel to measure the rising velocity of the mixed gas bubble.

The bubbles were generated instantaneously by cracking the quartz ball at the bottom of the
vessel. The rising velocity of the bubbles was determined from the signals of the sensors arranged
vertically in the sodium pool. The bubbles reaching the sodium pool surface were collected in the
inverted funnel and the collected gas containing sodium iodide aerosols was carried to a vacuum
vessel through aerosol filters in the sampling system as shown in Fig. 1. Materials deposited on the
filters, the inner surface of the funnel, the connected pipes and the vacuum vessel were dissolved in
distilled water.

The amount of iodine in the solution was determined by the use of an inductively coupled plasma
mass spectrometer. The error in preparing the mixed gas concentration in the quartz ball was within
± 10 %. The measurement accuracy of the amount of iodine released into the cover gas by the
processes of the sampling and the chemical analysis was less than ± 20 %. Thus, the total error
accompanying each measured value was less than ±30 %.

Experimental conditions are listed in Table 1. The size of the quartz ball was varied from 0.05 to
0.12 m in diameter and this leads to the initial bubble volume ranging from 6.5 x 10"5 to 9.0 x 10~4

m3 which is equivalent to the fission gas volume in a fuel pin at the burn-up of 8 x 104 MWd/T. Gas
pressure in the ball was adjusted to be equal to the surrounding sodium pressure. The cover gas
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pressure was maintained at the atmospheric pressure during the experiment. The initial iodine
concentration in the ball ranged from 1.0 to 40.0 mol%. Among the values, 4.0 mol% is equivalent
to the fraction of iodine produced at the burn-up of 8 x 104 MWd/T. The sodium pool temperature
was varied in the range from 573 to 873 K, since the temperature of 773 K is equivalent to the
sodium coolant temperature. The sodium pool depth was also changed from 0.03 to 2.0 m to vary
the bubble rise time.

III. EXPERIMENTAL RESULTS AND DISCUSSION

1. Bubble Rise in Sodium Pool

Figure 2 shows the results for the bubble rising process with the parameter of the initial bubble
volume. It is found in Fig. 2 that the bubbles rise linearly with time except for the initial period.
The rising velocity of the bubble is also found to increase with an increase in the initial bubble
volume. These facts indicate that the bubble comes up to the sodium surface at a terminal velocity.

Shapes of the rising bubble has been characterized by non-dimensional numbers [8] : Eotvos
number Eo, Morton number M, and Reynolds number Re. By the use of the terminal velocity
obtained from the results in Fig. 2 and the ball diameter dg, the numbers are calculated to be in the

range of Eo = 130 ~~ 740, M= l.llxlO"14 and Re = 7.27xl04 - 2.60xl05. In accordance with
the shape regimes for bubbles given by Crift, et al. [9], these values indicate that the bubbles are in
the shape of spherical cap in the present experiment. The terminal velocity of the spherical cap-
shaped bubble was given by Crift, et al. [10] in the expression

UT = O J i H g d g C ^ j - Ph)l Pl}
l/2 (1)

The terminal velocity UT was calculated on the assumption that the bubble has an equivalent

volume to that of the quartz ball. The results are shown with a thick line in Fig. 3. It is found in
Fig. 3 that the measured velocities are lower than the calculated line and the difference becomes larger
with increasing the initial bubble volume. This implies that the bubble broke up into several smaller
bubbles during the rising period.

The behavior of the rising bubble was visualized in a water pool, which was 0.30 m long, 0.30 m
wide and 1.50 m deep. The bubbles were generated by cracking a quartz ball containing air quite
similarly to the experiment in the sodium pool. The water experiments were performed under the
conditions where the range of the non-dimensional numbers were equivalent to those in the sodium
experiments. Photo. 1 shows a series of photographs of the rising bubble at 0.1, 0.3, 0.5 and 1.0 s
after cracking the quartz ball in the water pool. The breakup of bubble into smaller bubbles and
forming the spherical cap are observed in the photographs.

Therefore, the difference between measured and calculated terminal velocities can be attributed to
the bubble breakup into smaller spherical cap-shaped bubbles.

2. Iodine Mass Transfer from Bubble to Sodium Pool

Since the bubble breakup into smaller bubbles is observed in the present experiment, the
transferred iodine mass per the unit initial bubble volume is used instead of that per the unit surface
area of the bubble. Figure 4 shows the results for the transferred iodine mass against the bubble rise
time on the log-log graph with the parameter of the initial iodine concentration. It is found in Fig. 4
that the transferred mass increases with the time and shifts to the larger values with increasing initial
iodine concentration. Figures 5 and 6 show the results for the transferred iodine mass per the unit
initial bubble volume with the parameters of the initial bubble volume and the sodium temperature,
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respectively. It is noticed in these figures that the transferred mass are not sensitive to the changes in
the initial bubble volume and the sodium temperature.

Linear relations are observed between the transferred mass and the time on the log-log graphs.
By the use of the method of least squares, the transferred iodine mass Q can be given as a function of
the time t in the form

Q = a t b (2)

where a and b are constants. The relations are shown with the linear lines in Figs. 4, 5 and 6. A
time-dependent mass transfer rate is obtained by differentiating Eq. (2) with respect to t and the
results are shown with the parameter of the initial iodine concentration in Fig. 7. Figure 7 indicates
that the mass transfer rates decrease rapidly from large values just after the bubble generation and do
slowly for successive period shifting to higher values with increasing the iodine concentration.

A decontamination factor DF defined by the ratio of the iodine mass in the initial gas bubble over
that released into the cover gas was calculated from the experimental results and the calculated DFs are
shown in Fig. 8. It is seen in Fig. 8 that the DFs trend to increase rapidly just after the bubble
generation and to increase slowly for the successive period, while the DFs depend on the iodine
concentration.

The DFs were determined in another way, where the iodine mass released into the cover gas was
calculated by subtraction of a sum of the present mass transfer rate multiplied by each time section
from the iodine mass in the initial gas bubble. The calculated DFs are shown by curved lines in Fig.
8. These curved lines appear to describe well qualitatively the dependence of DFs on time and on the
initial iodine concentration. However, the description of the rapid increase just after the bubble
generation and of the slow increase for successive period is not successful. This implies that an
analysis based on more mechanistic models is required for the precise prediction of the DF for a long
period as well as just after the bubble generation.

IV. ANALYTICAL MODELS

1. Models and Assumptions

Based on the observations of the bubble rising through the sodium pool and the simulated water
pool, analytical models are constructed for the mass and heat transfer in the xenon-iodine mixed gas
bubble as shown in Fig. 9 and explained below.

(1) The bubble is static and spherical within an initial short period just after the bubble generation.
In the static spherical bubble, the mass transfer is controlled by diffusion and the heat transfer by
conduction and radiation which is named as a diffusion model.

(2) The bubble becomes a form of spherical cap during rising through the pool. In the spherical
cap type bubble, the mass transfer is governed by the internal flow of the mixed gas induced by the
bubble rising which is named as a convection model.

The following assumptions are used in the models.
(a) For the diffusion model, the iodine vapor is uniformly distributed in the bubble at the initial

stage.
(b) The sodium vapor evaporated on the interface of the bubble and sodium is in saturation at the

surface temperature.
(c) The iodine vapor reacts with sodium vapor on a spherical reaction front generating the heat of

reaction and sodium iodide, which instantaneously forms aerosols of 0.1 p. m in mass-median
diameter as generally seen in other combustion products [11].

(d) The size of the spherical bubble and the pressure of the mixed gas bubble do not change in the
consequence of the chemical reaction.
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(e) The aerosols settle on the bubble surface by diffusion composed of Brownian motion,
thermophoresis and diffusiophoresis during the initial short period.

(f) The gradient of aerosol concentration between the reaction front and the bubble surface in
approximately proportional to those of sodium concentration and temperature.

(g) For the convection model, the aerosol settling is enhanced by the convective flow in the rising
bubble. Inertial deposition and sedimentation are considered in the settling as well as that by
Brownian motion.

2. Diffusion Model

(1) Diffusion and Energy Equations

The mass transfer in the static bubble is expressed by the equation of mass conservation in the
spherical coordinate

r2 + 2 / r • a c / 9 r ) (3)

and the heat transfer by the equation of energy conservation

3 T / dt= K ( 3 2 T / 9 r 2 + 2 / r • 3 T / dr). (4)

The initial concentrations of iodine and sodium and the initial temperatures of xenon-iodine and
xenon-sodium mixed gas as written as

Cj = Co,

C S = CR'
TXI = T 0 '
lXS~ *R'

inside the bubble. The reaction front moves with time from the bubble surface toward the bubble
center and generates the heat of reaction and the sodium iodide aerosols. The generation rate of the
aerosols depends on the reaction rate. The equations subjected to these conditions can not be solved
in an analytical form. Thus, the equation should be determined by a sequential connection method
where the analytical solution for a short time section was connected to that for the next time section
sequentially by substitution of the resultant concentration profile and temperature profile at the time
section A t for the initial ones in the next time section.

The equation of diffusion is applied to the iodine transfer in the core region inside the reaction
front in the bubble. The initial and boundary conditions in the time section are given as

Cj = fj(r) for 0 < r ^ r f when t* = 0, (t ^ t * ^ t + A t)

q = 0 for t* > 0 at r = rf,

where fj(r) designates the initial concentration profile of iodine vapor as a function of the radius r

from the center of the bubble, and n? is the radius of the reaction front.

The equation of diffusion is also applied to the sodium transfer in the region between the reaction
front and the bubble surface. The initial and boundary conditions in the time section are given as

C s = fs(r) for rf ^ r ^ R when t* = 0, (t ^ t * ^ t + At)
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CS = CR fo r t*>0 at r = R,

C s = 0 for t* > 0 at r = rf,

where fs(r) designates the initial concentration profile of sodium and R is the radius of the bubble

surface.
The mass balance in the chemical reaction is expressed as

Na + 1/2 I2 = Nal + A H°Tf, (5)

where A H°T^ is the standard enthalpy of formation at temperature T^ [12]. Equation (5) yields the

relation between fluxes of iodine and sodium at the reaction front as

Cj / dr | r = rf = Dxs dCs/ dr | r = rf, (6)

where DJQ and D ^ are the diffusion coefficients of iodine vapor and sodium vapor in xenon,

respectively [13]. The unknown variable r̂  can be determined by equating both sides of Eq.(6).

The equation of heat conduction is applied to the heat transfer in the core region inside the reaction
front. The initial and boundary conditions in the time section are written as

TXl = SxiW for 0 < r ^ r f when t* = 0, (t ^ t* ^ t + A t)
TXI = Tf f o r l* > ° a t r = rf'

where gxj(r) designates the initial temperature profile in the core region.

The initial and boundary conditions in the time section in the region between the reaction front and
the bubble surface are written as

T x s = gxs(r) for rf ^ r ^ R when t* = 0, (t ^ t * ^ t + A t)

T x s = TR for t* > 0 at r = R,

T x s = Tf fo r t*>0 at r= r f .

In these equations, gxs(r) is temperature profile in the region and T^ and TR are temperatures at the

reaction front and at the bubble surface.
The heat of reaction generated at the reaction front is given from Eq. (5) as

Q f=-2AH°T fN I , r = rf= AH°TfNS)r = rf> (7)

where Nj, r = rf and N s , r = rf are the mass flux of iodine and that of sodium at the reaction front,

respectively. This reaction heat is transferred to the core region inside the reaction front and to the
region between the reaction front and the bubble surface as

Q f= A M S T J Q / dr | r = rf - A x s 3 T X S / dx

Np r = rf C p J (T f- T ^

r = rf
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where A ^ and H x s are thermal conductivities in each region [14], F ^ is radiative heat transfer

coefficient between the reaction front and the bubble surface [15], Cp p Cp s and Cp S I are specific

heats [16], and a is the Stefan-Boltzmann constant. The first term of the right-hand side of Eq.(8)
represents the heat flux of conduction at the reaction front toward the center of the bubble. The
second and third terms represent those of conduction and radiation at the reaction front toward the
bubble surface. The remaining three terms represent the transferred heats due to the mass transfer of
iodine vapor, sodium vapor and sodium iodide aerosols, respectively. The temperatures in Eq.(8)
are given by the solutions of the equation of heat conduction.

The heat balance at the bubble surface is expressed as

- A s 9 T S / dr | r = R-N s , r = rf AHV

= A x s 8 T X S / dr | r = R + F fR<7(T4
f-T4

R)

where A s and A Hv are the thermal conductivity and the evaporation heat of liquid sodium [17],

N s , r = rf and Ngj, r = R are the mass flux of sodium and that of sodium iodide at the bubble surface,

respectively. The left-hand sides of Eq.(9) express heat conduction into the sodium pool and heat of
evaporation of sodium at the bubble surface. The two unknown variables Tf and TR are determined

by solving Eq.(8) and Eq.(9) simultaneously.

(2) Aerosol Diffusion in Region between Reaction Front and Bubble Surface

Sodium iodide aerosols generated at the reaction front will be transferred inside and outside it in
the proportion of velocity vectors for the Brownian motion [18] vBD, thermophoresis [19] vTp, and

diffusiophoresis [20] vDp, The resultant flux of the aerosols at the reaction front toward the bubble

surface NSI, r = rf is determined from the equation

NSI, r = rf = -Ns, r = rf (vBD>R + vTp>R + vD p R)

/ {(VBD,R + VTP,R + VDP,R) + (VBD,C + VTP,C + VDP,C>} • ( l°)

As the aerosol concentration profile is observed to be almost linear in the region between the reaction
front and the bubble surface, the apparent diffusion coefficient of the aerosols is used so as to
simplify the calculation of aerosol diffusion. The apparent diffusion coefficient DSI is expressed as

DSI = (VBD,R + VTP,R + VDP,R> (R " rf ) • (11)

In the calculation of the velocity vectors in Eqs. (10) and (11), physical properties of the gas and
aerosols are given as estimated values calculated from theoretical equations [14],[16].

The initial and boundary conditions in the time section in the aerosol diffusion through the region
between the reaction front and the bubble surface are

for rf ^ r ^ R when t* = 0, (t ^ t* ^ t + At)

= rf fort* > 0 at r = rf,

f o r t * > 0 at r = R,
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where f$i(r) designates the initial concentration profile of sodium iodide aerosols. The

decontamination factor DF is determined from the initial amount of iodine in the bubble [Mj] t _ 0 and

the total amount of iodine vapor and that of sodium iodide aerosols

DF= [ M I ] t = 0 / ( 4 f f / o
r f C I r 2 d r + 27r / rf

R CSI r
2 dr). (12)

3. Convection Model

The equation of motion describing the bubble rising through a liquid pool is expressed by the
terms of the inertia, buoyancy and drag force as [21]

4 / 3 nr^{pb+\l2 p s ) 3 U b / 3 t

= 4 / 3 7CTe
3(ps- / O b ) g - C D ( ^ r e

2 ) / 2 ^ s U b
2 , (13)

where U b is the rising velocity of the bubble, r the radius of sphere having a volume equal to the

bubble and CD the drag coefficient, and p b and p s are the densities of bubble and liquid sodium,

respectively. The values of r and CD are calculated in consideration of deformation [22] and

expansion [23] of the bubble during the rising.
The settling coefficients, which are defined by the ratio of a number of aerosols deposited on the

bubble surface per unit rise path to a total number of those in the bubble, are given for the inertial
deposition a jp, for the sedimentation a S D and for the diffusion a BD by [24]

« I D = 9 U b r / ( 2 r e
2 ) , (14)

aSD = 3g r / ( 4 r g U b ) , (15)

a B D = 1 . 8 ( D S I ) 1 / 2 / ( U b r e
3 ) 1 / 2 , (16)

where r is the relaxation time [25]. The decrease in aerosol concentration with time A CSI is given

by summing up the contributions of these processes as

A C s i = ( ° I D + a S D + a B o ) u b c s r <17)

The decontamination factor DF in the n-th time section A t is given by

DF = 2[M I ] t = 0 / ( [ M S I ] t = A t n . 1 - V b A C S I A t n , (18)

where Vb is the bubble volume.

V. CALCULATED RESULTS AND DISCUSSION

1. Diffusion Process in Spherical Bubble

(1) Concentration and temperature profiles

Figure 10 shows the concentration profiles of iodine, sodium and sodium iodide and a temperature
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profile at 0.1 s after the bubble generation with 4 mol% for the initial iodine concentration. It is
observed from the concentration profiles that the vapors of iodine and sodium diffuse to the reaction
front where both the concentrations are kept zero, and the aerosols of sodium iodide generated at the
front diffuse mainly toward the bubble surface. The temperature profile shows that the heat of
reaction transfers from the front to the inside of the bubble and the bubble surface.

(2) Temperature rise at reaction front and its size

The temperature difference across the region between the reaction front and the bubble surface is
calculated as a function of time and the results are shown with the parameter of the initial
concentration in Fig. 11. The temperature difference is seen to have its peak value just after the
bubble generation and to increase as the initial concentration increases. This is because the heat
generation rate at the reaction front increases with the higher iodine concentration.

The radius of the reaction front is shown with the parameter of the initial concentration in Fig. 12.
It is found in Fig. 12 that the reaction front moves toward the bubble center and this movement is
reduced in the case of the higher iodine concentration.

(3) Residual amount of iodine and sodium iodide in the bubble

The residual amount of iodine in the bubble is calculated by integrating the iodine concentration
with respect to the radius, and shown in Fig. 13 with the parameter of the initial iodine concentration.
Through the similar procedure, the amount of sodium iodide in the bubble is shown in Fig. 14. It is
found in Figs. 13 and 14 that with increasing the initial concentration, the curve of the residual
amount of iodine shifts to a higher level whereas that of sodium iodide does to a lower level. The
increase in the residual amount of iodine is simply attributed to the higher iodine concentration in the
bubble. To understand the reason for the decrease in the amount of sodium iodide, an analysis is
made for the aerosol diffusion in the bubble. The velocity vectors of the Brownian motion,
thermophoresis and diffusiophoresis are tabulated in Table 2 under the initial iodine concentration of 4
and 40 mol%. Table 2 indicates that the thermophoresis contributes largely to the aerosol diffusion
across the region between the reaction front and the bubble surface and that the diffusiophoresis does
to the reaction front. The enlarged temperature difference between the narrower region, which are
caused by the higher iodine concentration, enhances the thermophoresis and increases the amount of
aerosol deposition on the bubble surface. The reason for the decrease in the amount of sodium
iodide with increasing the initial iodine concentration can be interpreted by this process.

(4) Comparison of calculated DF with measured DF

Figure 15 through 18 show the results for the DFs calculated and measured under the initial iodine
concentration of 4, 8, 20 and 40 mol% with lines and marks respectively. The parameter in the
calculation is the diameter of spherical bubble. In the measurement, a quartz ball containing xenon-
iodine mixed gas was cracked at the bottom of a sodium pool to generate the initial bubble. The size
of the quartz ball is 0.1 m. The measured DFs lie between the curves of calculated DF with the
bubble diameter of 0.03 m and 0.01 m. The breakup of an initial bubble into several bubbles about
0.03 m in diameter and many fine bubbles about 0.01 m in diameter is observed in photographs taken
in the air bubble rising through a water pool. The measured DFs being between the two curves can
be explained by this bubble breakup process, and two steps of increase in the measured DFs with
time is well described by the change in the calculated DFs.

2. Convection Process in Spherical Cap Bubble

The DFs calculated for the convection process under the initial iodine concentration of 4, 8, 20 and
40 mol% and the aerosol diameter of 0.1 jum are shown with lines in Figs. 15 through 18,
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respectively. The DFs measured under the initial iodine concentration are also shown with symbols
in these figures. The parameter in the figure is the initial diameter of the spherical bubble. It is
found in these figures that the DF curve shifts to the lower level with enlarging the bubble diameter
and that the measured DFs are between two DF curves obtained from the bubble diameter of 0.03 and
0.01 m with some exceptions.

VI. CONCLUSIONS

The following conclusions are obtained from the experimental study.
(1) The difference in the predicted and measured bubble rise velocities indicates that the original

bubble have been broken up into several smaller bubbles of spherical cap type during the rising
period. Observation of bubble rising through the water pool supports the bubble breakup into
smaller spherical bubbles.

(2) The transferred iodine mass per the unit initial bubble volume from the bubbles to the sodium
pool is well correlated with the bubble rise time and the experimental conditions. The correlation
shows that the transferred mass increases with the time shifting to a large value as the initial iodine
concentration increases and is not sensitive to the changes in the initial bubble volume and the sodium
temperature.

(3) The mass transfer rate determined by differentiating the empirical equation of the transferred
mass with respect to the time describes the dependency of the iodine transfer on the time and the initial
iodine concentration.

(4) The measured decontamination factors show a rapid increase just after the bubble generation
and a slow increase for the successive period.

(5) The decontamination factor calculated by the use of the mass transfer rate describes
quantitatively the increase in the measured decontamination factors with increasing the bubble rise
time and the initial iodine concentration. For the precise description of the DF, an analysis based on
more mechanistic models is required.

From the analytical study, the following conclusions are obtained.
(1) The increase in the initial iodine concentration increases the heat generation at the reaction front

to raise the temperature at the front. The enlarged temperature difference across the region between
the reaction front and the bubble surface greatly enhances the contribution of the thermophoresis to
the deposition of sodium iodide aerosols on the bubble surface.

(2) The decontamination factor DF calculated on the basis of the diffusion model in the spherical
bubble describes well the rapid increase in the measured DFs in the first stage and their positive shift
with the initial iodine concentration.

(3) The breakup of original bubble into small bubbles during rising through the sodium pool is
consistent with the fact that the measured DFs being between the DF curves with the bubble diameter
of 0.03 m and 0.01 m.

(4) The DF curve calculated on the basis of the convection model in the spherical cap bubble
describes the slow increase in the measured DFs in the successive period.

[NOMENCLATURE]

C : Concentration (mol/m3) or (mol%)
CD : Drag coefficient

C : Specific heat at constant pressure (kJ/mol-deg)

D : Mass diffusivity (m2/s)

dg : Spherical bubble diameter (m)

Eo : Eotvos number (= g ( p j - p ^) de
2 / a )
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F : Radiative heat transfer coefficient
g : Gravitational acceleration (m/s2)
Lc : Sodium pool depth (m)

M : Morton number (= g/u 4 ( p j - p b) /p j 2 a 3) or Mass (mol)

N : Mass flux (mol/m2s)
Q : Transferred iodine mass per unit initial bubble volume from bubble to sodium pool (mol/m3)

or Heat flux (kJ/m2s)
Q' : Mass transfer rate of iodine per unit initial bubble volume from bubble to sodium pool (mol/m3s)
R : Radius of spherical bubble (m)
Re : Reynolds number (= deU//i)

r : Radius in spherical coordinate (m)
T : Temperature (K)
t : Time (s)
t* : Modified time (s)
Uu : Bubble rising velocity (m/s)

\Jj : Terminal velocity of rising bubble (m/s)

V^ : Bubble volume (m3)
v : Velocity vector of aerosol diffusion (m/s)
a : Settling coefficient of aerosol
A H°Tf.- Standard enthalpy of sodium iodide formation at temperature Tf in Eq. (5) (kJ)

A Hy : Evaporation heat of liquid sodium (kJ/mol)

fi : Viscosity of liquid (kg/m-s)
p ̂ : Density of gas bubble (kg/m3)

p i : Density of liquid (kg/m3)

a : Surface tension of liquid (kg/s2)
K : Thermal diffusivity (m2/s)
A : Thermal conductivity ( kJ/m-s-deg)
r : Relaxation time (s)

(Subscript)

0 : Initial
b : Bubble
BD: Brownian diffusion
C : Bubble center
DP : Diffusiophoresis
f : Reaction front
1 : Iodine
ID : Inertial deposition
R : Bubble surface
S : Sodium
SD : Sedimentation
SI: Sodium iodide
TP : Thermophoresis
XI: Xenon-iodine mixed gas
XS : Xenon-sodium mixed gas
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Table 1 Experimental Conditions

Quartz Ball Diameter (m) 0.05 , 0.07 , 0.1 , 0.12

Initial Bubble Volume (x10~4m3) 0 .65 ,1 .8 ,5 .2 ,9 .0

Initial Iodine Concentration (mol%) 1.0 , 4.0 , 8.0 , 20.0 , 40.0

Sodium Pool Temperature (K) 573 , 673 , 773 , 873

Sodium Pool Depth (m) 0.03 , 0.25 , 0.5 , 1.0 , 1.5 , 2.0

Table 2 Velocity vectors of aerosol diffusion at reaction front (at 0.1s)
Sodium pool temperature : 773K
Bubble diameter : 0.03m
(facing bubble surface is denoted as plus)

Velocity Vector

T/BD,R

7/TP.R

ITDP.H

UBD.c

If TP.c

7/DP,c

Initial Iodine
4mol%

1.253X10"6 (m/s)

5.263X10-3(m/s)

-2.464 X10"4 (m/s)

-3.707X10-8(m/s)

-2.893X10-4(m/s)

5.030X10-4(m/s)

Concentration
40mol%

1.113X10'5(m/s)

1.484X10"1 (m/s)

-2.685 X10"3 (m/s)

-5.171 X10' 8 (m/s)

-1.380X10"3 (m/s)

8.865X10-3(m/s)

Vacuum Vessel

Aerosol
Sampling Filters

3.0m

Location of Void Quartz-""'
Sensors in Horizontal B a "
Cross Section Cracking

Device
Bellows

Fig.1 Arrangement of test vessel and location of
void sensors

0.0

E -0.5

Q

-1.0

-1.5

Sodium Pool Surface

Initial Bubble Volume

A 6.5x10'5m3

V 1.8x10'4m3

O 5.2x10-4m3

• 9.0x10-"m3

Fig.2 Bubble rising process
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(1) 0.1 s after cracking quartz ball
0.1 m in diameter

(2) 0.3 s after the cracking

Spherical Cap Bubble
/

(3) 0.5 s after the cracking

ft

(4) 1.0 s after the cracking

Photo. 1 Rising of air bubble through water pool
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Evaporation Release Behavior of volatile Fission Products (Iodine, Cesium, and
Tellurium) from Liquid Sodium Pool to the Inert cover Gas

M.Nishimura, T.Nakagiri and S.Miyahara
O-arai Engineering Center,
Power Reactor and Nuclear Fuel Development Corporation,
O-arai, Ibaraki,
Japan

abstract

In fuel failure of sodium cooled fast breeder reactors, released volatile fission products(VFPs) such
as iodine,cesium and tellurium from the fuel will be dissolved into the liquid sodium coolant and
transferred to the cover gas by vaporization. In the cover gas system of the reactor, natural convection
occurs due to temperature differences between the sodium pool to the gas phase. The release rates of VFPs
together with sodium vaporization are considered to be controlled by two causes. One is the equilibrium
evaporation release at the pool surface and the other is the release to cover gas above the pool by
convection. In this study, the equilibrium partition coefficients(Kds) of VFPs are measured and
analytical model are developed to calculate the transient release rates using the Kds.

For the release behavior at the pool surface, Kds of VFPs were obtained by the calculation using a
chemical thermodynamic method reported by Castleman and Tang. Furthermore, the series of
experiments have been performed to measure Kds using transpiration method.

For the release behavior to cover gas, the three models were developed based on three theories ,
the heat-and-mass transfer analogy, Hill's theory and heterogeneous nucleation theory. Hill's theory
was applied to estimate maximum condensation of vapor of sodium and sodium iodine, and the
heterogeneous nucleation theory was applied to estimate realistic condensation of them. Then the
calculated release rates were compared with experimental release rates of sodium and sodium iodine.

The values of Kds obtained by experiments were almost agreed well with the thermodynamically
calculated values for wide temperature range of sodium pool. The measured release rate of sodium is
closest to the calculated value by the heterogeneous nucleation theory, and the measured release rate of
sodium iodine is between the release rates calculated by the heat and mass transfer analogy and the
Hill's theory.

From this study, it was confirmed that evaporation release rate(behavior) at the sodium pool
surface can be evaluated by thermodynamically calculated Kd, and realistic release rate of sodium to
cover gas above the sodium pool is able to be calculated by the model based on the heterogeneous
nucleation theory, and the conservative release rate of sodium iodine is able to be calculated by the model
based on the Hill's theory using the Kd of sodium iodine.
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1. Introduction

In the FBR accident with fuel failure, fission products(FPs) are released in the sodium pool
from the damaged fuel. In released FPs, one is transferred to the argon cover gas in a short time
accompanying with xenon gas(one of FPs) which exists in the gas plenum of the fuel pin, and the
other dissolve or mixed in the sodium pool. In dissolved or mixed FPs, volatile fission products
(VFP) is transferred to the argon cover gas from the sodium pool by evaporation in a long time.
Conceptual scheme of these behavior is shown in Figure (1-1).

It is very important to clarify the source term of these VFPs when the exposure evaluations is
carried out, because VFPs may be released to surroundings cause of it's large mobility, if the primary
system and integrity of the reactor containment are hurt.

VFPs (especially iodine cesium and tellurium) transferred to the argon cover gas by
evaporation after once dissolved in the sodium pool (; evaporation release behavior) are focused, and
to grasp of this behavior theoretically is the objective of this work.

Evaporation release behavior is the combination of two mechanism. First mechanism is
evaporation on the pool surface, and second one is release to the gas phase by the natural convection.
Conceptual scheme of these mechanisms is shown in Figure (1-2).

In the first mechanism, it is possible to grasp the quantity of released VFPs by deducing gas-
liquid equilibrium distribution coefficient (Kd) in the assumption that the equilibrious evaporation
occurs in gas phase on the pool surface because the gas temperature on the pool surface is equal to
pool temperature. In this work, Kd of VFPs in sodium gas-liquid system were deduced by chemical
thermodynamic method and confirmed that value's adequacy by experimental method.

To understand the second mechanism, some non-equilibrium vaporization models of sodium
which proposed in the former paper[l][2] were verified at first. And the correction factor was
introduced based on the heterogeneous nuclear generation theory in former models to evaluate more
practically. Then the synthetic non-equilibrium model was developed by linking the Kd. These
theoretical approach is described by Nakagiri[3]. Then,the experiments in natural convection field
using simulant FP(Nal) was carried out in order to confirm the validity of the model. The result of
comparing between the calculation result according to this model and experimental one is described in
this paper.

2. Kd value

2.1 Definition of Kd

Kd is defined as the ratio of the mole fraction of the solute in the vapor to that in the liquid.
Kd of fission product "i" is described as

Kd[i] = ni/[(ni+na)Xi] = Pi/[(Pi+Pa)Xi], 2-1

where ni : mole number of fission product i in the liquid phase
na: mole number of sodium in the liquid phase
Pi: partial pressure of fission product i
Pa : partial pressure of sodium
Xi: mole fraction of fission product i in the liquid phase
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If P i « P a and X i « ( l - X i ) ,
Pa = PaO,

where PaO is the vapor pressure of pure sodium.
Thus, Eq.(2-1) is rewritten as

Kd[i] = Pi/(PaOXi). 2-2

The ease with which fission product i transfers to the gas phase by mixing in the sodium is
expressed by the activity coefficient 7 i ,which is defined as

7 i = Pi/(Pi0Xi), 2-3

where PiO is the vapor pressure of pure element i.
The relation between Kd[i] and 7 i is

7 i = PaO Kd[i] / PiO 2-4

2.2 thermodynamically method to derive the Kd

Relation between 7 i and partial molar excess free energy A GiE [joule/mol] is described as

7 i = exp{AGiE/(RT)}, 2-5

where R is the gas constant 8.314[joule/(mol K)] and T is absolute temperature [K].

In Eq.(2-5), A GiE value is already known as a thermodynamic data. [4] So 7 i is obtained
as a function of absolute temperature T. Then the calculated Kd value is also obtained as a function
of T from the Eq.(2-4). Equation of this relation for each VFP is expressed as follows.

logKd[ I ] = -215 / T - 0.271 2-6

log Kd[Cs] = -2022 / T + 0.7276 2-7

log Kd[Te] = -4408/ T + 0.449 2-8

2.3 experiment to measure VFP's Kd

Figure (2-1) shows the Type 304 stainless steel apparatus for the equilibrium experiments and
test conditions. A small plate in a cylindrical evaporator is filled with ~ 50g of sodium. The
sodium is mixed with a fission product simulant and heated by an electric furnace surrounding the
evaporator. The fission product simulants are cesium metallic crystalline Nal particles, and tellurium
powder.

The sodium surface area in the evaporator is ~74ciri2, and the average depth is ~ 12mm.
Thermocouples were inserted in both the liquid phase and the gas phase to confirm temperature
uniformity in the evaporator.

Argon carrier gas saturated with fission product simulant and sodium vapors was fed to a
sampling line, where sintered stainless steel filters trapped the aerosols. Chemical quantity analysis
were applied to the trapped elements. At first step in the series of these experiments, atomic
absorption analysis were used to quantify trapped cesium and tellurium and ion chromatography was
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used for trapped iodine. But because of progressing with analysis method, the method of analysis
were changed. So finally atomic absorption analysis were used to quantify trapped sodium and
Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) was used for VFPs.

Mole numbers of these trapped elements are put in Eq.(2-1), then Kd of VFPs are obtained.
Figure (2-2),(2-3)and(2-4) shows the values of Kd[I], Kd[Cs] and Kd[Te] versus to reciprocal of
sodium pool temperature. These experimental value were almost agreed well with the
thermodynamically calculated values for wide temperature range of sodium pool.

3. Development of evaporation emission model for analysis

3.1 Model Features and Assumptions

In the release model, two mechanism are considered. For the second mechanism in
Figure.(l-2), natural convection model is used based on heat-and-mass transfer analogy and on the
theories to consider the promotion of release by the vapor condensation. And these models has
some assumptions.

assumption
- Release rates from the sodium pool to the inert cover gas can be equal to transfer rate in the

boundary layer
because the release rate from the sodium pool to the lower boundary of the layer is much larger
than the transfer rate in the boundary layer.

- The release rate of sodium from the sodium pool to the inert cover gas in equilibrium condition
can be calculated from the saturated vapor pressure
because the vapor condensation at the lower edge of the layer is in equilibrium condition to the
sodium pool at the sodium pool temperature.

3.2 Sodium release model

The release model of the sodium is based on heat-and-mass transfer analogy.
But real phenomena of sodium evaporation is not so simple; vapor condensation occur in gas phase
because of temperature gradient, and condensation of vapor is known to promote the evaporation. It
leads to different gradient of the vapor concentration ; p . So the concept of correction factor for
condensation based on heterogeneous nucleation model is introduced in heat-and-mass transfer
analogy to evaluate the release rate more practically.

Generally, mass transfer rate of sodium in the boundary layer can be calculated by an equation
based on heat-and-mass transfer analogy.

m'a= ( Sha/Dag L)( p a,w - p a,°°) 3-1

where m' : transfer rate in boundary layer
a : denote sodium
Sh : Sherwood number
D g : diffusion coefficient in gas
L : characteristic length
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p w : vapor concentration at the lower boundary of the layer
p oo : vapor concentration at the upper boundary of the layer

The Eq.(3-1) can be used to calculate the release rate of sodium from the sodium pool to inert
cover gas, because the sodium release rate from the sodium pool to the lower edge of the layer is
much faster than the transfer rate in the layer.

When the vapor concentration in gas phase is negligible small, the Eq.(3-1) is expressed as
follows,

m'a=(Sha/DagL) ^ a,w 3-2

The Sherwood number is expressed by Grashofnumber and Schmidt number.

Sh = A ( G r / S c ) c 3-3

where Gr is the Grashof number, Sc is the Schmit number, "A" and "c" are the thermalhydrauric
constants. Vapor concentration p a,w is calculated as follows,

/oa,w = P°a/RTw 3-4

where P° : saturated vapor pressure
Tw : absolute temperature of sodium pool

In actual vaporization, vapor condensation in boundary layer will occur because of the
temperature difference of sodium pool and cover gas, but the effect of condensation can't be
considered in Eq.(3-2). It is assumed the distribution of the saturated vapor pressure at the
temperature of each position, and that the vapor condensation will occur when the vapor concentration
will reach to the saturated vapor pressure[l], the gradient of the vapor concentration become larger
one than that of the heat-and-mass transfer analogy, as showed in Figure 3-1 ;Hill's theory. The ratio
of the gradient of the vapor concentration by the Hill's theory to the heat-and-mass transfer analogy is
expressed as follows.

(9 P0/ 3 x)x=O / [P°w / (Tw - Too)] = K / Tw( 1 - Too / Tw) 3-5

where P° is the saturated vapor pressure, T is the absolute temperature and K is the constant used in
theEq.(3-6).

P° = const • e ^ 3-6

The vaporization model of sodium based on Hill's theory is expressed as follows,

m'a.Hill = m'a,analogy • K / Tw(l - T°° / Tw) 3-7

The release rate calculated by Hill's theory was several times to the measured value by Kumada.[l]
Then the new vaporization model of sodium is developed based on heterogeneous nucleation

theory that consider the reasonable condensation of sodium vapor, namely reasonable gradient of the
vapor concentration.

In the heterogeneous nucleation theory, the distribution of the vapor condensation will occur
when the vapor concentration will reach to the super-saturated vapor pressure. The super-saturated
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vapor pressure can be calculated from the Thomson-Gibbs equation which consider the vapor
pressure rise at a particle surface.

ln(Pd/P°) = 2 a M/ r p RT 3-8

where Pd : vapor pressure at a particle surface
a : surface tension at a particle surface

M : mole weight
p : density of condensed liquid
R : gas constant

VFPs,ions or impurities are considered to be the Nuclei for the heterogeneous nucleation.
The gradient of the vapor concentration can be calculated as the slope of the tangent from the

saturated vapor pressure position at the pool surface to the super-saturated vapor pressure line,as
shown in Figure (3-1). It is clear that the gradient of the heterogeneous nucleation is between the
gradient of the heat-and-mass transfer analogy and the Hill's theory from Figure (3-1).

The ratio of the gradients of the vapor concentration of the heterogeneous nucleation to that of
the heat-and-mass transfer analogy is expressed as follows,

[( 9 Pd/ 9 x)x=xcrit] / [P°w/(Tw - Too)] 3-9

where xcrit is the position where condensation will occur.
Then release model based on heterogeneous nucleation theory is expressed as follows,

m'a,heter = m'a,analogy • [( d Pda/3 x)x=xcrit] / [P°w/(Tw - Too)] 3-10

3.3 Volatile Fission Product release models

Release rate of VFPs based on the heat-and-mass transfer analogy or Hill's theory can be
calculated by using the value for VFPs according to the Eq.(3-2) or (3-7). In this chapter, the model
based on heterogeneous nucleation theory are described.

The mechanical release model based on the heterogeneous nucleation theory linking the
sodium release model and Kd is described below.

The vapor condensation is considered only for sodium because the vapor concentration of
VFPs in the boundary layer is much smaller than the value calculated from the super-saturated vapor
pressure, so it is assumed the ratio of the promotion of vaporization of VFPs is equal to that of
sodium.

Vapor concentration of VFPs at sodium pool surface is calculated from the concentration and
Kd of VFPs in sodium pool.

PVFP.W = Kd • XVFP 3-11

Release rate of VFPs is calculated from the equation (3-1), (3-4), (3-10) and (3-11),

m'VFP.heter =m'a,heter • Kd • Xmi 3-12

where Xmi: weight fraction of fission product i in the sodium pool
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And Kd is obtained by Eq.(2-6),(2-7) and (2-8).

4. Experiments and Model Validations

4.1 Experiment on sodium iodide release rate from the sodium pool

An experiment to measure the sodium iodide release rate from the sodium pool was performed

at FRAT-1 test rig. A concept of the test rig is shown in Figure (4-1). Gas phase of FRAT-1 test

rig can be replaced by inert gas. The vaporization pot can be maintained at stable temperature by

electric heater, and raised to 600 °C. Released sodium and VFP from the pot deposited on to the

ceiling, wall and floor of FRAT-1, and they were dissolved by distilled water. For this reason, only

cumulative released mass during the test duration can be measured.

The concentration of sodium iodide in the sodium pool was about 200 wt.-ppm. The

temperature of the sodium pool and the cover gas changed as time went on. They are shown in

Figure (4-2). The amount of sodium was determined by flame less atomic absorption spectrometry,

and iodine was determined by inductively coupled plasma mass spectrometry. Measured weight of

sodium and iodide in the experiment are shown in Table 1.

4.2 Calculation of vaporized weights of sodium and sodium iodide

Vaporized weights of sodium and sodium iodide were calculated by the models. The

temperatures of the sodium pool and the cover gas which were used to calculate vaporized weights are

shown in Figure 4-2 with measured values. The concentration of sodium iodide in the sodium pool

was 200 wt.-ppm. For the model based on the heterogeneous nucleation theory, the particle radius

was assumed to be 0.01 ju m which is general for an initial aerosol radius. The calculated Kd

shown in the Eq.(2-6) was used for the calculation. Calculated vaporized weights are shown in

Table 1.

5.Result and Discussion

5.1 Release rate of sodium
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Measured vaporized weight of sodium is closest to the calculated value by the heterogeneous

nucleation theory, and it is confirmed that the release rate of sodium is closest to the calculated value

by the heterogeneous nucleation theory. From this result, it is assumed that the fraction of the

condensation of sodium vapor is close to the value calculated by the heterogeneous nucleation theory.

The release rate calculated by the Hill's theory is larger about 25 % than the measured value, it is

found that conservative release rate is calculated by this theory.

5.2 Release rate of sodium iodide

Measured vaporized weight of sodium iodide is between the calculated values by the

heterogeneous nucleation theory and the Hill's theory, and it is confirmed that the release rate of

sodium iodide is between the values calculated by the heterogeneous nucleation theory and the Hill's

theory. Release rate calculated by the heterogeneous nucleation theory is smaller about 40 % than

measured value. In this theory, condensation is considered only for sodium because the vapor

pressure of sodium iodide is much smaller than the saturated vapor pressure. It is considered that

this is one reason for the under estimation. The release rate calculated by the Hill's theory is larger

about 25 % than the measured value. It is considered that the theory is applicable for the estimation

of conservative release rate.

In actual release behavior, though condensation of sodium iodide will not occur because the

vapor pressure is much smaller than the saturated vapor pressure, other phenomena to promote

vaporization are assumed. For example, sodium iodide is assumed to solve or be absorbed to the

liquid sodium aerosol. The effects of these phenomena are not still investigated, but possibility to

promote vaporization is considerable, and these effects should be investigated in the future.

6. Conclusion

Obtained conclusions in this study are described below.

(l)Adequacy of Kd value which is calculated thermodynamically is confirmed by experiment for

Iodine, Cesium and Tellurium.

(2)Measured release rate of sodium are closest to the value calculated by the heterogeneous nucleation

theory.

(3)Measured release rate of sodium iodide is between the values calculated by the heterogeneous
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nucleation theory and Hill's theory. The reason for this result is that the heterogeneous nucleation

theory is not considered for sodium iodide. The effects of solution or absorption of sodium

iodide to the condensed liquid sodium aerosol should be investigated.

(4)Detailed experiments will performed to examine the applicability of the theory in the future.

Furthermore, release models of other VFPs are going to developed and experiments for the

examination of the theories are going to be performed.
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Table. 1 Vaporized weight in the experiment and the calculation

(1)Test

(2)Heat-and-Mass
Transfer Analogy

(3)Hills theory

(4)Heterogeneous
nucleation theory

Total vaporized weight (g)

Na

3.74

0.501

4.64

3.95

Nal

2.22X1 (T*

1.78X10*

2.81X10^

1.40X1 (T4
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Abstract

Analyses of radionuclide transport in fuel failure accidents (generally referred to source terms)
are considered to be important especially in the severe accident evaluation. The TRACER code has
been developed to realistically predict the time dependent behavior of FPs and aerosols within the
primary cooling system for wide range of fuel failure events. This paper presents the model
description, results of validation study, the recent model advancement status of the code, and results of
check out calculations under reactor conditions.

1. INTRODUCTION

In an event of fuel failure accident including core disruptive accident in FBRs, fission products
(FPs) released from the failed fuel will be transported into a cover gas space through a coolant liquid

sodium in a rector vessel. In such event, behavior of FPs is strongly affected by sodium related
phenomena in FBRs. For example, the FPs transport in a sodium pool is governed by gas bubble
behavior and its interaction with sodium. The species and quantities of radionuclides transported into
the cover gas; so-called in-vessel source term, are dominated by many physical and chemical
phenomena related to the release and transport behavior in a primary cooling system as illustrated in
Fig. 1 schematically. From the viewpoint of FBR safety, mechanistic analysis of radionuclide
transport in the primary cooling system during accidents is required for evaluating the source term
realistically. To meet this requirement, in-vessel source term code TRACER (Transport phenomena
of Radionuclide for Accident Consequence Evaluation of Reactor) has been developed.

2. ANALYTICAL FUNCTIONS AND REQUIREMENTS FOR CODE IMPROVEMENT

2.1. Analytical functions of TRACER

The TRACER code is intended to treat mechanistically the FP release and transport behavior in
consideration of a variety of the physical and chemical characteristics of FPs. The behaviors modeled
in the code are; a) release from the failed fuel into sodium, b) transport into cover gas through the
sodium in the form of gas bubbles and aerosols in connection with the bubble dynamic behavior and
the sodium flow, and c) transport within the cover gas space. Figure 2 summarizes the analytical
models used in the code.

TRACER is intended to analyze the transport behavior through coolant liquid sodium in detail
because this behavior plays an important role to attenuate the in-vessel source term due to the high
retention capability for volatile FPs of the sodium. Especially FP gas bubble behavior is very
important because less retention effects can be expected if volatile FPs are carried by gas bubbles.

* Present address: Nuclear Engineering Laboratory, Toshiba Corporation, 4-1, Ukishima-cho,
Kawasaki-ku, Kawasaki, Kanagawa, 210, JAPAN
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Figure 3 shows the schematic illustration of analytical model for FP gas bubble behavior
considered in the code. In addition to the transport due to the bubble behavior, evaporation into the
cover gas and deposition onto structure wall are also considered as other important transport and
attenuation mechanisms. The source term into the cover gas is obtained by summing up the sources
due to the bubble behavior and evaporation.

2.2. Validation study using the TRACER code

The code validation was performed by comparing the TRACER predictions with two
experimental results for the in-vessel source term that were obtained from the SABER experiment by
PNC [1] and the MOL7C/6 in-pile local blockage experiment by KfK and SCK/CEN [2]. Figures 4
and 5 show the experimental geometries, the calculational models, and the comparison of results for
SABER and MOL7C/6, respectively.

In the former case, the average mass flux of iodine transferred from xenon-iodine mixed gas
bubble rising through a sodium pool was compared between the TRACER predictions and the SABER
experimental results as a function of the initial iodine concentration in the bubbles. As shown in Fig.
4, the predictions show good agreement with the experimental results.

In the latter case, as shown in Fig. 5, radionuclide activity concentration changes in sodium near
the interface between the sodium and cover gas were calculated by using the integrated models of the
code. Although the increase of activity concentration in the early phase could not be reproduced by
the calculation, the rest of code prediction explains the trend of measured data well including the
oscillation of concentration change after 30 s. The oscillation was attributed to the circulation
behavior of FP gas bubbles with radionuclides in the experimental loop.

2.3. Requirements for the calculation under reactor condition

From above calculational results, it has been confirmed that the TRACER code would be capable
of simulating appropriately the radionuclide transport behavior in the small scaled experimental
condition. Nevertheless, through the results for wide range of parameter sensitivity analyses for FP
transport into the cover gas under the large scaled fuel failure conditions including core disruptive
accident, additional functions required for the TRACER code were clarified.

Items specified for the code advancement were implementation of more generalized coolant flow
network model, and addition of analytical models related to the aerosol behavior such as formation by
homogeneous and heterogeneous nucleations, growth due to ambient volatile vapor condensation in a
bubble, attenuation due to collision of aerosol particle and coolant droplet in the sub-assembly ( S/A)
region, and agglomeration and deposition on structural surfaces in the cover gas space.

3. IMPROVED MODEL DESCRIPTIONS

3.1. Generalized flow network model

In the original TRACER code, it was impossible to model complicated primary coolant system.
Therefore generalized flow network model, including pipe and tank components, was implemented.

The flow network model is constituted from mass conservation equations in consideration of the
mass changes due to coolant flow effect, interaction between bubbles and coolant, deposition or
adsorption onto the structural surface, transport into the cover gas, and source term.

3.2. Aerosol model
Additional aerosol behavior models were developed to perform more realistic estimation of the

FP retention capability under fission gas ejection condition. After fuel pin failure, volatile FPs will be
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released associated with a large amount of inert gas. It is thought that the retention capability depends
on the release mode of fission gas from fuel pins, bubble behavior, and mass transfer within a bubble.
Therefore, in the new TRACER version, analytical models of aerosol attenuation in the S/A region,
and aerosol nucleation and growth in a bubble, were added. In addition to above advancement, the
multi-component aerosol model to evaluate the attenuation due to agglomeration and deposition on
structural surfaces in the cover gas space was implemented.

3.2.1. Aerosol attenuation model in the S/A region

In the aerosol attenuation model in the S/A region, entrainment of coolant droplet due to gas jet,
and interaction between the droplet and aerosol particle were modeled as shown in Fig.6. The
equation of the aerosol concentration change at mesh j is written by

8Cc(j)/at = -I(Cc(i)u(i) A(i))/Vg(j)-ETtrd
2CdQurCc(j) , (1)

where Cc(j) is the aerosol concentration, u(i) is the gas velocity in channel i, A(i) is the cross
sectional area of .coolant channel, Vg(j) is the volume of mesh j , E is the collision efficiency between
aerosol and droplet, rd is the droplet radius, Cd(j) is the droplet concentration, and ur is the relative
velocity between gas and droplet. Decontamination factor (DF) , which is the measure of the aerosol
attenuation capability, in the coolant channel mesh j , is obtained by Cc(j) /Cc(j+1) . The entrainment
velocity of droplet is obtained based on the empirical relation [3-5].

3.2.2. Aerosol nucleation and growth model in a bubble

Aerosol nucleation was modeled by the conventional nucleation relations. The homogeneous
nucleation model was based on the relations of critical nucleus creation and ambient vapor pressure,
and the heterogeneous model was based on the particle growth due to condensation of vapor.

Aerosol growth behavior was modeled for three typical phases, such as continuous, free molecule
motion and transition, characterized by particle radius and mean free path. For transition phase, the
model based on Fuchs and Sutugin formula [6] was used.

3.2.3. Aerosol deposition model in the cover gas space

For the transport within the cover gas space, the behavior of multi-component aerosols which
consist of sodium mist and radionuclides was modeled in the code. The code calculates the aerosol
processes such as agglomeration, deposition, leakage, and source term from the coolant sodium with
spatially homogeneous confined atmosphere. The aerosol model of TRACER is based on the
ABC-INTG code [7].

4. CHECK OUT CALCULATION

4.1. Calculation to check out the generalized flow network model

In-vessel radionuclides transport behavior after the single fuel pin failure assumed under
prototype reactor condition was selected to check out the generalized flow network model. In this
calculation, the primary cooling system was modeled by 20 coolant cells as shown in Fig.7, and
released FP inventories were assumed to be 100% and 20% of noble gas and volatile species
accumulated in the fuel pin gap, respectively. Mass transfer mode from the sodium coolant into the
cover gas was assumed to be equilibrium mode between both phases, and typical radionuclides in the
cover gas were calculated after the single fuel pin failure until about 24 h. Figure 8 shows the time
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dependent behavior of radionuclide in the cover gas. From results for noble gas and volatile species
transported into the cover gas, it was confirmed that the generalized flow network model was capable
of simulating the FP transport phenomena in the primary cooling system under reactor conditions.

4.2. Calculations to check out the added aerosol model

Check out calculations were performed by assuming the typical situation to confirm the
capability of simulation of nucleation and growth in a bubble, attenuation in the S/A region, and
agglomeration and deposition on structural surfaces in the cover gas region.

Figure 9 illustrates calculational geometry for droplet entrainment and aerosol attenuation
calculation. In this case, the S/A outlet region length and the equivalent diameter of coolant channel
was 0.5 m and 0.1 m, respectively. The typical calculational results were shown in Figs.10-12. From
these results, it was found that the aerosol attenuation rate was strongly affected by the fission gas
ejection velocity, and DF increased as gas ejection velocity increased.

The calculational geometry using the integrated models for the transport behavior during FP
release with inert gas was shown in Fig. 13. In this calculation, coherent release of Csl of 4 mol% at
1000°C from failed fuel pins in 40 subassemblies was assumed. Aerosol concentration in the cover gas
space as a function of time was shown in Fig. 14. Although the increase of aerosol concentration in
the early phase was observed, its concentration decreased due to agglomeration and deposition on
structural surfaces in the cover gas space after about 1000 s.

Through several check out calculations, it was confirmed that model implementation and
numerical calculation were performed exactly, and under the gas ejection condition the attenuation
behavior in the S/A region was very important.

5. CONCLUDING REMARKS

Improvement of analytical models in the TRACER code has been performed toward applying to
realistic in-vessel source term evaluation.

Improved model performance was confirmed through several check out calculations for the
in-vessel aerosol transport behavior after the fuel failure under reactor conditions, such as aerosol
attenuation in the S/A region, aerosol nucleation in a bubble, the growth during bubble rising, and
integral behavior including aerosol deposition within cover gas. Further verification and applicability
study using experimental results are required for more realistic evaluation of in-vessel source term in
FBRs.

REFERENCES

[1] MIYAHARA,S., and SHIMOYAMA.K., " Transport Phenomena of Iodine and Noble Gas Mixed
Bubbles Trough Liuid Sodium', LMS II, KfK, Germany,(1993)

[2] Leenders, L., et al.," Fission Product Transfer from Fuel to Sodium in MOL7C 6&7 Experiments",
EUR-12343-EN (1989)

[3] Ricou,F.P. and Spalding,D.B., "Measurements of Entrainment of Axisymmetrical Turbulent Jets",
J. Fluid Mech., 11,(1961) 21-32

[4] Morton,B.R. et al., "Turbulent Gravitational Convection from Maintained and Instantaneous
Sources', Proc. Roy. Soc. A23,(1956) 1

[5] Morton,B.R., "Forced Plumes", J. Fluid Mech. 5,(1959) 151-163
[6] Fuchs, N.A., and Sutugin, A.G., "High-dispersed aerosols", Topics in Current Aerosol Research,

Pergamon Press (1971) 1-60
[7] MIYAHARA, S., et al., "Development and Validation of ABC-INTG Code1, Proc. CSNI Specialist

meeting on Nuclear Aerosols in Reactor Safety, Karlsruhe, Germany,(1984) 416-427

164



Transfer in
Cover Gas

Evaporation from
Coolant Region

Transport due to
Coolant Flow

Transport due to
Bubble Rising

Deposition onto Wall

c=C> Coolant Flow

FP Transport

I Bubble Motion

Transfer from
Rubble to Sodium

Bubble Formation]

Release from Fuel

Fig.1 Dominant Behavior of Radionuclides in Primary Cooling System

for In-vessel Source Term Evaluation

i FP transfer into

| X cover 9 a s

Behavior

1. Fuel Pin Temperature

2. FP release from fuel to
coolant

3. Coolant flow

4. Bubble behavior
a) Components

b) Shape

c) Size change

d) Velocity
e) Heat transfer
f)EOS
g) Diffusion between gas

and liquid phases
h) Deposition as aerosol

5. FP transfer model into
cover gas

6. Deposition onto wall

Analytical model

•Input (function)

•Direct release (NUREG-0772)
•Release from gas plenum
•Specify initial bubble size
based on gas ejection velocity
•Input for gas composition

•Flow network model

•Condensable, Noncondensable,
A&rosol

•Sphere, Ellipsoidal, and Spherical-cap
•Varialion due to heat transfer, head,

and break-up based on instability
•One dimensional model
•Convection and Radiation
•Ideal gas
•Mass transfer coefficient in both
phases
•Considered

•Diffusion
•Equilibrium evaporation

•Considered

Fig.2 Analytical Models in TRACER

• Evaluation of FP Transport for Nuclide
and Chemical Species

< Brake Up >

< Instability >

< Transport and Growth
of Bubble

< Chemical Species
Change

Diffusion in Liquid
Phase

o > o Gas Liquid Interface -i
Risina Velocitv J ChangeRising Velocity

Aeroso
Formation

late 6ut Coagulation

Condensation

Tb, Pb

A A
Coolant
Flow Bubble

Size Change

Diffusion in Gas Phase

Tc (Boundary Condition)
q= h (Tb-Tcj
Heat Transfer, Gas
Temperature Change

\
Pc (Tc, Head)

< Bubble Size Change due >
to Pressure Change

Fig.3 Schematic Illustration of Analytical Model

for FP Gas Bubble Behavior

165



0.3m

: Sampling Hood -; :

Vapor Trap

{Experimental Condition]
• Initial lodln* Concentration
• Initial Equivalent Diameter
• Sodium Temperature
* Sodium Pool Depth

5-12 cm»
400—600 t
1—2 m

Void Detector

p .

8

7

6

5

4

3

2

1

1.013X10JPa

j
i
|
!
|
!
j

*

Gas ,0
S

Sodium
Pool

(5OO"C)

10"3 r

\
Gas Ejection Point

• A

V

•

Sen

7cn

Ocr

D 12c

0

• j I_J

r

Oc

oc

i, soox:
n^. soot:

n^, soot:

n/ , 600 t

n^ ,40CC

;

y J[
Calculation / < ~ » V ^ ^

1 ^ / ^
\ , y y'

Experiment

1(T1 10°

Initial Concentrat ion of
Iodine in Bubble

Fig.4 Experimental Geometry of SABER and Calculational Model for TRACER
Prediction, and Comparison of their Results

Colfimator r Dfll«tor

Expansion Tank
Heat Exchanger Na-He

Sodium Row M«1or

Sodijm Pumps

Fuel Pin Bundle

Bypass Fky*

Local Blocking ViJve

Expansion
Tank

Fuel Zone

Coolant Flow

0 0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 8O.0

Time (s)

Total Activity Concentration of FPs in Coolant
and Bubbles at Expansion Tank, and Comparison
with Experimental Data

Fig.5 Experimental Geometry of MOL7C/6 and Calculational Model for TRACER
Prediction, and Comparison of their Results

Cladding

Gas Plenum

Gap

Pellei

Failure
Position

Coolant

Bubble

Mesh j

Fuel Gap Clad Coolant Structure
Channel

Fig.6 Model Description of Entrainment of Droplets, and Interaction Between Droplets
and Aerosol Particles Moved in S/A

166



Purification system

Cold
trapi

20 17

Over-flow
tank 16

Cover gas

Upper
plenum

Core

Lower
plenum

14

Hot leg

2 3 4 5 6 7

Cold leg
-^—

13 12 111(

IHX

8

9

o
ra
O

— e — Rb89
— B -1131
- «- -Csl37
- - X - -Kr85
- • + • • Kr89
— 6 - -Xel33
- - • • -Xel35
—•••-Xe137

10 10 10
Time (sec)

Fig.7 Calculational Geometry to Check out more
Generalized Path Model

Fig.8 Time Dependent Behavior of Radionucldes
in Cover Gas of R/V

Equivalent diameter
of coolant outlet d= 0.1 m

Entrai
occurr

Aerosol+gs s
release
0.15m3/s

inment
3d _

Heig:
Out
H=0.

ct
it of

region
>m

i, Mesh!
v AH=0

ize
1m

1 10'

8 10!

u 6 105

c
g4 105

to

§2 105

c
oo
"5 0 10°
CO

© ug-20 (m/s)
H - ug=40 (m/s)
* - - ug=60 (m/s)
X--ug»80 (m/s)

0.0 0.1 0.2 0.3 0.4 0.5
Distance from release position (m)

Fig.9 Calculational Geometry for Entrainment
and Aerosol Attenuation Models

Fig.10 Spatial Distribution of Aerosol
Concentration at Time 0.03 s

u.
Q

3.5

3.0

—. 2.5 —

1.0

2.0 -

1.5 c

/

>

/

i i

1

•

0 20 40 60 80
Gas release velocity ug (m/s)

100

10=

10'

o.o

» -r-TTf . . .

V
\

\ \

• — ' 1 \ • .•»«

1 :
1 :

— e — ug=20 (m/s)
B - ug»40 (m/s)

— ^- - ug=60 (m/s)
- -X - -ug -80 (m/s)

......

0.1 1.0

Time t (s)
10.0

Fig.11 Decontamination Factor(DF) as Function
of Inlet Gas Velocity

Fig. 12 Decontamination Factor as Function of Time

167



10 m ^

Tw = 500°C Cover gas
Vg = 133 m3

Tg=600°C

Coolant
region •> Tna = 600°C

S/A
outlet

Csl release
at 1000'C

_2£

1.7 m

6m

0.5

d-0.1m

Fig. 13 Calculational Geometry for FP Transport
Behavior During FP release with Inert Gas

10"

10-'

a 10"
u
c

O 10

o
8 io"

1 0 "

~ /

" IT "
•" / " r~- •

[ - -

i
i
i

-e— c(g/

J

~ ~ \ "

\

A
cm3) \ • - - •

V
\

10° 10' 102 103 10"

Time t(s)
10s

Fig. 14 Improved TRACER Prediction of Aerosol
Concentration Change in Cover Gas After
FP release with Inert Gas

168



Session C : In-pile Experiments on Source Term
Chairman : Mr. H.Endo (Toshiba, Japan)



XA0055535

RELEASE OF RADIOACTIVE FISSION PRODUCTS FROM BN-600 REACTOR
UNTIGHT FUEL ELEMENTS

Osipov S.L., OKBM, Nizhny Novgorod, Russia
Tsikunov A.G., SRC-IPPE, Obninsk, Kaluga Region, Russia

Lisitsin E.C., Beloyarskaya NPP, Zaretchny, Sverdlovsk Region, Russia

IAEA/IWGFR Technical Committee Meeting on Evaluation of Radioactive Material
Release and Sodium Fires in Fast Reactors, Japan, November 11-14, 1996

SUMMARY

The experimental data on the release of radioactive fission products from
BN-600 reactor untight fuel elements are given in the report. Various groups of
radionuclides: inert gases Xe, Kr, volatile Cs, J, non-volatile Nb, and La are considered.

The results of calculation-experimental study of transfer and distribution of
radionuclides in the reactor primary circuit, gas system and sodium coolant are
considered. It is shown that some complex radioactivity transfer processes can be
described by simple mathematical models.

I. INTRODUCTION

The reactor is a complex structural system in which the behavior of radioactive
products does depend not only on physical and thermohydraulic parameters but also on
such factors as the structural features of coolant path and of gas system, degree of
equipment tightness, and content of admixtures in sodium. The influence of these
factors on the radioactivity transfer process is difficult to account theoretically. Hence,
a series of problems concerning radionuclides' behavior in the sodium system is
expedient to solve performing the experiments.

Before BN-600 reactor startup the release of fission products from untight fuel
elements and their distribution in the primary circuit was studied mainly in low power
reactors BR-10 and BOR-60. Startup of BN-600 reactor which is a prototype of fast
reactor now under construction in Russia has given the possibility to realize an
extensive program of radiation investigations. It should be noted that realization of this
program became possible thanks to the support of Beloyarskaya NPP administration.

2. PRIMARY CIRCUIT RADIOACTIVITY

After startup in 1980 the BN-600 reactor has continuously operated with untight
fuel elements. Their number in the core reached appr. 0.1% of the fuel elements' total
number. The maximum radioactivity of BN-600 reactor primary circuit is given in
Table 1.

169



Table

BN-600 reactor primary circuit maximum radioactivity

Nuclide

Ar41

Xe133

Na24

Na22

Cs134

Cs137

J131

Nb9 5

La140

Gas, MBq/1

10
6.35 103

Specific activity

^_ Na, MBq/kg

7.6 105

43.9
43.9
127
37

Surface, MBq/m2

600*
3800*
280

430
380

Note. *Data for surfaces in sodium.
Activity of gas system of the reactor in respect to fission products exceeds Ar41

level by appr. 1000 times. Average ratio of gaseous fission products' specific activity
amounted to :

Xe133/Xe135/Kr85m/Kr87/Kr88 = 1.0/0.17/0.016/0.016/0.022

At loss of fuel elements' leak-tightness monotonic growth of radioactivity in gas
system of the reactor was observed. A series of successive gas releases was also observed.

An intense growth of cesium activity in sodium occurred during 1983-1984. In
this period cesium activity exceeded Na22 activity by appr. 3 times. After a series of
separations of cesium from sodium using graphite traps the activity of Cs137 in sodium
had stabilized on the level of Na22 activity and in 1995 amounted to ~44 MBq/kg.

The experience of reactor operation with untight fuel elements showed the
following:

1. Inert gases Xe, Kr release from the fuel element at any size of crack in the fuel
element clad. A value of activity released from the fuel element depends on the location
of the crack.

2. A considerable release of volatile nuclides J131, Cs134, Cs137 was observed at a
large crack in the clad when short-lived volatile fission products (iodide, bromides),
which are emitters of delayed neutrons start to release from an untight fuel element. A
value of activity release from the fuel element depends on the size of crack and on the
period of reactor operation since the moment of crack formation to reactor shutdown.
Long-lived nuclides (Cs134, Cs137) are released into the sodium also at small cracks but
their release is then considerably (by 10-20 times) lower.

3. Non-volatile fission product Nb95, La140 are released into the sodium only at
large crack in fuel element clad. A value of activity release is influenced by location of
crack.

The release of nuclide from untight fuel element depends on many factors: fuel
temperature, pressure of gas in fuel element, size and location of crack. Nevertheless,
the release of a nuclide can be characterized by one parameter: coefficient of release.
This is a fraction of one fuel element nuclide total activity released into sodium or gas
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system. Coefficient of release of fission product from untight fuel element was
determined by increment of activity of nuclide in sodium or gas system of reactor and
from variation of this increment versus time. From the other side, this coefficient was
determine on the basis of gamma-spectrometric investigations of fuel element in special
(hot) chamber of reactor.

For pelletized U-fuel and fuel assemblies (FAs) of different enrichment in U235

the coefficient of release for Xe133 turned to be from 1.9 to 40% at average value of
appr. 15%. For experimental U-Pu FAs with low content of Pu higher isotopes the
coefficient of release is equal to appr. 13% (pelletized fuel) and 11% (vibro-compacted
fuel).

For other radiation-important nuclides the coefficients of release from fuel
element with large crack in the clad are:

Cs134 ,Cs137 - 20-70%,
ji3i . 7.20%,
Nb95, La140 -0.4-1%.
The coefficient of release from untight fuel element without relation to a value

of crack in the clad was for J131 2-8%, Nb95 and La140 0.03-0.1%.

3. DISTRIBUTION OF RADIONUCLIDES IN PRIMARY CIRCUIT
SODIUM SYSTEM

Non-volatile fission products Nb95, La140 are deposited mainly on cold surfaces
on primary circuit. Their content in cold traps for sodium oxide is less than 1%. As a
rule, they did not determine radiation environment in rooms with primary circuit
equipment and at removal of equipment from primary circuit.

Iodine forms in the coolant soluble compound NaJ. Therefore, radioactive J131 is
localized mainly in sodium. Its content in gas cavity of reactor is considerably lower
than Cs137 content. An inspection in 1984-1989 of primary circuit pumps removed from
the reactor showed the absence of J131 in deposits in the region of the pump gas cavity.
At the same time cesium nuclides and non-volatile fission products and products of
corrosion of Nb95, La140, Mn54, Co58, Co60 were surely registered in deposits. J131 is
effectively captured by sodium oxide cold traps. J131 content in them is more than 65%.

From fission products the most influence on reactor radiation safety was
from Cs137. At reactor operation radioactive Cs137 is contained in primary circuit
sodium. Cesium is highly volatile product.

A part of Cs137 is released into gas cavity of reactor and is deposited on surfaces.
The inspection of primary circuit pumps removed from the reactor during 1984-1989
showed that radioactivity of deposits in the pumps gas cavity is determined by Cs137

(Fig. 1). Surface activity of Cs137 in the gas cavity by 3-20 times exceeded the level of
activity of surfaces in contact with sodium. Sodium oxide cold traps hold 4-10% of
cesium total activity in the primary circuit.

In the behavior of radioactive cesium in sodium system two periods of reactor
operation can be discerned: 1980-1986 and after January 1987.

During the first period of operation cesium was mainly in the coolant both at
operating and shutdown reactor. At shutdown reactor the activity of cesium in sodium
did decrease by 10-20%. The fraction of radioactivity on reactor surfaces amounted
to 25%.

The behavior of radioactive cesium changed since 1987. One of possible reasons
is the increase of carbon content in sodium. During the reactor shutdown the activity of
cesium in sodium did decrease by appr. 4 times. The same effect was observed on the
surfaces of removable parts of pumps which had expired their life-time (Fig. 1).
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In 1987 in separate sections of shutdown reactor circulation path an abnormally
higher level of cesium activity was observed sharply worsening the radiation
environment. In accordance with gamma-spectrometric data for central part of reactor
bottom (the region of coolant discharge from cold trap for sodium oxides) the level of
radioactive contamination of Cs137 reached (0.4-5)-106 MBq/m2. In the same period the
rate of catching cesium using cold trap had increased. In the next period of the time the
redistribution of radioactivity occurred and the radiation environment under reactor
bottom and of cold trap returned practically to the previous level. At the same time the
lowering of cesium activity in sodium during reactor shutdown is observed till
nowadays.

4. DISTRIBUTION OF RADIONUCLIDES IN PRIMARY CIRCUIT
GAS SYSTEM

The main elements of primary circuit gas system which diagram is shown in Fig.2
are: reactor gas cavity (RGC), pressurizer, gas cavities of reactor main equipment
(pumps, heat exchangers, mechanisms of control and protection system (CPS), refueling
mechanism, etc.).

The analyses of transfer of nuclides into main equipment were performed for
CPS mechanism as the most accessible element of the gas system. Gas cavity of the
mechanism represents annular gap of 1 mm width, full height over sodium level being
appr. 8 m.

For determination of fission products activity in CPS mechanisms above the
flooring of rotating plugs sampling gamma-spectrometric measurements of reactor gas
were carried out. The results of the measurements are given in Table 2.

Table 2

Distribution of Radionuclides in the System "reactor - CPS Mechanisms"

Nuclide

Ar41

Xe133

Xe135

Kr85m

Kr88

Measurements in February 1982
A CPS

(MBq/1)

0.0555

-

-

-

-

ARGC/A.CPS

105

-

-

-

-

A
(I/day)

1.05
-

-

-

-

Measurements in June 1982
A CPS

(MBq/1)
0.021

41

1.2

0.037

0.039

ARGC/ACPS

280

9.7

50

110

120

H
(I/day)

0.39

0.18

0.44

0.42

0.6

Note: 1. Acps, ARGC - specific activity of gas in CPS mechanisms and in RGC,
respectively.

2. Specific activity of nuclides in CPS mechanism were measured at a
distance of 5.6 m from the level of sodium in the reactor.

As follows from the results of analysis, specific activity of fission products above
the level of flooring of reactor rotating plugs is considerably lower than that of
radionuclides in the reactor gas cavity. For short-lived hard gamma-emitters of
cryptons and argon this difference amounts to 100 - 300 times, for Xe133 and Xe135 it is
appr. 10 and appr. 50 times, respectively.
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The transfer of radioactivity in the system can proceed by convective exchange or
gas leakage through untight places in the equipment. Considering the equilibrium
process of radionuclides buildup in the gas system, the specific activity of gaseous
nuclides in the equipment (A) can be determined knowing the specific activity of gas in
the reactor cavity (ARGC) from a formula:

( 1 + ^ ) - I , ( i )

where,
A, - radionuclide decay constant;
V - volume of gas in the equipment to the point of the activity measurement;
JX - parameter denoting stable convective exchange or constant leakage of gas.
Using the data of gamma-spectrometric measurements of gas by formula (1) the

rate of transfer of gaseous nuclides (parameter "JX") into CPS mechanism was
calculated. The results given in Table testify to a low value of leak (or to convective
exchange) through BN-600 reactor CPS mechanisms which is estimated by a value of
0.2-1.0 I/day. This value of leak corresponds to allowable (according to normative
documents) untightness of equipment.

The pressurizer is connected to the reactor by two pipelines (of 0.2 m in diameter
and appr. 65 m length) enclosed in heat insulation and provided with electric heating:
by gas compensation system pipeline built into the inclined roof of the reactor and by
sodium overflow pipeline built into the elevator and filled with argon (Fig. 2).

The experimentally measured distribution of fragmentary and induced activity in
the system: "reactor-pressurizer" is shown in Table 3.

Table

Distribution of Radionuclides in the System: "reactor - pressurizer"

Year of
measure-

ment

1981

1988-
1989

Parameter under
investigation

Specific activity
(MBq/1):

RGC
Pressurizer
Fraction of

activity in RGC

Specific activity
(MBq/1):

RGC

Pressurizer

Fraction of
activity in RGC

Xe 1 3 3

740-1500

0.15-0.37

1.0

2.4-11

1.3-7.5

0.27-0.38

Xe 1 3 5

100
-

1.0

0.23-
0.62

0.058-
0.31

0.4-0.61

Nuclide

KjSSm

-

-

0.044

0.015

0.5

Kr87

-
-

0.065

0.0058

0.79

Kr88

-
-

0.078

0.034

0.43

Ar41

5.9
-

1.0

4.1-5.9

0.4-0.9

0.6-0.83
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In the first period of operation (1980-1981) all activity of gaseous fission
products was concentrated in the protective gas of the reactor. This indicated negligible
gas exchange between the reactor and the pressurizer. After 1981 the pattern of the
transfer of activity changed qualitatively and quantitatively. The fraction of activity
concentrated in the reactor was (from 1988-1989 measurements data)
for Xe133 - appr. 30% and for other nuclides - 50-80% of the total activity in the gas
system.

This result showed good convective heat exchange of gas between gas cavity of
the reactor and pressurizer.

The significant difference between the results of investigations in 1981 and those
of the following period is due to the mode of fuel elements clad leak-tightness control
system gas loop operation. The most significant was the fact that the part of the
pipeline of fuel elements clad leak-tightness control system looking from the reactor is
inside the gas compensation system pipeline (Fig. 2).

In the initial period of reactor operation (design variant) the sampling of gas and
its delivery to clad leak-tightness control instrumentation was done out of gas
compensation pipeline and the return of gas - through clad leak-tightness control
system pipeline into the plenum under the inclined roof of the reactor. The gas flowrate
in the loop was 0.9 m3/hr. Evidently, such circulation mode has promoted buildup in
the initial (looking from the reactor) gas compensation pipeline section of some limited
(-20 m long) circulating volume of gas functioning as barrier and preventing transfer of
radioactivity from the reactor into pressurizer. The change of gas circulation direction
in the loop done at the end of 1981 brought about qualitative change of radioactivity
transfer pattern: the development of stable gas interchange in the system: "reactor
(gas temperature ~400°C) - pressurizer (gas temperature ~250°C)" due to loss of barrier
functions by this compensation pipeline gas volume.

The transfer of gas activity out of the reactor into the pressurizer (PR) can be
calculated from the formula (1). The parameter "/J" characterizing the convective gas
exchange is determined in the following way:

1) by the ratio of specific activities of Xe133 and Xe135 in the reactor gas plenum
when in the core there were no leaking fuel elements and the source of activity was the
surface contamination of fuel elements with fuel. In the BN-600 reactor in this period
Axe133/Axe135 was equal to 0.5 (1988), whereas with no gas removal from RGC this ratio
should be 1.1-1.2. At convective gas exchange:

(A Y00
 K+A I+ -v IV

Xe1-

A.'=
1 - V N~'
A V pR

where:
a - cumulative yield of nuclide at fission;
K - velocity of radionuclide escape from the coolant into the reactor gas cavity

which for BN-600 reactor equals 0.3-0.5 hr.
Using formula (2) we obtain ^=1-2 m3/hr;
2) by the ratio of specific activities of radionuclides in the pressurizer and the

reactor gas plena (Table 3). In accordance with formula (1) the solution is reached at
A=3-4 m3 /hr.

Hence, from the data presented, it comes out that the convective gas exchange in
the system: "reactor - pressurizer" proceeds with flowrate of 2-3 m3/hr.
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5. CONCLUSION

At BN-600 reactor operation with untight fuel elements the most important
fission products from radiation point of view were are inert gases Xe, Kr, and Cs137.

The behavior of cesium in a sodium system depends on the content of carbon
compounds in sodium. The increase of their concentration can lead to a considerable
redistribution of sodium in the system: "sodium - surface" in a shutdown apparatus.

Distribution of radionuclides in primary circuit gas system can be described
using a simple mathematical model. As the main parameter of the system the rate of gas
leakage through untight places in equipment or the rate of convective gas exchange is
used.

Leakage of gas and convective gas exchange are the main mechanisms of
radioactivity transfer in the reactor gas system.
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Fuel release into primary sodium
of the BN-600 and BR-10 reactors through natural

and artificial defects in fuel pin claddings

Tsikunov A.G.,* Zhilkin A.S.,* Lastov A.I.,* Lisitsin E.S.,**
Mamaev L.I.,* Osipov S.L.***

Abstract

The most interesting on this problem stage from 1981 to 1987 of the BN-600
reactor operation with failed fuel pin claddings is described. The assessment is pre-
sented of total number of nonhermetic fuel pins in the core during this period, having
contact between fuel and coolant. Approximate number of these fuel pins is as-
sessed to be 60. According to estimates, the average fuel release from damaged
fuel pins into sodium with contact between fuel and coolant, was 0.2-0.5%. Similar
assessments of Nb-95 activity in deposits on the primary equipment surfaces show,
that relative release of solid fission products from damaged fuel pins, having contact
between fuel and coolant, is of the same order with relative fuel loss value.

In this paper the results are presented of investigations at the BR-10 reactor of
fuel release from fuel pins with natural and artificial defects in claddings. The fuel
release from fuel pins with natural defects was considered for the core standard SAs
with plutonium dioxide. It has been found, that from a breathed fuel pin, having con-
tact of fuel with coolant, during a cycle up to 0.25% of fuel released to sodium.

The results are discussed of a large series of experiments at the BR-10 on fuel
pin behaviour, in claddings of which through defects were made.

I. Investigations at the BN-600 reactor

Investigations of fuel pins and subassemblies, irradiated in the BN-600 reactor, were
carried out at different stages: general control of fuel pins clad tightness - at the re-
actor itself, other types of investigations - only in special protected (hot) chambers.
Before the subassemblies transfer to a hot chamber, they are controlled in relation to
availability in them of defect fuel pins by special systems - Control of Clad Tight-
ness (CCT systems), including the developed at the BN-600 reactor sector CCT
system by delayed neutrons. This last system permits to control the dynamics of in-
dividual defects development in the case of contact between sodium and fuel. In
the sector system, neutron-sensitive elements are located opposite to inlet
"windows" of each of six intermediate exchangers, and is such a way the separate
registration is performed of delayed neutrons fluxes from coolant volumes, passed
through different sectors of the core. Time of coolant transport from the defect sub-
assembly to the neutron-sensitive element is approximately 15 s.

* IPPE, Obninsk, Russia
** BN-600 NPP, Russia
*** OKBM, Nizny Novgorod, Russia
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In the hot chamber, located at the BN-600 site, was adopted and used a con-
ception of mass control, according to which practically all fuel pins in a subassembly
are investigated, mainly by non-destructive methods [1].

For understanding the results of investigations performed at the BN-600 reac-
tor, the major parameters are presented in Table 1, that characterize operation con-
ditions of the first type loading standard subassemblies. The second type of loading
the BN-600 reactor core, the transition to which was made in 1987 (17-19 microcy-
cles), is characterized lower heat loads of fuel pins.

Table 1. Operation conditions of the BN-600 reactor standard SAs of the
first loading type.

Core fuel
Enrichment by U-235
UO2 mass in fuel pin, g
Pellets density, g/cm3

Effective fuel density in fuel pin , g/cm3

Initial stoichiometry, o/m
Cladding material
Fuel pin diameter, mm
Cladding thickness, mm
Fuel column height, mm
Linear power, W/cm (max)
Bum-up, % h.a. (max), HEZ
Burn-up, % h.a.(max), LEZ
Irradiation time, eff.days
Maximum clad temperature, C:
nominal
accounting for overheat factor
Neutron flux density in the core centre, n/cm2 s
Breeding zone fuel

Uranium dioxide (UO2)
LEZ-21%, HEZ-33%

180
10,2-10,6

8,7
2,003
EI-847

6,9
0,4

750,0
450-540

7 - 8
4 - 5

300,0

670
710

0.771016

depleted uranium dioxide

Majority of the defect fuel pins was located in subassemblies of the high en-
richment zone. We emphasize that in the considered period of reactor operation, in
LEZ no damaged ("contact" by fuel) fuel pins was indicated. As might be seen from
Table 2, number of "contact" SAs (contact of fuel with coolant takes place) consti-
tutes approximately 30% of the defect SAs total number in reactor core.

The assessments of defect fuel pins total number by a gas release value into
the reactor gas plenum have been carried out using the results of SAs check in out-
of-reactor system DSDS (defect subassemblies detection system) and the results of
investigations in the hot chamber. It has been shown, that in the average three de-
fect fuel pins fall on one defect core subassembly.

Notice that in the hot chamber those standard SAs were investigated, which
had the largest defects. Those were mainly the subassemblies, where fuel pins had
a contact between fuel and coolant. Among the total amount of defect fuel pins,
which have been investigated in hot chambers, approximately 2/3 of them belonged
to so called "contact" pins.

180



Table 2. Defect SA number in the BN-600 reactor core at a period from 1
to 18 microcycles

Microcycle
number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Data of microcycle
completion

5.02.81
12.05.81
10.08.81
16.11.81
22.06.82
24.10.82
7.03.83

30.06.83
26.11.83
7.04.84
7.08.84
3.02.85
9.06.85
16.11.85
18.03.86
18.07.86
20.12.86
4.05.87

Eff. days

117
160
205
250

350.5
444.2
549.7
637.9
735
840

940.8
1045

1147.6
1251.7
1347.8
1441.8
1537.2
1634.7

Power, % of
nominal

76
53-80

80
90
95

95.5
95.6
99.3
99.3
99.3
99.3
99.2
99.7
99.5
99.3
99.3
97.2
93.5
Total

Defect SAs,
number

0
0
0

6(0)
5(0)
12(2)
10(2)
5(3)
2(0)
1(0)
3(0)
10(4)
KD
2(2)
12(4)
4(0)
15(7)
8(3)

96 (28)

Note: in brackets the number of "contact" SAs is indicated

It is pertinent to note that not only fuel pins with large visible cracks in clad-
dings, but also fuel pins, for which we failed to find out cracks in claddings, however
by application of gamma-spectrometer investigations the indications have been
found of sodium flow in cladding, were included into number of "contact" pins. In
separate cases, the results of subassemblies investigations in a hot chamber were
correlated with sensor signals of the sector CCT system by delayed neutrons. We
succeeded in the separation with acceptable accuracy of signals from 9 defect sub-
assemblies. These data are presented in Table 3.

Analysis of dependencies for delayed neutrons sensor signals show, that the
release of delayed neutrons carriers at occurrence of contact between fuel and cool-
ant increases monotonically and achieves its maximum value during 200-400 hours.

We estimated the fuel loss from "contact" fuel pins in the process of their ir-
radiation in reactor by the increase of fuel and fission product content in coolant and
on primary circuit surfaces.

As the experience shows, a serious problem is the measurement of fuel
content in the primary circuit because of its low activity and nonuniform distribution
in sodium samples and in deposits.
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Table 3. Maximum signals of delayed neutrons (DN) sensors from differ-
ent subassemblies with defect fuel pins at the completion of irradiation in
the reactor

SA

P-258
P-518
P-599
P-621
P-606
P-533
P-614
P-666
P-665

Max W / cm

497

513

433

Characteristic time, days
T1
240
230
200
140
200
240
200
200
200

T2
17
0
80
60
95
50
70
20
5

T3
37
60
20
100
5
17
30
20
5

DN pulses /s

2000
450
1250
1650
500
163
840
1350
300

T1 - time of the reactor operation before appearance of gaseous products activity;
T2 - time before appearance of delayed neutrons precursors activity in the coolant
T3- operation time with presence of delayed neutrons precursors activity in the

coolant.

First quantitative fuel measurements in the BN-600 reactor circuit have been
carried out during the reactor start up using track detectors [2], in the course of
which was determined initial contamination of fuel pins surfaces with uranium
(U-235), a value of which constituted

As = (2-5) 10 "9 g/cm2

Later, this value was confirmed by measured activities of gaseous fission
products and the coolant neutron radiation intensity. It is believed that the total
U-235 initial mass on the core fuel pins surfaces was 50 ± 20 mg.

Further control of fuel accumulation in coolant and deposits was carried out
mainly using radiochemical analysis of sodium samples, when a separate precipita-
tion of elements proceeds at different solution PH values on the luminophor powder
and measurement are carried out of photoscintillators intensities, produced by alpha-
particles of plutonium, uranium and polonium [3].

The data on the coolant specific alpha-activity, presented in Table 4, point to
plutonium accumulation in the primary circuit sodium. Alpha-activity of the released
fuel was mainly determined by Pu-239. in 1986, the alpha-activity value in sodium
samples from the primary circuit reached

Av = 6000 Bk/kgNa,

and in surface deposits alpha-activity was

As = 2400 Bk / m2.
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To assess the total fuel mass, accumulated in the circuit, we will consider ,
that the values of uranium and plutonium relative release from a defect fuel pin are
equal. Taking into account, that Pu-239 content in spent fuel of a high enriched core
equals - 17-24 kg /1 UO2, it can be shown that after 16 microcycle, in the reactor
primary circuit approximately 20-50 g of fuel (uranium plus plutonium) were accu-
mulated.

Table 4. Specific alpha-activity of BN-600 primary sodium

Number of mycrocycle
4
11
13
16

Alpha-activity (Pu -239), Bk / kg Na
18,5

215-262
550 -720

3600-6170

Number of fuel pins, from which this fuel released, can be assessed (with
accuracy within a factor of 2), considering that at the average for one "contact" sub-
assembly there are two "contact" fuel pins. For these calculations we use the previ-
ous estimates:

1. Average quantity of all damaged fuel pins in one defect subassembly (is
equal to 3);

2. Fraction of "contact" fuel pins in the total number of damaged fuel pins of
one subassembly (is equal to 2/3).

Than we obtain, that altogether in the BN-600 reactor approximately 60
"contact" fuel pins were present. One can calculate the fuel loss by a fuel pin:

P = (20 - 50) g / 60 fuel pin = 0.3 - 0.8 g / fuel pin,

or 0.2 - 0.5% of the fuel mass in active fuel pin part.
Analogous estimates of niobium-95 activity in the deposits on surfaces of a

removable part of the primary circuit main pump show, that the relative release of
solid fission products from "contact" fuel pins by the order of value is equal to the
relative fuel loss.

2. Investigations at the BR-10 reactor

In this work separate results of the investigations performed at the BR-10
reactor on the fuel release from fuel pins with natural and artificial defects in clad-
dings are presented.

2.1. Investigation of fuel release from standard fuel pins of the core
with PuO2 fuel

During a cycle, which lasted from 1973 to 1979, the BR-10 reactor operated
with core from plutonium dioxide. One can see from Table 5, which presents the fuel
pins irradiation conditions, that maximum linear loads to fuel pins in the BR-10 re-
actor are approximately two times lower that in the BN-600 reactor. The fuel tem-
perature is also lower in the BR-10.
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Up to October 1977 (maximum fuel burn-up level in standard fuel pins was
10% ha.) in the core "contact fuel pins were not available, and radioactive circuit
contamination was conditioned by fuel pin surface contamination. When defect fuel
pins appeared in the core , the reactor power was lowered to 4 MW. To the cycle
end (maximum fuel burn up in standard fuel pins reached a level of 14% ha.) the
activity of delayed neutrons precursors in the coolant increased by four times in
comparison with the initial (background) value. Totally during this cycle in the reac-
tor core four subassemblies with defect "contact" fuel pins were indicated.

By character of activity behaviour of short-lived fission products in the circuit,
a conclusion was made, that development of one from a number through defects led
to a continuous gas release from the fuel pin, the supply of caesium, lanthanum, io-
dine into the circuit and the increase in delayed neutrons flux density were observed.
Specific activity of La-140 in the circuit reached values:

As = 27 - 34 MBk / m2

Table 5. Reactor BR-10

Core fuel
Fuel mass, g/fuel pin
Cladding material
Fuel pin diameter, mm
Fuel pin clad thickness, mm
Fuel column height, mm
Linear power (max), W / cm
Burn-up (max), % h.a.
Irradiation time, eff. days
Cladding temperature, °C:
nominal
maximum
Neutron flux density, n / cm2 °C
Full maximum temperature, °C
Inlet coolant temperature, °C
Maximum coolant heating in subassembly, °C
Coolant mass in primary circuit, kg

PuO2

40.0
El -847

5.0
0.4
320
220
14

500

566
593

1.5 1014

1843
350
195

1800

One might notice the following peculiarities in the fission products behaviour
at fuel pins loss of tightness:

- at fuel pins loss of tightness, caesium isotopes activities (Cs-137, Cs-134
and Cs-136) in the coolant are increasing smoothly and reach their constant level
during time 40 - 60 hours;

- a relative Cs-137 release account for 40 - 80% of the quantity, accumu-
lated in a fuel pin;

- a relative La-140 release account for 0.05- 0.1% (ratio of activity in the cir-
cuit to activity in one fuel pin).

In October 1979 the BR-10 reactor was shutdown, the primary sodium was
drained from the primary circuit, decontamination of the primary circuit by steam was
carried out, and the comprehensive measurements of the circuit contamination by
fission products and fuel were performed.
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The average specific alpha-activity of the circuit surfaces , measured using a
track method, was equal to:

As =10 000 ± 1000 Bk/m 2

Multiplying this value by the total primary circuit surface value (80 m2), one
might obtain, that the plutonium alpha-activity in the deposits is approximately equal
to A = 1 MBk or, in mass units

P = 0.4 mg

Plutonium content in the BR-10 reactor coolant to the cycle end achieved

A v = 1 7 0 B k / g N a

to give, as a maximum estimate, the plutonium mass in the coolant equal to

P = 120mg

This value exceeds significantly the plutonium mass on the primary circuit
surface. As the maximum estimate also, one might adopt, that the fuel leakage took
place from one fuel pin and the fuel loss approximated the value

P= 120 mg/fuel pin

or 0.25 % of the fuel mass in a pin.
The obtained value of the fuel loss is comparable within a factor 3 with re-

lease of the solid product lanthanum.

2.2. Research in the fuel release from fuel pins with artificial defects
in claddings

In 1984-1988 at the BR-10 reactor the investigations were carried out of the
fuel pins behaviour with different types of fuel, in claddings of which artificial
through holes were made. Major characteristics of the fuel pins with artificial defects
in claddings are presented in Table 6. It should be mentioned that these experiments
were carried out at the fuel burn-up less than 1% h.a. and relatively low tempera-
tures.

The irradiation of experimental fuel pins in the reactor was carried out alter-
nately in hexagonal wrappers, each of them containing one fuel pin with mass equal
to approximately 180 g (which is higher than the fuel mass in fuel pins during the
previous cycle) . The reactor power was maintained at a level of 6-8 MW. Calcu-
lated value of the fuel surface temperature in contact with sodium was 460-500°C,
temperature in the centre of a fuel pin was 640-740 °C.

Table 7 presents the major results, which are of interest from standpoint of
fuel loss through defect. S value, given in Table 7, is calculated using the value of
fuel mass in a surface layer and the range of fission fragments path in the fuel. For
the BR-10 reactor, S = 1 cm2 corresponds to a signal of the delayed neutron detector
DN = 70 pulses/s MW.
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As might be seen from Table 7 , the plutonium content in coolant had the
maximum increase after irradiation of the fuel pin EN-19 with mixed carbide fuel, af-
ter irradiation of which alpha-activity of plutonium in coolant reached the value

A v =1800Bk/kgNa

Table 6. Characteristics of fuel pins with artificial defects in claddings, in-
vestigated at the BR-10 reactor

N

1
2
3
4

5

6

7

8

9

10

11

12

13

14

Fuel
pin

EN-1
EN-2
EN-3
EN-4

EN-5

EN-11

EN-12

EN-13

EN-14

EN-16

EN-17

EN-19

EN-20

EN-15

Fuel

UN
UN
UN
UN

UN

UN

UN

Umet
(58% U-235

Umet
(58%U-235)
UO2+ PuO2

(15% Pu)
UO2 + PuO2

(15% Pu)
UC + PuC
(15% Pu)
alloy U,Pu

UN

Type and size
defect

hole 1 mm in diameter

Jl

longitudinal slot
4x0.25 mm

longitudinal slot
50x0.3 mm

longitudinal slot
50x0.2 mm

two holes, 1 mm in
diameter

hole , 1 mm in diam.

longitudinal slot
50x0.25 mm

hole, 1 mm in diam.

hole, 1mm in diam.

longitudinal slot
50 x 0.2 mm

longitudinal slot
50 x 0.2 mm

Briquette without shell
L=12.35 mm

Defect location

gas collector, upper part
core, central part

gas collector, lower part
core, central part

core, central part

core, central part

core, central part

gas collector, lower part

core, central part

Gas collector, upper part

Core, central part

core, central part

core, central part

Irradi-
ation
time

(days)
120
60
50
55

66

85

80

90

67

26

60

13

17

Therefore, taking into account that plutonium fraction in mixed fuel is equal
to 15%, one might calculate the total activity and fuel loss from the fuel pin, which
are equal to

A = 3.2MBk and P = 9.0 mg/fuel pin.

Fuel release from the fuel pin EN-17 with oxide fuel, as Table 7 shows, is
substantially lower than fuel release from the fuel pin EN-19, which is apparently
connected not with fuels properties, but mainly with different sizes of defects in these
fuel pins.
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Table 7. Maximum signal of delayed neutrons detector (in area
units),specific activity of La-140 on the surface of main circuit, and activity
of plutonium in coolant samples of the BR-10 reactor.

N

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Fuel pin

EN-1
EN-2
EN-3
EN-4
EN-5

EN-11
EN-12
EN-13
EN-14
EN-16
EN-17
EN-19
EN-20
EN-15

S , cm2

0
7.9
0.6
4.3
30.2
60.5
8.1
0

5.0
0

7.0
59.0
24.0
41.0

La-140, MBk/mz

1.2
5.8
0.8
1.3
9.8
16.1
8.3
2.1
-
-

6.5
-
-
-

Alpha-activity of
plutonium Bk / kg Na

200
800

-
150
70
-

70
10
-

200
-

1800
-
-

( - ) no measurements

Fuel pins with uranium nitride and metallic uranium and different holes di-
mensions in claddings had a substantially lesser fuel loss as compared with the fuel
pin EN-19.

We emphasize that by and large a correlation exists between the measured
fuel content in coolant and other experiments parameters:

- delayed neutrons signal level;
- dimensions and location of the holes in claddings;
- lanthanum activity in the circuit.
The exclusions are fuel pins EN-1 and EN-2 , for which the measured activity

value of plutonium in the coolant are extremely high, that is connected, in opinion of
this work executors, with measurement errors during sampfing and analysis of the
coolant samples.
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ABSTRACT

At the end of the seventies and the beginning of the eighties, there appeared a pressing need of
experimental results to assess the LMFBR's safety level.

Because of the urgency, analytical studies were not systematically undertaken and maximum credible
cover gas instantaneous source terms (radionucleides core release fraction) were got directly from
crude out-of-pile experiment interpretations.

Two types of studies and mock-ups were undertaken depending on the timescale of the phenomena:
instantaneous source terms (corresponding to an unlikely energetic core disruptive accident CD A), and
delayed ones (tens of minutes to some hours).

The experiments performed in this frame are reviewed in this presentation :

1/ instantaneous source term :
- FAUST experiments : I, Cs, UO2 source terms (FzK, Germany)
- FAST experiments : pool depth influence on non volatile source term (USA)
- CARAVELLE experiments : non volatile source term in SPX1 geometry (CEA, France)

2/ delayed source term :
- NALA experiments : I, Cs, Sr, UO2 source term (FzK, Germany),
- PA VE experiments : I source term (CEA, France),
- NACOWA experiments : cover gas aerosols enrichment in I and Cs (FzK, Germany)
- other French experiments in COPACABANA and GULLIVER facilities.

The volatile fission products release is tightly bound to sodium evaporation and a large part of the
fission products is dissolved in the liquid sodium aerosols present in the cover gas.

Thus the knowledge of the amount of aerosol release to the cover gas is important for the evaluation of
the source term.

The maximum credible cover gas instantaneous source terms deduced from the experiments have led
to conservative source terms to be taken into account in safety analysis. Nevertheless modelling
attempts of the observed (in -pile or out-of-pile) physico-chemical phenomena have been undertaken
for extrapolation to the reactor case. The main topics of this theoretical research are as follows :

- fission products evaporation in the cover gas (FzK, Germany)
- sodium aerosols formation in the cover gas (UK, Japan, France)
- fuel degassing (Mignanel/i synthesis, UK).
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1 INTRODUCTION

For the safety analysis of an unlikely LMR Core Disruptive Accident (CDA), the estimation of the cover
gas contamination is a very important topic.

The fission gas release to the cover gas is quite total and for this reason does not need more precise
studies, while the volatile species released fraction to the cover gas depends on the physico-chemical
species properties and on the thermodynamic conditions evolution during the development of the
accident.

Despite the phenomena complexity, the volatile species released fraction must be determined as
accurately as possible because the volatile species carry an important decay power fraction (23 % of
the total decay power one second after the neutronic power loss). Besides the volatile species involve
a severe biological hazard, especially Iodine and Cesium.

The non volatile species released fraction is closely bound to the molten Fuel-Coolant-lnteraction (FCI)
and then to the coolant decontamination factor depending on many parameters such as bubbles
formation and evolution, pool depth, etc ...

At the end of the seventies and the beginning of the eighties, there appeared a pressing need of
experimental results to assess the LMFts' safety level. Because of the urgency, analytical studies were
not systematically undertaken and maximum credible cover gas instantaneous source terms (radio-
nucleides core release fraction) were obtained directly from crude out-of-pile experiment
interpretations.

Two types of studies and mock-ups were undertaken depending on the time scale of the phenomena:
instantaneous source term (corresponding to an unlikely energetic CDA) or delayed source term.

The experiments performed in this frame are reviewed in this presentation and their results are
discussed.

2. EXPERIMENTS

2.1 Case of instantaneous source term:

An energetic C.D.A results in an expanding bubble of liquid and vapour core materials (fuel, steel)
mixed with sodium: the most important phenomenon from the source term point of view. The quasi-
instantaneous mixing of the cover gas with the contaminated sodium nearby the bubble is caused by
the very quick bubble expansion. If the CDA is stongly energetic, this expansion induces a series of
impacts between the uprising sodium pool surface and the primary vessel roof. The sodium impact of
the roof is followed by decreasing sodium level oscillations lasting some tens of milliseconds.

Sodium aerosols containing the main part of the volatile radionucleides are produced during these
impacts. The resulting cover gas contamination by the fission gas and by contaminated sodium
aerosols is called "instantaneous source term".

Starting from the "instantaneous source term", the cover gas decontamination circuit radioactive
evolution can be calculated using the CONTAIN-LMR code (improvements in progress at CEA/DRN).
In the same way, the source term delivered to the secondary enclosure through the roof can be
calculated using the FUITE code (FRANCE) and then the CONTAIN-LMR code.

2.1.1 FAUST experimental program (FzK - Germany) [1]

The first experiments were designed in the frame of the SNR2 safety analysis.

A series of simulation tests has been performed beforehand using the sudden discharge of a gas-
particle mixture into a water pool within the FAUST 2A facility. These tests were mainly used to check
the design of the following facility: in the FAUST 2B facility, the water pool has been replaced by a
sodium pool.
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a/ FAUST 2B facility (Fig. 1 and 2)

The main components of the vessel are as follows :

- A burst disc simulating the core,
- A sodium storage tank,

- A safety buffer tank.

The main characteristics of the vessel are as follows :

- diameter 0.6 m,
- height 1.1 m,
- volume 300 liters,
- highest sodium temperature 600° Celsius,
- vessel withstanding a pressure of 1.6 Mpa,
- a cylindrical container (volume 1.5 liter) delivering gas and fission products to the sodium pool can

be pressurized up to 4 Mpa.
The disc bursts by increasing the argon pressure withing the container. The vessel roof is equipped
with four pneumatic valves. The cover gas sodium aerosol mixture can flow into the sample pots
through these valves. Vacuum is obtained in these 7.5 liters pots before sampling. When the disc
bursts, the pressure is recorded in the container, under the vessel roof and at the bottom of the vessel.

b/ FAUST2B tests

14 tests have been performed using UO2, SrO, Nal, Csl, 12 and Cs. The first four materials are solid
(powder), 12 is a vapour and Cs is liquid.

A first sample is taken immediately before the burst from the cover gas to determine the background
noise (in fact the detection limits of the chemical quantitative analysis of Sr, I and Cs). To get the
second sample, the second valve is opened immediately after the discharge and remains open within
one minute. This sample contains the materials representing the instantaneous source term.

The third and the fourth samples are taken later to get informations on the mean time source term and
on the long time one.

The chemical analysis results have been managed in a manner leading to a conservative evaluation of
the source terms.

c/ FAUST 2B results

• Sodium aerosols:

After the disc rupture, the sodium aerosols concentration is to be found between two extreme values :

- 0.2 g Na/m3 at low temperature for a 1 Mpa burst pressure,
- 360 g Na/m3 at high temperature for a 4 Mpa burst pressure.

The average value 53 g Na/m3 is a very high value decreasing quickly with time.

• Fission products and uranium oxyde:

The realistic instantaneous source term deduced from the FAUST 2B experiments can be seen on the
table below :

| FAUST2B
Xe, Kr

1
I, Br
0.1

Cs
1.0E-4

Te
11

SrO
1.0E-4

UO2
1.0E-4

On the mean time, the I and Cs source terms trend towards increase.
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This tendancy is confirmed by the later FAUST 3 experimental results. This experimental program was
more representative because Iodine and Cesium were scattered within an UO2 matrix which is
vaporized by a huge, sudden condenser discharge within the sodium pool. But because lack of
funding, these FAUST 3 more realistic experimental results have not been yet interpreted.

2.1.2 FAST experimental program (USA) [2]

In the FAST facility the bubble is produced by UO2 vaporization. The fission products behaviour has
unfortunately not been studied.

a/ FAST facility (Fig. 3)

The FAST facility consists of a vessel with a roof and is equipped with command and measurement
devices.

The main vessel characteristics are as follows :

- volume 0.46 m3,
- height 1.83 m,
- external diameter 0.61 m,
- the walls are made of stainless steel 304 H, 22 mm thick and are designed to withstand a 3.08 Mpa

pressure,
- electrical resistances able to sustain a 800 K sodium temperature are supported by the walls.

The vaporization device is made up by sample holders, an UO2 sample and two Tungstene electrodes.
The sample is made of 13 UO2 pellets weighing 17.3 g. The pellets are wrapped by UO2 microspheres
insulating the pellet pile. The volume between the tubes and the microspheres is pressurized by Xenon
simulating the fission gas.

The steel tube is engraved axially and circumferentially to get an homogeneous rupture.

b/ Operating the FAST facility

The simulation of a CDA has been simulated in the following manner: the UO2 samples wrapped by a
Xenon atmosphere are immersed in a sodium pool. Then, Joule effect is used to heat the sample in
two phases : first the sample gets molten by an electrical power generator and then is vaporized by
condensers discharge (10 MW lasting some milliseconds).

During the sample dislocation, UO2 is condensed (and rapidly frozen in particles) into aerosols within
the bubble.
So, the bubble content is made of Xenon mixed with UO2 particles.

The aerosols transport through the pool and their release to the cover gas are dependent of the bubble
pool interaction dynamics.

The bubble radii and the pool behaviour have been estimated by pressure measurements within the
sodium pool and in the cover gas. The produced aerosol mass is determined by cover gas analysis.

c/ FAST results

About ten samples have been vaporized, nine among them have burst in sodium at depths varying
between 30 and 1060 mm.

The aerosol released mass is very small and the release is very sensitive to the immersion depth. The
aerosol release depends on the bubble kinetics and dynamics, and three reasons for the small release
have been identified :

- in each experiment, the bubble mean diameter remains smaller than the immersion depth,

- aerosols included in the oscillating bubble remain immersed in sodium,
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- the bubble life duration is smaller than the time needed by the sodium pool uprising (because fast
cooling and collapse of the bubble).

The results concerning the aerosols release to the cover gas are summarized on the Figure 4.

2.1.3 CARAVELLE experimental program (CEA - France) [1]

These experiments have been performed in a vessel representing the Super Phenix 1 primary vessel
and its internal structures.

The goal of the CARAVELLE experiments was to study the aerosols transport to the cover gas, the
sodium leak to the roof and the influence of the internal vessel structures. They were more
representative of a low-energetic CDA.

a/ CARAVELLE facility

In the CARAVELLE facility, sodium is simulated by water and UO2 particles by bronze particles.

Hot water is heated within a spherical glass container set inside a concentric spherical glass wrapping.
The volume betw-en to two containers is pressurized with permanent gas

A known quantity of bronze particles (diameter varying from 40 to 150 micrometers) was previously
added to hot water. As the water temperature increases, the pressure increases and then the container
bursts inducing the release in the water plenum of gas bubbles carrying bronze particles.

b/ CARAVELLE results

Starting from 50 g of bronze particles in the containers, 1.5 mg only have been collected in the cover
gas. A release fraction of 3.0E-5 could be estimated.

In the CARAVELLE case, the particles are transported to the cover gas by the slow (between 0.2 and
5s.) rising of very small bubbles.

The ratio of particles transferred to the cover gas increased counterwise their diameter: more than
93% for a 25 um diameter and 8 % for a 34 um diameter.

2.2 Case of delayed source term:

Other kinds of severe accident without energetic consequences result in a more or less important core
melting. For instance an Unprotected Loss of Heat Sink can result in a significant fission product
release to the cover gas on the long time. Moreover, on the long term of an energetic CDA, other
phenomena than those presented in § 2.1 may play a role.

Owing to the temperature gradient existing in the cover gas between the sodium pool surface and the
roof, the sodium pool evaporates and the sodium vapour condenses mainly on liquid sodium aerosols.

The volatile fission products release is tightly bound to sodium evaporation and a large part of the
fission products is dissolved in the liquid sodium aerosols present in the cover gas.

2.2.1 NALA 2 experimental program (FzK - Germany) [1]

This experimental programme has been undertaken in the frame of the SNR 300 core-catcher studies.
It concerned the LJ02 and PF release and sodium evaporation velocities.

All the tests have been performed in an inert atmosphere. In other words, no research has been
undertaken concerning the contamination created by sodium fires.

a/ NALA 2 facility (Figure 5)

The main characteristics of the facility are as follows :

- a heated vessel whose volume is 2.2 m3,
- a pot filled with sodium (26 cm inner diameter),
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- an inert gas feeding,
- safety systems,
- aerosols measurement devices.

The vessel is filled with argon (1 bar pressure) and heated up to 400 K. This temperature is kept
constant during the whole experiment.

The pot filled with 1 Kg of sodium is heated at the wished temperature between 700 K and 1000 K. The
plateau temperature is reached and maintained by flame regulation.

The external heating duration (up to 3 hours) is driven by the evaporation velocity in such a manner
that 10 % of the sodium pool evaporates.

Six thermocouples are placed in the vessel and two in the sodium pool.

The gas temperature remains constant during the whole experiment. A large quantity of aerosols has
been observed nearby the pool surface.

Owing to the aerosols condensation and deposition, very small sodium droplets appear on the vessel
walls.

The sodium evaporated mass can be measured at the end of the experiment because the vessel is
totally closed.

Thus informations on the sodium evaporation velocity can be got from each experiment, assuming a
constant velocity.

b/ NALA2 tests

The main parameters governing the sodium pool retention capacity is sodium pool temperature.

A quantitative estimation of the enrichment factors was got from the NALA experiments (the
enrichment factor is defined as the ratio of the radionucleide concentration in the released sodium to
its concentration in the pool).

The studied radionucleides are :

U, Cs, I, Sr

c/ NALA2 results

Except for Cesium, the radionucleides sodium pool concentration can be approximately considered as
constant during the experiment (duration about some ten minutes).

The enrichment factors got from the experiments are as follows (sodium pool temperature: 500°C) :

| C s > 1 . | I-0.33 | Sr~1.4E-3 | U ~ 2.5E-4 to 1.0E-3 ~\

Cs and I are released by evaporation, SrO and UO2 (non volatile species) release is driven by sodium
evaporation velocity and depends on many parameters, mainly on particles sizes.

2.2.2 PAVE experimental program (CEA - France) [3]

4.4 Kg of sodium containing 47.5 mCi Iodine without stable isotope, were heated up to 700 or
740°Celsius during 15 minutes. 0.35 Kg of sodium aerosols were released containing 3.2 mCi of
Iodine.

Thus one can deduce the Iodine enrichment factor: 0.32 (nearby the NALA value).

Experiments were also performed with UO2. For UO2, the results do not agree between the both
experiments (PAVE and NALA) but they were not performed with the same boundary conditions.
Nevertheless the orders of magnitude of the UO2 enrichment factors are about the same.
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2.2.3 NACOWA experimental program (FzK - Germany)

Getting input data for the EFR cover gas and roof design and giving enrichment factors for source
terms estimate was the goal of the NACOWA experiments.

In the frame of the NACOWA tests the following items have been approached :

- sodium mass concentration in the cover gas,
- sodium aerosols sizes,
- whole heat transfer through the cover gas,
- radiative heat transfer through the cover gas,
- sodium deposition on the roof,
- temperature profile through the cover gas,
- helium as cover gas instead of argon,
- aerosols Cesium enrichment,
- aerosols Iodine enrichment.

The sodium pool temperature and the cover gas height were the main parameters. Other parameters
varied such as roof temperature and fission products concentration in the pool.

a/ Operating the NACOWA facility

The NACOWA facility was the result of the FAUST facility modification.

The operating characteristics were as follows :
- sodium pool volume 228 liters,
- pool temperature 500°Celsius,
- roof temperature 120°Celsius,
- cover gas height between 12.5 and 33 cm.

The above conditions were standard one and could be modified :

- pool temperature between 270 and 545° Celsius,
- roof temperature between 100 and 300° Celsius,
- cover gas height can be larger.

Several Cesium and Iodine contamination levels were used to study the influence on enrichment
factors.

b/ NACOWA results

• Sodium aerosols:

With a low roof temperature, aerosols appeared when the pool temperature is about 350° Celsius. The
concentration increased thoroughly with the pool temperature : aerosols concentration 36 g Na/m3 for
a pool temperature of 565°C. The roof temperature (and particularly the gradient between pool surface
and roof) influenced the aerosols mass concentration : for instance, sodium mass concentration
5 g Na/m3 for a roof temperature 420°Celsius, and a pool temperature 500°Celsius.
• Fission products enrichment:

On the long time the enrichment factor is governed by a distillation process. The Cesium enrichment
factors were measured between 7 and 20. Maximum Iodine enrichment factors exceeding 700 were
measured in the cover gas.

If argon is replaced by helium, sodium evaporation velocity and enrichment factors are lower.

2.2.4 Other French experiments (CEA - France) [4]

French experiments on sodium aerosols concentration have used facilities with pool diameters around
ten times larger than the NACOWA one.

195



The experimental results got from the COPACABANA facility (2 m vessel diameter) and from the
GULLIVER facility (6 m vessel diameter) were as follows :

- liquid sodium aerosols concentration increases with sodium pool temperature,
- liquid sodium aerosols concentration increases with the temperature gradient between the pool

surface and the roof,
- liquid sodium aerosols concentration increases also if the cover gas is swept by a cool gas steam.

A good agreement exists between these last results and the NACOWA one.

2.2.5 In-pile fission product release fraction [5]

The experimental release fraction values (known as RBCB one) are issued from the analysis of simple
pin ruptures under normal and accidental running in the PFR, Phenix and KNK2 reactors. They are
reported in the first column of the table below (no indication is given concerning the observation time).

The SCARABEE reactor experimental results (in-pile cluster tests) stem from post-mortem fuel
analyses and thus a delayed source term can only be deduced. Nevertheless these results are got with
geometry and boundary conditions different from those of a pool reactor.

On the table below are given in addition the MOL7C and CABRI experimental results :

Radionuclide

Xe
Cs

Te/Sb
1

Fuel

Release Fractions
RBCB
1.0a
0.7
0.2
0.3
#

SCARABEE
1.0

0.25
0.06

-
-

Mol/7C
1.0

0.21
0.03
0.08

-

CABRI
1.0b

1.0b

-
-
-

a : fission gas release in the cover gas
b : released from molten fuel.

3. REACTOR ESTIMATED SOURCE TERMS

For the instantaneous source term, the experimental results are generally given as enrichment
factor of the cover gas or (reverse value) as retention factor of the sodium pool. The enrichment factor
measurements, combined with the approximatively measured mass balance between the cover gas
and the sodium pool, enable the calculation of a conservative "instantaneous source term" in the
reactor case.
For volatile Fission Products, the Iodine and Cesium vapour contributions to the source term are
negligible compared to the Iodine and Cesium combined with liquid sodium aerosols contribution.
For non volatile radionuclides, the enrichment factors depend on the pool height above the core, on the
obstacles present in the plenum, and mainly on the particles size spectrum.

The conservative "instantaneous source term" values, given for several reactors in the table below, are
the results of the available experimental research at the time of the evaluation and of a consensus
within every country:
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Xe, Kr

1, Br

Cs

Te

SrO

UO2

Germany

SNR300**

(Na 500°C)

1

0.5

0.5

0.5

1.7 IT 2

1.7 10'2

EFR*

1

0.1

0.1

0.1*

10"4

MONJU"

1

0.1

0.1

0.1

2.0 10"3

S P X 1 "

1

5.0 10"9

5.0 10"5

4.0 10"7

3.0 10"3

3.0 10"3

* non energetic CDA.
** energetic CDA.

For the delayed source term, the volatile fission products release is tightly bound to sodium
evaporation and a large part of them remains dissolved in the liquid sodium aerosols. This release
trends towards increase with time. On the long time (i.e more than some tens of minutes), a steady-
state distillation settles as the cover gas contamination (I and Cs) reaches a high asymptotic value.

The non volatile radionucleides release is sensitive to sodium evaporation velocity and depends on
many parameters, mainly on the particles size spectrum.

4. MODELS AND CODES

Attempts have been undertaken to predict the radiological cover gas accident evolution after a core
melting accident.

Most of the theoretical studies (REVOLS Mod2 code models) have been performed in Germany, in
relation with the experimental programs.

4.1 Sodium evaporation velocity:

The sodium evaporation velocity has been studied, using the NALA experimental results.

The evaporating sodium mass flow can be approximatively represented by the simple formula :

m[kgNa/m2/h] = 0.1*p[torr]

where p is the sodium pressure vapour above the sodium pool surface.

The above formula has no predictive value, but on the basis of the NALA experiments, another model
able to predict the sodium release velocity has been built by FZK and the Bochum University
(Germany) [6].

This model is now available within the last CONTAIN-LMR/1B Modi working version (basis SNL
version modified by FZK).
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4.2 Cesium release:

Cesium enrichment of the released sodium has always been observed in the NALA experiments.
The total amount of released sodium depends on the test duration and on the sweeping velocity in the
vessel.

The basis of the proposed calculation model is as follows :

- Na and Cs evaporation velocities are proportional to their own vapour pressure.
- Cesium is homogeneously dissolved in Sodium.
- the whole release velocity is proportional to the pool area.
This model is integrated in the REVOLS Mode 2 code.

If specific sodium release velocities are got from the experiments, the release can be taken into
account in the temperature increase and decrease phases.

On the Figure 6, a good agreement was got between the experimental values and the calculated ones.
In this case, the data concerning the enrichment factors are relatively meaningless because the
enrichment factors vary thoroughly with time.
A chemical retention factor by other fission products is possible {i.e. with Iodine) The fission products
interactions in liquid sodium have not been yet investigated.

4.3 Iodine release:

The Rayleigh's distillation formula is used as basis relationship.

The activity coefficient of Iodine in infinitesimal dilution in sodium is taken into account to calculate the
real sodium iodide vapour pressure. The sodium vapour pressure evolution versus temperature is also
taken into account.

The equation solution mode is iterative.

This model is integrated in the REVOLS Mode 2 code.

4.4 Sodium aerosols formation in the cover gas |7,10,11,121:

At the beginning of the programme (1987), the NACOWA experimental programme (Germany) was
devoted to the development of the German code GASMO in the frame of the SNR2 studies. Later the
NACOWA programme supported the CGAS code development in the frame of the EFR studies. At the
end of 1993, the programme was stopped because lack of funding.

An important theoretical work concerning the cover gas, especially aerosols formation and behaviour
has been performed in the UK and in Japan (1991) [8,9].

4.5 Fuel degassing [131:

Fuel degassing is an important item because the Fission Products degassing velocity influences
directly the unsteady state development of the short time source term in the cover gas.

If an energetic core disruptive accident is assumed, the order of magnitude of the fission products
release duration from a fuel undergoing an extremely high heating velocity is not well known.
The most important fission product is Cesium, owing to its relative abundance in a high burn-up fuel
after fission gas release. In the codes describing an energetic CDA, only the fission gas contained in
the liquid fuel are taken into account, and Cesium release is considered as a calculation parameter.

If no high and sudden energy release is assumed, the fission products release velocity is an
important item. There is no quick initial fission products release by the fuel. Very few models are
available.

For the two types of scenarios above, using a lot of experimental results and publications, the
Mignanelli's synthesis (UK) leads to the following consideration. For a given fission product, the release
factor versus time is given by the relationship :
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F = 1. - exp(- alfa * A * t)

where: alfa{min.) is the release constant,
A (cm2) is the fuel surface exchanging with sodium,
t (min.) the contact duration.

The recommended fission products constant release values for EFR fuel are gathered below:

Fission

Product

Xe, Kr

Cs, Rb

I, Br

Te, Se

Sb

Ba, Sr

Mo, Tc

Ru, Rh, Pd

Rare earths0

Ce

Zr

Release Constant (min'1)

1800°Ca

1.0

0.57

0.57

1.9E-02

2.8E-03

-

2.3E-03

-

-

-

-

2100°Ca

1.0

1.0

1.0

2.6E-02

4.0E-03

-

2.6-03

-

-

-

-

2500°Ca

1.0

1.0

1.0

7.2E-02

7.2E-02

1.3P-03

3.0E-03

2.3E-04

6.0E-05

6.0E-05

2.2E-05

2800°Cb

1.0

1.0

1.0

1.0

1.0

2.1E-02

3.3E-03

3.0E-03

1.6E-03

9.0E-04

8.7E-04

Based on Gittus recommendations
b Based on Parker
c Obtained from WASH 1400 assessment

One can note that for interaction between molten fuel (2800°Celsius) and liquid sodium, fission gas
and volatile fission products are immediately transferred to sodium.

The time needed by the bubbles to reach the cover gas and the resulting short time source term
composition depend on the mechanical and physico-chemical behaviour of the bubbles in the sodium
pool.

Research is now in progress in PNC concerning this item (TRACER code).

5. CONCLUSION

An important amount of work was performed on the LMR source term in the past, but slowed down or
stopped in the 5 last years, except in Japan. This paper presents the synthesis of this work, for the
instantaneous and delayed source terms in the cover gas: experiments and models.

Then the reactor cover gas instantaneous source terms used in the past are presented for different
reactors. Most of them are likely conservative. Accounting for the experimental and theoretical results
accumulated since their evaluation should allow to propose more realistic values in the future, both for
instantaneous and delayed source terms.

To improve this evaluation, the main R&D needs are the following ones :
- modelling of the physico-chemical phenomena (undertaken in the TRACER code of PNC),
- experimental complements on physico-chemical interactions of FP dissolved in the sodium
(Nal, Csl, Ni, Cs) which could influence the Nal and Cs vapour pressure in the cover gas and
thus their release fraction.
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Figure 1: FAUST2B facility

1- Containment ( 0.6 m diameter; 1.1 m high) loaded with sodi-
um
2- Source tank (1450.cm3) with inconel burst disk (4 MPa)
3- Safety bell
4- Deck with pneumatic valves and sampling tank
5- Pressure gauge
6- Argon feeding
7- Sodium melting facility
8- 500. liter storage tank
9- Safety tank
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Figure 2: FAUST2B facility Fission Product source

':vkrtUnts^ '•

1- Stainless steel sheet
2- Inconel burst disk
3- Glass bulb filled with Cs or 12
A- Obturation location
5- Bulb holding basket inside the source tank
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Figure 3: FAST facility.
Sketch of the UO2 vaporization device
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Figure 4

FAST Experiments : Measured uranium mass in the cover gas
(for 17. g vaporized UO2)
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Figure 5: NALA2 facility

Wall heating

flame heating
(400-700 •C)

sodium
U0?. Nar.SrO

1- pressure measurement
2- filter
3- cold trap
4- oxigene measurement
5- hygrometer
6- scrubbing flask
7- continuous measurement of the sodium aerosols concentration
8- Andersen impactor
9 - temperature measurements ( 2TC in Na pool, 6TC in cover
gas, 2 TC in deck)
10- argon feeding
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Figure 6

Caesium sodium pool depletion during evaporation
(calculated curve + exp. point at the end of test)
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Abstract

The safety approach of the European Fast Reactor project (EFR) requires to deal with certain hypothetical CDA and therefore
to enhance the containment structure in order to mitigate the consequences.

The analyses are performed in order to design a containment taking advantages of the inherent characteristics of the liquid
metal fast reactor. Adequate computer codes describing the sequences which follow the core disruptive accident, are used.
One of the main tool is the computer code CONTAIN-LMR.

The goal of these analyses is to identify the most sensitive phenomena such as the overpressure due to sodium fire, to assess
the involvement of some design parameters such as the leaktightness of the structures, the arrangement of the ventilation
system, the effects of the implementation of filters or a retention chamber.

The results of the calculations allow to propose a robust containment for EFR, and to verify that the radiological releases
in the environment can be limited.

The paper presents the safety approach of EFR adopted with regard to the accidents leading to a radiological source term,
and the main design options retained for the containment of EFR.

Then, the methods used to describe the phenomena and some representative calculations, will be presented.

The main useful information and knowledge which derive from these studies for the designers conclude the paper.

I. INTRODUCTION

The safety approach retained for the European Fast Reactor (EFR) requires to optimize the design of the plant
so that the consequences of the beyond design basis accidents are as low as reasonably possible. The
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modifications of the plant implemented for mitigating these accidents should not impede the normal operations
(ALARP principle).

EFR is a liquid metal fast breeder reactor (LMFBR), 1500 MWe pool type, with six secondary sodium loops
removing the power from the core towards the six steam generator units.

The challenge of the beyond design basis studies is to demonstrate that the pliant can be optimized without large
modifications compared with a plant designed considering only the design basis events. Due to the uncertainties
and the lack of knowledge related to the consequences of beyond design basis sequences, the objective is also
to propose a design which is as little as possible sensitive to the phenomena liable to occur during the accidental
sequences, the design of the plant should exclude as far as possible any cliff edge effects.

This concerns mainly the containment function which is the most requested in case of a beyond design basis core
disruptive accident (CDA) capable to lead to large radiological release inside the containment building.

For assessing the efficiency of the containment design, and of the possible variants, it is necessary to perform
a lot of parametric studies in order to identify the most critical phenomena. So, for a practical view point, it is
needed to use an integrated analysis tool capable to describe as much as possible, the main phenomena occurring
during the accidental sequence. The computer code CONTAIN-LMR has been chosen for this purpose.

2. CONTAIN-LMR

CONTAIN-LMR is a computer code developed and qualified by FzK (Germany) to answer to the needs of the
SNR2 safety evaluations and to the EFJR. safety requirements, and by the Sandia National Laboratories for the
U.S. Nuclear Regulatory Commission. It is an integrated analysis tool able to predict the physical, chemical and
radiological conditions inside a containment building following the release of radioactive material from the
primary system in a severe reactor accident. It can also predict the source term to the environment.

The additional physical models implemented in CONTAIN-LMR have been qualified in Europe. Particularly,
a comparison with the analytical models used for the safety analysis of the previous European plants has been
performed. The results were satisfactory. The comparison showed also the important practical interest to use an
integrated tool as CONTAIN-LMR. Developments are also performed by the European R&D organizations in
order to adapt the models to the specific design of the European plants.

3. EFR CONTAINMENT

3.1. Objectives for the secondary containment

The secondary containment is formed by the devices mitigating the consequences of the failure of the primary
containment. For the EFR project, the reactor building and its ventilation circuits are the main equipment
performing the secondary containment. The Figure 1 shows the containment boundary of the EFR project.

In order to judge the capability and the efficiency of the secondary containment during an hypothetical CDA,
beyond design basis plant states have been postulated. They represent starting conditions for the assessment of
the secondary containment. They are defined by judgement based on previous experience, and taking into account
the possible cliff edge effects resulting from CDA. The beyond design basis plant states are characterized by the
following features :

the fraction of fission products released in the primary circuit by the CDA,
the degree of damage of the primary containment. From this view point, the reactor roof is the most
critical equipment,
the amount of primary sodium discharged through the roof which can lead to the highest loadings
owing to the resulting fire.
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The objective of the EFR secondary containment is to mitigate the consequences of the bounding beyond design
basis plant state which corresponds to a hypothetical CDA which would lead to a large leak of the reactor roof,
but not to the roof collapse. In this ca; -, 100 kg to 2000 kg of primary sodium are discharged through the reactor
roof. The enveloping value of 2000 kg is determined assuming that all the sodium volume globally injected into
the roof plug gaps during the energetic phase of the CDA, is ejected. Ft is assessed to be the maximum amount
of primary sodium which could be discharged without collapse of the roof. It is not defined by the characteristics
of CDA.

3.2. Main options of the EFR secondary containment

The main options of the EFR secondary containment have been chosen in order to achieve the challenge to
mitigate the consequences of the bounding beyond design basis plant state :

Containment mode : the radiological releases in the environment resulting from CDA of a LMFBR are
mainly due to fission gas. They cannot reasonably be filtered. Therefore, the chosen option is to totally
close the reactor building and its ventilation system as soon as an abnormal radiological activity is
detected. The implementation of a retention chamber is investigated in order to control the radiological
releases in the environment.

Partial closure of the above roof area : in order to limit the overpressure in the reactor building due
to the primary sodium fire, the above roof area is closed by the means of the polar table needed for
handling procedure. Thus, the pressure increase in the reactor building can be limited by the small area
and the pressure drop of the openings through the polar table which limit the flowrate between the two
zones. Moreover, the partial closure of the above roof area limits the amount of oxygen available for
the fire, and therefore decreases the sensitivity of the secondary containment to the amount of sodium
which could be ejected through the roof. Thus, with this equipment, it is not necessary to implement
either a concrete pre-stressed or steel lined reactor building.

3.3. Acceptance criteria

In order to judge the capability and the efficiency of the different containment concepts, it is needed to define
targets for radiological releases in the environment. Where these targets would be achieved, the containment
could be judged to be efficient.

The limiting release targets considered are issued from the European Utilities Requirements (EUR) defined for
the future European light water reactors. They are based on the following principles :

no emergency action beyond 800 m from the site boundary,
no delayed action beyond 3 km from the site boundary,
no long term action beyond 800 m from the site boundary,
limited economic impact.

A specific methodology has been developed for quantifying the consequences of the releases, and specific
quantitative criteria are defined for each of the above targets.

The preventative measures against CDA are strongly used in the EFR design. Therefore, the beyond design basis
plant states are very infrequent events. Moreover, they are defined with bounding characteristics. This justifies
to use best estimated assumptions in the evaluation of their consequences.

4. RESULTS OF THE ACCIDENTAL ANALYSES

The release paths are described in the computer code CONTAIN-LMR by cells connected themselves. A typical
EFR model is presented in Figure 2.
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The analyses have been performed in a parametric way in order to assess the consequences of the possible
phenomena occurring during CDA, and to assess the efficiency of the devices loaded by the CDA. The results
of CONTAIN-LMR calculations are illustrated by the Figures 3 and 4, and the Table 1, related to the EFR
reference case. The most significant information given by the parametric analyses are presented as follows.

4.1. Pressure loadings on the reactor building

The pressure loadings on the reactor building are mainly sensitive to the two following parameters :

the opening area through the polar table,
the amount of primary sodium burning in the above roof area.

The CONTAIN-LMR calculations show that the consequences of the largest sodium fire, which is defined by
the amount of all the oxygen available in the above roof area, can be tolerated by the reactor building even if
it is not pre-stressed, provided the opening area through the polar table is limited. With the characteristics of the
EFR plant, the maximum mass of primary sodium able to burn is approximately 3000 kg. If the opening area
is lower than about 2 nr, the overpressure in the reactor building is lower than 250 mbar. This value allows to
ensure that the leaktightness of the reactor building is not damaged.

4.2. Leaktightness of the secondary containment

The leaktightness of the reactor building is 1 % of the volume per day under 10 mbar overpressure. This value
is judged reasonably achievable with the EFR building without significant improvement. Besides up to 250 mbar
overpressure, the leak area through the reactor building walls remains constant, and the leaktightness is not
damaged.

The CONTAIN-LMR calculations show the favourable effect due to the implementation of successive barriers
between the radioactive source and the environment. Where only one barrier is implemented, a higher
leaktightness is required. It is the case for the walls of the above roof area, and the wall of the rooms housing
the cover gas circuits and their safety valves. For these walls a leaktightness of 6 % of the volume per day under
3 bar overpressure is requested. This leads to implement steel liner on the concrete walls.

4.3. Isolation of the cover gas circuit

The non-isolation of the cover gas circuit is likely to induce unacceptable radiological releases in the
environment, and more particularly as far as noble gases are concerned. But, due to the large volume of the
circuit a short delay for isolation is not necessary. A delay of about 5 seconds is acceptable.

4.4. Isolation of the reactor building and the above roof area ventilation circuits

The CONTAIN-LMR calculations show that radiological releases in the environment are particularly sensitive
to the delay for isolation of the above roof area ventilation circuit. They conclude that the delay should be lower
than 5 seconds.

4.5. Characteristics of the sodium fire in the above roof area

The CONTAIN-LMR calculations show that a spray fire for which the primary sodium would burn rapidly
maximizes the overpressure and the mechanical loadings. But, a pool fire with primary sodium burning during
several minutes induces the largest radiological releases. This is shown in Figure 5 and Table 2. Nevertheless,
in any case the consequences can be limited and the limiting release targets are not exceeded.
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4.6. Retention chamber

The CONTAIN-LMR calculations are performed for a totally closed containment during all the duration of the
radiological releases which is several days. They show that :

apart from the concern of limited economic impact, the most sensitive radiological releases are due to
noble gases. Volatile and solid radioactive products are deposited at the beginning of the accident, and
due to the double barrier effect, they do not contribute strongly to the total releases in the environment
from the health point of view,

the radiological releases in the environment occur mainly at long term. After one hour, only 15 % of
the total gaseous releases is performed.

Taking into account that a large amount of noble gases cannot be easily filtered, and because after one hour the
overpressure inside the reactor building is significantly decreased, the reduction of the radiological releases in
the environment by means of a retention chamber may be under consideration.

A retention chamber can have three different advantageous effects :

To limit the releases by decreasing the overpressure in the reactor building. The calculations show that
a retention chamber with a volume of about 2000 m3 could allow to decrease strongly the radiological
releases in the environment.

To control and limit the radiological releases in the environment. This can be done if the pressure of
the reactor building is permanently under the external pressure. Due to the high pressure which could
occur at the beginning of the accident, this target cannot be reasonably achieved.

To collect the releases of the ventilation circuits before their isolation. A retention chamber of 1000 m'
would allow to reduce the dependence of the radiological releases in the environment on the isolation
delay needed for the ventilation circuits.

5. CONCLUSIONS

The computer code CONTAIN-LMR is a tool well adapted to assist the designers and the safety analysts for
knowledgeable analyses which allow to optimize the containment devices, and to limit the dependence of the
radiological releases in the environment on the phenomena liable to occur during CDA type accidents.

Representative examples of such studies performed for the EFR project are presented in this paper. They show
that the objective to limit the radiological releases in the environment, to exclude the most significant cliff edge
effects, and to design a homogeneous containment without weak point could be met without modifying strongly
the design. The studies are still in progress, but the current results allow to be optimistic for the EFR
containment function.

The studies performed in the frame of the EFR project show that CONTAIN-LMR is a tool which allows to
perform rapidly calculations. Then, it is possible to perform numerous calculations, and to identify the most
sensitive parameters for which design or operating improvements are the most beneficial. This allows to improve
the knowledge of the nuclear plants in severe accidental conditions for which complex and interacting phenomena
occur.
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Table 1 - CONTAIN-LMR calculations
Reference case - Releases in the environment

Isotopes

Xe 133

I 131

Cs 137

Te 131m

Sr90

Ru 103

Ce 141

Ba 140

Releases in the environment
(fraction of the total core inventory)

1.95 102

2.95 105

2.96 10's

2.86 iO3

7.08 108

7.07 108

7.07 10 s

7.07 ! 0 8
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Table 2 - CONTAIN-LMR calculations
Releases in the environment - Pool and spray fire comparison

Isotopes

Xe 133

1 131

Cs 137

Te 131m

Sr90

Ru 103

Ce 141

Ba 140

Spray fire
Activity (Bq)

3.24 1016

4.79 1013

4.86 1012

7.42 1012

1.01 1010

4.88 10"

3.88 10"

3.83 10"

Pool fire
Activity (Bq)

1.43 1017

1.20 10M

1.23 101'

1.84 10°

1.11 1010

5.34 10"

4.25 10"

4.20 10"
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Figure 1 - EFR containment
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Figure 2 - CONTAIN-LMR model for EFR
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Figure 3 - CONTAIN-LMR calculations
Reference case - Pressures in the reactor building
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Figure 4 - CONTAIN-LMR calculations
Reference case - Temperatures in the reactor building
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Figure 5 - CONTAIN-LMR calculations
Pressure in the crane hall - Spray and pool fire comparison

P A I 0

tafi

mm
nn
> >z z
PICl

II
> >
r r
r r

01

Q

(0

01

s

o n
10 10

mm
LOW

wwc cXIX!
mm

Z Z

Q

ro
Q

ro

ro
00

Q

01

Q

0)
OD

Q

0)

Q

03

S

ID
ro

S
K)
01
G>

Q
01

Q
Q

Q

01
Q

—-
Q

Q
Q

—
ro
01
Q

—
01

Q
Q

—

01
s

Q

Q
O

ro
ro
01

ro01
Q
Q

ro

01
Q

W
Q

S
Q

W
ro
01
s

Q
218



XA0055539

R&D Needs for the Evaluation of Behaviors of
Radioactive Materials of Large Scale FBRs

M. Fukasawa**, H. Matsumiya***, M. Wakamatsu**, K. Miyagi**,
H. Endo***
Toshiba Corporation
S. Kubo, K. Yonebayashi, S. Kotake
The Japan Atomic Power Company*

Abstract

The investigation of the source term produced by core disruptive accident (CD A) is
strongly required from the viewpoint of the determination of the site suitable source term
(SSST). In this study the major sequence of the CDA is extracted for the unprotected loss-of
flow (ULOF) of the 1600 MWe class of MOX fueled core, and corresponding transport
mechanisms of the fission products (FPs) are then evaluated according to the transport pass
within the primary coolant system during the CDA. Dominant consequence of the CDA is
induced by the leakage of FPs accumulated in the cover gas due to the blow down of fission gas
bubbles out of the core entraining the volatile fission products followed by the energetics which
induce the acceleration of the coolant slug of the upper sodium plenum. In addition to the
qualitative discussion on the FP transport mechanisms expected in the CDA sequence,
experimental examinations are also conducted to evaluate the FPs retention factor of the
coolant sodium. The retention factor of aerosols measured in the water experiments is over
100, and evaluated to be about 30 for the real plant condition based on the conservative
extrapolation models.

1. Introduction

To prevent public exposure in the case of an FBR accident, the safety licensing procedure
in Japan requires to evaluate the effects of site-evaluation accidents (SEA) and show the site-
suitable source term (SSST) and the appropriateness of the distance separating inhabited areas
from facilities where nuclear power plants are sited The amount of the radiation dose in the
containment vessel that should be considered must reflect the evaluation results of the effects of
a core disruptive accidents (CDAs) that could potentially lead to fuel failure in the whole core,
although, from a technical viewpoint, this is not likely to occur. Therefore, we have to
evaluate the circumstances of a CDA event as mechanistically as possible based on the present
technologies, then determine and evaluate the methods of transport radioactive materials that
are generated in the transition process of the event, and evaluate the volume of radioactive
materials transported to a containment vessel.

* 6-1, 1-chome, Ohtemachi, Chiyoda-ku, Tokyo, 100 JAPAN
** 4-1, Ukisima-cho, Kawasaki-ku, Kawasaki, Kanagawa, 210 JAPAN
*** 8, Shinsugita, Isogo-ku, Yokohama, Kanagawa, 235 JAPAN
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In this study, therefore, we determined the major mechanism of transporting FPs in the
transition process of a CDA event by surveying the accumulated knowledge. We then
classified the determined mechanism of transport and the accumulated knowledge based on the
available research and evaluation results of the effects of past core damage incidents. As the
object of this study, we estimated FPs retention capability of the sodium coolant to be the most
important item from among the various research subjects, since the knowledge is insufficient
despite its importance in evaluating the retention capability. FP retention capability depends
upon gas bubble behavior and aerosol dynamics and they could be simulated by water
experiment. To evaluate the retention capability, we tested the characteristic of dynamic
behavior of bubbles in water and dynamic behavior of aerosol in bubbles. As the same time, we
made analytical model to water experiments, analyzed the FP retention capability. We
extrapolated the retention capability from water experiments to the CDA condition of real
plant.

2. Characteristics of Fission Products (FPs) transport during CDA and
corresponding R&D needs

2.1. Characteristics of FPs Transport during a CDA

Below, we explain the mechanisms of transporting FPs by adopting a Unprotected Loss-of
Flow (ULOF) as a typical CDA event.

Fig. 2.1 shows the scenario of a typical CDA event. The series of initial events of a CDA
is called the initiating phase. Fig. 2.2 shows the initiating phase. In the initiating phase, a
mismatch between reactor power and coolant flow causes the temperature of the coolant to rise,
causes the coolant boiling in about 15 seconds. When the coolant is boiling, the hottest fuel is
broken first to release the noble gas and, subsequently, volatile FPs such as Cs and I through
the gaps between the pellet and clad. While the noble gas is going up to the cover gas, some
of the released volatile FPs is dissolved into the coolant by means of various mechanisms.
Others reach the cover gas with the noble gas bubbles. After the hottest pin breaks, fuel pins
in the inner core break incoherently at the rate of 40 assemblies per second, while most of the
volatile FPs in the inner core are released with the noble gas. Noble gas and volatile FPs that
don't dissolved into the coolant are accumulated in cover gas space. Investigation of
accumulation of FPs in the cover gas is strongly required to evaluate the SSST. Because the
volatile FPs may be leaking to the containment vessel through the seal structures, and integrity
of seal structures may be challenged due to the decay heat of FPs in the cover gas.
Accumulation of FPs in the cover gas can be evaluated by FPs retention factor of sodium
coolant. FPs retention capability depends upon chemical and physical forms of release of FPs
(Cs, I, Csl, Nal, and 12) from failed fuel, bubble behavior (coalescence, break up and
recoalescence), aerosol dynamics (diffusion, gravitational fall down, chemical reactions
deposition of FPs on entrained coolant droplets).

What occurs after the initiating phase is called the transition phase. Fig. 2.3 shows the
transition phase. In the initiating phase of the CDA of the 1600 MWt class of core being
evaluated, it directly enters the transition phase without passing through a state of energetics
emergence. In about 20 seconds, the inner core is degraded and enters the transition phase.
In the degraded inner core, non-volatile FPs are built up in the void space due to the fuel
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temperature over 3200 K. At the same time, the coolant starts boiling in the outer core and
causes fuel pins to break one after another, when volatile FPs are released accompanied by
noble gas bubbles in fuel pins and partly dissolve in sodium. Those not dissolved in sodium are
then transported to the cover gas. As fuel continues to melts, the outer core is also degraded
within 25 to 30 seconds, causing total core molten fuel pool. In this state, most of the non-
volatile FPs are accumulated in the void space of the degraded core.

If the reactor has become the state of super-prompt criticality or the energetics because of
fuel pool sloshing or some other reason such as current fuel fall down, it enters the post
disassembly core expansion phase (PDE). On the other hand, if it hasn't become the super-
prompt criticality, it becomes a subcritical state after part of the fuel is released from the core
region. The reactor then becomes a post-accident core material relocation (PAMR) and post-
accident heat removal (PAHR) phases.

In the PDE phases, the molten fuel temperature reaches over 4000° K due to the
emergence of energetics. Fig. 2.3 shows the PDE phase. The fuel material and non-volatile
FPs become a liquid/gas two phase state, and expand outside the core and flow into upper core
sodium pool. When sodium coolant in the upper plenum contacts the fuel material, it
evaporates and forms a CDA bubble. At this point, most of the non-volatile FPs are released
into the sodium. CDA bubbles accelerate the sodium slugs in the hot pool and compress the
cover gas, when the fixed plug and incident seals receive several impacts. As a result, volatile
FPs accumulated in the cover gas and sodium may leak into the containment vessel through the
incident seals.

During the PAHR and PAMR phase, the temperature and pressure of the cover gas
increase due to the decay heat of the noble gas and volatile FP accumulated in the cover gas.
Depending on the response of the FBR structure, therefore, FPs in the cover gas may leak into
the containment vessel through incident seals.

2.2 Behavior of FPs and Issues to be Investigated

In the foregoing section, we explained the behavior of FPs transported in the transients
during CDA event, and proved that it is important to evaluate accumulation of FPs in the cover
gas. Because the volatile FPs may be leaking to the containment vessel through the seal
structures, and integrity of seal structures may be challenged due to the decay heat of FPs in the
cover gas.

Below, we extract the major mechanism of FP transport, and indicate what must be
addressed in this study. Fig. 2.4 shows the major transport behavior of FPs during a CDA,
which can be classified as follows.

A. Release of volatile FPs with noble gas bubbles from failed fuel pins in inner core and
outer core to cover gas
This transport mechanism of FPs is object and scope of this study. Because This

investigation is very importance to settle the SSST, and insufficiency of current status of
knowledge. We should evaluate FP retention capability of the sodium coolant, that is to say,
bubble behavior, aerosol dynamics, chemical and physical forms of release of FPs from failed
fuel, and transport of FPs to primary system such as intermediate exchanger (IHX) and primary
pumps.
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B. Accumulation of noble gas and volatile FPs in cover gas
This investigation is very importance to settle the SSST, and no experimental results. R

and D needs are heat production by |3 and y decay of FPs, and loss integrity of structures
due to FPs decay heat.

C. Leakage of noble gas, volatile FPs and to containment vessel through incident seal
structures
This investigation is very importance to settle the SSST, and insufficiency of current

status of knowledge. R and D needs are leak tightness of seal structures, and effect of slug
impact.

D. Direct dispersion ofnon volatile FPs from degraded core to the sodium coolant.
This investigation will be required to settle the SSST, and experimental results can be

obtained by ORNL and FZK. R and D needs are CDA bubble behavior.

E. Transport of FPs from sodium coolant to cover gas or the surface of structures
This investigation are required to settle the SSST, and experimental results in PNC and

FZK. R and D needs are deposition of FPs on the surface of core internal structures (CIs) and
reactor vessel (RV), evaporation of FPs to cover gas.

F. Transport of FPs from cover gas to sodium coolant or the surface of structures
This investigation is importance to settle the SSST, and no experimental results. R and D

needs are dissolution of FPs to the coolant, deposition of FPs on the surface of core internal
structures (CIs) and reactor vessel (RV).

Among the FPs related to the above mechanisms, the amount of FPs transported into the
cover gas decisively influences the amount of FPs transported to the containment vessel. To
evaluate the volume of FPs transported into the cover gas, therefore, we evaluated FP retention
capability, that is to say, the behavior of bubbles in the coolant and volatile FPs (aerosol) in
the bubbles.

3. Study of FP retention capability in the primary coolant system

3.1. Overview of the study

Aerosol transport in a bubble was studied for evaluating FP retention capability in the
primary coolant system. As iodine is the most important element to estimate source term, our
study focused on iodine. In the fuel, most iodine is thought to be Csl because of its chemical
stability. Physical form of Csl may change through solid to gas depending on its temperature,
when it is released with noble gas at fuel failure. However, after released from a fuel pin, most
Csl is thought to be solid, because it is cooled by the expansion and the sodium coolant. Solid
particles in a bubble, which could be treated as aerosols, are reduced while rising in coolant
with the bubble. So, aerosol transport in bubbles is important to estimate FP retention capability
in the primary coolant system.

FP retention capability depends upon the bubble behavior and the aerosol dynamics in
a bubble, and the retention capability of sodium can be simulated by water experiment.
Experiments with water were performed to observe the bubble behavior and to simulate the
aerosol transport in a bubble. From the results of water experiments we made a analytical model
of retention capability and confirmed the property of the model. For evaluating retention
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capability in a real plant, the analytical model was extrapolated by considering the differences of
geometries and the physical properties of materials.

3.2. Experiment

3.2.1. Test model
Fig.3.1 shows the test model designed to simulate the reactor upper plenum. The

model consisted of an acrylic test vessel and air discharge line. The test vessel was a half-scaled
height and 30° sectors model of a large FBR reactor vessel. A perforated plate was set at the
bottom of the test vessel and a upper subassembly model was connected to one of the holes of
the plate from under to simulate the noble gas ejection.

3.2.2. Test procedures
The experimental methods are as follows. (l)Accumulate aerosols in the air tank.

(2)Pressurize the tank to a certain pressure, which simulates the whole fuel pin failure occurring
coherently in a subassembly. (3)Open the shut-off valve and eject the gas containing aerosols to
the pool. (4)Exhaust all the cover gas by the exhaust pump and a part was sampled to
measure the number of the aerosols transported to the cover gas. The measuring was continued
until the count rate decreased to the background level.

DOS(Di-Octal-Sebacate) was adopted as the aerosols because its geometrical
diameter could be regarded as aerodynamic diameter without conversion which dominate
aerodynamic behavior of aerosols, and its handling is easy. Aerosol diameter and water depth
were varied as parameters. Aerosol diameter was varied from 0.3 to 2.7 n m. According to
SPARC code [1], which bases on the Fuchs model and evaluates the aerosol retention in a
rising bubble, retention factors (which is given by initial amount divided by remained amount in
a cover gas) for sub-micron diameter aerosols were evaluated to be the smallest.

3.3. Results

3.3.1. Bubble behavior
The bubble behavior observed in the upper plenum test model was

summarized(Fig.3.2) [2]. Discharged air caused a periodic formation of discrete globule
bubbles. The globules were broken up into small bubbles of less than 10 mm in mean diameter
before the collision with the UIS. The small bubbles were rising in the pool along the UIS and
form a plume. In the rising process, some large bubbles were formed by coalescence of small
bubbles at the top of the plume. These large bubbles were rising and growing along the UIS and
reached the water surface. We called the former zone where globules were formed the Outlet
zone and the latter the Breakup/Coalescence zone.

3.3.2. Aerosol retention capability test
Fig.3.3 shows retention factors measured in the test. The retention factors for 3m of

pool depth were over 100 for any aerosol size in the tests. Retention factors for small aerosols
increase exponentially to pool depth. Retention factors for large aerosols has saturation trend at
deeper pool region. Therefore, the dependency of retention factor on aerosol diameter is strong
at shallower pool region but weak at deeper pool region.

3.4. Analysis
Experimental analysis was conducted to make an aerosol retention behavior model.

3.4.1. Models
Some models were made to estimate the retention of aerosols in accident conditions.

As described in the bubble behavior section, the bubbles were divided into three types in view
of characteristics of the bubble behavior, which are globules in the outlet zone, small and large
bubbles in the breakup/coalescence zone. Bubble size and inside gas flow are much different for
each bubble type. Bubble behavior strongly affects the retention factor of the bubble. So,
retention factors were estimated for each bubble type respectively and make a total retention
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factor.

3.4.1.1. Outlet zone aerosol model
Aerosol retention by entrained droplets was modeled for inside the subassembly and

the globule bubble. As the gas in the subassembly is flowing fast, a lot of entrained droplets of
water is made(Fig.3.4). Entrained droplets catch aerosols like spray droplets because they are
rising at different velocity. The difference between the two velocities are very high, this
mechanism is thought to be dominant in this zone.

3.4.1.2. Bubble growth model
Besides retention models, the small bubble coalescence was modeled to estimate the

large bubble volume and its ratio to the total ejected gas. As the aerosol retention in large
bubbles is considered small, the ratio is important to get a total retention factor. This model is
essential for extrapolating different fuel failure condition like CD As.

Fig.3.5 shows a schematic of the bubble coalescence model. Top of the bubbles, which
consists of large bubbles, makes a spherical cap as a whole. Small bubbles rise after the
spherical cap of the large bubble. As small bubbles are well mixed in the wake by vortex, we
treated a small bubble as a particle and its concentration follows convective diffusion. The
spherical cap radius was changed with height to represent the growth of the cap. The rising
velocity of a cap bubble was obtained from Bernoulli equation.

3.4.2. Experimental analysis
Using these models and some other analysis code such as TRAC(two phase flow

analysis code) [3] and SPARC(described above) code, retention factors were estimated for
experimental conditions. The result of this experimental analysis is also shown in Fig.3.3. The
analysis underestimates for small aerosols, but shows good agreement on pool depth
dependency.

3.4.3. Extrapolation
Extrapolation for a real plant CDA condition was conducted with these models and

some assumptions. As the experimental bubble behavior seems to be well simulated to the real
plant condition, these models based on the behavior of the tests are basically useful for real
plant analysis. However, extrapolation for hydrodynamic models is necessary to consider
differences of sodium/water and gas ejection characteristic. In CD As many assemblies fail in a
short period of time. This affects little on the bubble behavior at the outlet, but large on the
breakup and coalescence behavior.

3.4.3.1. Outlet zone
Entrained droplet was estimated from inlet flow in a assembly. Coolant flow coast

down at the accident, however about 20% of steady flow is expected at fuel failure, which
produce pressure between the inlet and the outlet of a assembly. About 1% of droplet
volumetric fraction was obtained from evaluating the pressure drop of the droplet flow. The
concentration of entrained droplets was estimated with this droplet volumetric fraction and
used in the calculation of retention factor in the outlet zone.

Retention factor was estimated about 6 with the same model developed by the analysis
of water experiments. In the estimation, physical properties of sodium and noble gas were
considered as well as the geometrical differences between the experiment and a real plant.

3.4.3.2. Breakup/Coalescence zone
Retention factor of small bubbles was estimated by extrapolating water experiments on

the basis of Fuchs model. In Fuchs model, retention factor is calculated as follows;
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fCm-Vtrs t e x p |—v
Here,

Cm : Cunningham correction factor
Vb : bubble rising velocity p : aerosol density
d : aerosol diameter [/. : gas viscosity
D : bubble diameter At : residential time

At and D have distribution, which are difficult to estimate. So, the retention factor of
a plant was estimated by extrapolating water experiments by using the differences of
representative values of At and D.

ln(RFw)

The average bubble diameter was used for the representative value of D which was
observed for water experiments as Dw. DN was estimated as the bubble in sodium which has the
same stability of Dw using the bubble shape correlation between Reynolds, Morton, and Eotvos
number [4]. DN was estimated about 1.6 times larger than Dw.

The time in which the top of the bubbles reaches to the surface was used as the
representative value of At. It was estimated from the bubble growth model. In the bubble
growth calculation, all the gas ejected from the assemblies was treated as a whole and plant
configuration was also considered. At was calculated 3 seconds, which was 2 seconds in the
calculation for the water experiment.

3.4.3.3. Total RF
Total retention factor was calculated as follows;

1 fL 1-fL
RF RF(o) x RF(l) RF(O) X RF(S)

RF : total RF
RF(o) : RF of Outlet zone
RF(s) : RF for small bubbles
RF(1) : RF of large bubble (assumed 1)
fL : volume ratio of large bubbles (estimated from the bubble growth model)

Total retention factor for CDA of a plant was estimated 30 for 0.5 // m aerosol of Csl.
The aerosol diameter was estimated on the assumption that all Csl were ejected as aerosols and
grown by coagulation. It is thought to be conservative because large amount of aerosol in
addition to Csl release at fuel failure. The result shows that the aerosol retention in CDA is
about 1/3 of the water experiment. It is considered that smaller aerosol mobility in noble gas,
which has higher viscosity, and larger size of gas bubbles in Sodium, which has higher surface
tension, mainly cause the reduction of the retention factor.

3.5. Summary of retention capability study
Retention factors of aerosols in the pool were measured in tests using water, which

was simulating the release of FPs ejected with the noble gas into the sodium pool in a FBR
accident. Aerosol diameter(0.3~2.7 v. m) and water depth(0~3m) were varied in the test.
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Retention factors increase according to water depth and aerosol diameter. They were over 100
for 3m of pool depth for all diameter in tests.

Experimental analysis was conducted to model aerosol retention behavior in accidents.
The analytical model underestimates retention factor for small aerosols, but shows good
agreement on pool depth dependency.

Extrapolation to real plant CDA condition was performed with the model developed
for a large FBR. The retention factor of CDA was estimated about 30 under conservative
conditions.

4. Summary

The investigation of the source term produced by core disruptive accident (CDA), which
will be enveloped by the site evaluation accident (SEA), is strongly required from the viewpoint
of the determination of the site suitable source term (SSST). In this study the major
consequence of the CDA is extracted for the unprotected loss-of flow (ULOF) of the
1600MWe class of MOX fueled core, and corresponding transport mechanisms of the fission
products (FPs) are then evaluated according to the transport pass within the primary coolant
system during the CDA. Dominant results are summarized as follows:

i. Dominant consequence of the CDA is induced by the leakage of FPs from the cover
gas boundary to the containment system, where the FPs are accumulated in the cover
gas due to the blow down of fission gas bubbles out of the core entraining the volatile
fission products such as Cs and I with aerosol form discharged from degraded fuel pins.

ii. The leakage of FPs is potentially enhanced by the occurrence of the energetics which
induce the acceleration of the coolant slug of the upper sodium plenum and then the
compression of the cover gas.

In addition to the qualitative discussion on the FP transport mechanisms expected in the
CDA sequence, experimental examinations are also conducted to evaluate the FPs retention
factor of the sodium coolant under condition that the fission gas bubbles are blown down
entraining the volatile FPs in aerosol form. Experiments with water are conducted to observe
the bubble behavior in the coolant and to simulate the aerosol transport in the bubbles.
Dominant results are:

i. The retention factor of aerosols measured in the water experiments is over 100 for the
3m of pool depth for the aerosol diameter of 0.3 to 2.7 micron meter simulating the
typical accident conditions.

ii. The retention factor is evaluated to be about 30 for the real plant condition based on the
conservative extrapolation models.
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Feedback from Practical Experience with Large sodium Fire Accidents
V.P. Luster, K.F. Freudenstein (Siemens AG KWU)

ABSTRACT

The paper reviews the important feedback from the practical experience from two large sodium fires; the first at
ALMERIA in Spain and the second in the Na laboratories at Bensberg, Germany.

One of the most important sodium fire accidents was the ALMERIA spray fire accident. The origin of this accident
was the repair of a valve when about 14 t of sodium was spilled in the plant room over a period of lA hour. The event
has been reported (IAEA/IWGFR meeting in 1988) and this presentation gives a short review of important feedback.
The Almeria accident was one of the reasons that from that time spray fires had to be taken into account in the safety-
analyses of nuclear power plants. Due to the fact that spray fire codes were not available in a sufficiently validated
state, safety analyses were provisionally based on the feedback from sodium fire tests and also from the Almeria
accident itself. The behaviour of spray fires showed that severe destruction, up to melting of metallic structures may
occur, but even with a large spray fire is limited roughly within the spray fire zone itself. This could be subsequently
be predicted by codes like NABRAND in Germany and FEUMLX in France.

Almeria accident has accelerated R&D and code development with respect to spray fires. As example for a code
validation some figures are given for the NABRAND code.

Another large sodium fire accident happened in 1992 in the test facility at Bensberg in Germany (ILONA). This
accident occurred during preheating of a sodium filled vessel which was provisionally installed in the basement of the
ILONA test facility at Bensberg. Due to failure of a pressure relief valve the pressure in the vessel increased. As a
consequence the plug in a dip tube for draining the vessel failed and about 4,5 t of sodium leaked slowly from the
vessel. The plant room was not cladd with steel liners or collecting pans (it was not designed for permanent sodium
plant operation). So leaking sodium came directly in contact with the concrete floor and walls. Sodium concrete
reactions and concrete destruction were the consequence.

The Almeria accident had previously drawn attention to the potential problem of Na aerosol release into the
environment. As consequence the local environment protection group took samples of the air around the Bensberg
facility during the accident. No noxious fall out has been found although post accident analyses have shown that the
amount of released aerosols was about 1000 kg. The accident confirmed also that severe damage was limited to the
immediate fire zone. Neither the Almeria spray fire accident nor the ILONA sodium concrete reactions would have
endangered the nuclear safety if they would have occurred at a reactor plant (not speaking of investment losses). The
ILONA building was cleaned. After repair the building was ready for another use.

1 SODIUM FIRE ACCIDENT IN THE ALMERIA SOLAR PLANT

This accident happened in august 1986 in the Central Reciever System CRS of the Small Solar Power
Systems SSPS nearby Almeria in the south of Spain. It has already been reported in an IAEA/IWGFR
meeting fl] and this presentation, after some laps of time, gives now a short review of important feedback.

1.1 Plant description

Objective of the installation :

Various solar energy conversion principles coexists on the test site. The goal of the CRS was to demonstrate
the feasibility of electrical power generation by the conversion of direct solar radiation into thermal energy,
and then, by conventional methods, into electrical power.

The CRS consisted mainly of a heliostat field which reflects the sun radiation into the receiver, which absorbs
and transfers the thermal energy to the sodium fluid. The sodium fluid acts as heat transportation and heat
accumulation fluid as well. The energy is used to drive a conventional steam power generation system.
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Building, Arrangement:

The sodium part of the plant was mainly housed in a steel framework building erected on an concrete walled
basement and cladd with corrugated sheet. The building was ventilated by several roof fans. There was no
specific design requirement besides conventional building specifications.

The steam generator and the control and computer plant were in the same building in neighbouring rooms.
These rooms were separated from the sodium plant room by fire protection walls in solid -brick lining and
usual fire-retarding doors. The machine hall was in an adjacent part of the building. There was no separation
wall between the upper part ( + 4,00 m) of the sodium plant room and the machine hall. The resulting
opening section between the + 4,00 m level and the roof was several tenths of m'.

Table 1 : Main Dimensions of the Building (See also figure 1)
surface of ground floor
basement level
leakage collecting pan level
main steel grating level
upper steel grating level
roof height

15,60 x 14,40 m
- 3.70 m
- 2,00 m
± 0 m
+ 4,00 m
15,50 m

Sodium Plant:

The functional principle of the sodium plant was to receive the sun energy, to store it and to deliver it to the
steam generator. The energy storage capability amounts to 1 MWh(e). The storage system was based on 2
storage vessels operating at nearly constant temperature levels of about 275 °C for the lower level and about
530 °C for the upper level. One centrifugal circulation pump is associated with each temperature level.

Sodium plant equipment and auxiliaries like argon cover gas system, cold trap, cold trap regeneration vessel,
plugging indicator, thermal insulation, trace heating, valves (steel bellows and glands) provided usual sodium
plant operating methods and conditions.

The bulk of sodium pipework was arranged in horizontal extension between the ± 0,00 m level and the +
4,00 m steel grating.

Table 2 : Relevant Data of the Sodium Plant:
storage vessel centre line level
storage vessel dimensions
total volume per vessel
main pipe diameter
auxiliary pipe diameter
cover gas operating pressure
material of Na containing structures
nominal power
nominal storage capacity

± 0 m
3,3 m 0 x 9,8 m length
70 m3

DN80
DN50
1.5 ...8,5 bar absolute
austenitic steel 1.4948
2 464 kW
1 MWh(e)

Fire Protection Equipment:
sodium leakage collecting pans on each bottom floor (total about 300 nr
local leak detection systems in collecting pans
smoke detection system (1 probe for 30 - 60 m2 of room surface)
several mobile sodium catch pans
470 kg of GRAPHEX powder
several tenth of mobile fire extinguishers, 6 kg GRAPHEX each

1.2 Origin and accident sequence

Preliminary remark : Due to the fact that the fire propagated from the sodium plant to the control and
computer rooms the whole electronic equipment and data recording from the operating period before and
during the accident were destroyed.
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The plant was on cold shut down for repair of a sodium valve DN80. Several days before, a small leak on the
gland of the valve was visually detected (figure 2 shows a cross section of the concerned standard valve
DN80).

The valve to be repaired was the first one in the suction line of the "cold" circulation line. The normal cover
gas pressure of about 5 bars was to be maintained.

In order to isolate the repair area the following conditions have been created in the system (see diagram a)

to the raciever

I 4,6 bar

3.3 m

cover gas

target value ^7

L \

diagram a

cover gas 5,1 bar

S7
A

valve to be repaired

plug of frozen Na

several valves were closed in the upper part of the
sodium plant
sodium was frozen over a length of several meters
in the suction line.
the necessary height of the sodium column was
adjusted by creating a pressure difference of 0,6
bar between the upper and the lower part of the
system.

The lantern of the valve should be removed in
order to get access to the sealing bellow. After
preparing the access and removing the flange
bolts operators start hand grinding of the seal
weld of the flange (believing that the repair area
is depressurized and well isolated from the cover
gas pressure and from the cold sodium storage
vessel).

During the first period of grinding the seal weld the leak tightness was maintained by an auxiliary helicoflex
seal. When about 2/3 of the seal weld perimeter were cut the helicoflex seal gave way. By this the flange was
suddenly lifted up. Several gulps of gas with sodium aerosols were expulsed, followed after a few: seconds by a
strong sodium jet. This was the begin of a violent sodium spray fire.

Operators had just time to leave the plant room. Two or three minutes after recognising the accident the
operator (three of them were wound by the sodium jet) tried to start the pressure release. But the valves of the
argon system did not operate due to lack of energy. So the emergency power supply was started. At the start
up of the emergency energy supply, when signals and energy were sent to the actuators, the installation in the
plant was already damaged. Whatever the reason, the sodium jet could not be stopped by active measures.

Among the destruction found after the accident was the rupture of a sodium filling nozzle DN80 on the "hot"
storage vessel which was located w ithin the spray zone. On its upper end this nozzle was closed by a valve
DN 80 which, by its own mass, teared the nozzle down and broke the tube. The cross section of the destroyed
tube formed an efficient pressure relief opening. This stopped sodium expulsion without the operators action
after about 30 minutes of spray fire.

Obviously during that time fire extinguishing was not efficient. After the spray fire stopped a pool fire
remained mainly in the sodium collecting pan. This was stopped after 2 hour by GRAPHEX.

Table 3 : Initial conditions and accident sequence data :
sodium temperature
sodium volume in each vessel
total gas volume in both vessels
argon pressure
smallest leakage cross section in the

damaged valve
pressure loss coefficient correlated to this
cross section
driving pressure difference at start of spray-
leak rate
totallv leaked sodium mass
duration of spray fire
total duration of the fire

225 °C
30 m3

80 m3

5,1 bar
11,25 cm2

120

4.1 bar
14kg/s
15 mJ

'/i hour
2 hours
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1.3 Damage are and material behaviour under sodium fire loads

1.3.1 Spray direction

4,0 m

0,0 m

to the reciever cover gas diagram b
The valve was located in a horizontal section of the
line which was in parallel to the a wall of the
building at one meter below the + 4 m level floor.
The opening of the flange was limited by the
spindle to an angle of 40° and oriented to the
middle to the room. Figure 3.

As a consequence the sodium jet was projected
horizontally to the middle of the room spraying
through the installation zone across the cold
storage as shown by diagram b.

1.3.2 Damage area and damage

The spray extenuated horizontally in an elliptic
section of about 10 x 5 m and vertically from the
bottom to the top of the building. A section of 12
m2 of the roof material (corrugated sheet) was
distroyed. This opening increased the natural
ventilation and the oxygen transport to the fire
zone.

Visual inspection after the accident showed that the area of highest temperature was at a distance of 1 to 3 m
from the spray source. Damage happened within the fire and spray zone and concerned the following type of
material:

Table 4 :
damaged material
ferritic steel

austenitic steel
galvanised iron
aluminium alloy
electrical systems and I&C

type of damage
failure of thin support structures (bars 0 =£ 10
mm), local ductile deformations of support
structures and collecting pans
pipe ruptures as consequence of support failure
cladding of thermal insulation, gratings, stairs
casings of valve driving motors
in the fire zone and secondary fires

Due to the nature of sodium fires (short flames, strong aerosol production), the propagation of the fire was
limited to the ways of the natural convection. Therefore there was no real damage of sodium plant material
outside of the fire zone. Only inflammable structure which came in direct contact with the hot convection gas
has caught fire (see below : computer room).

Even within this zone no heavy structures like the storage vessels or sodium pumps were significantly
attacked by the fire. Steel profiles of the gratings were locally deformed but not destroyed. Only within the
inner fire zone smaller supporting profiles suffered ruptures.

4,0 m
diagram c The large vessel supports were locally deformed at the edges, but did not fail

although the vessels held the normal contents.
Sodium catch pans built of flat ferritic steel plates collected the unburnt
sodium, debris and hot reaction products. Although these catch pans were
significantly deformed by thermal loads (hot spots) they were able to fulfil
their task satisfactorily.

1.3.3 Sodium concrete reactions

Attacks to the concrete were limited to a small place vertically below the
concerned valve. Sodium dropped down on the foundation of the basement.
Several cm2, depth max. 10 cm at the upper edge of the wall were attacked.
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The reacted concrete volume was only several cm3 and therefore not able to influence the accident sequence.

1.3.4 Fire propagation to neighbouring zones and rooms

The convection was accelerated by the violent energy release and the wide ventilation cross sections
(distroyed roof)- So the fire took the following propagation ways :

vertically upwards —> destruction of 10 m2 roof

horizontally into the computer room (the fire protection door incidentally open)

No propagation occurred :

downwards to the machine hall
to all other adjacent rooms (fire protection doors closed)

1.3.5 Temperature determination by material analysis

Material samples were taken in order to determine temperatures and gradients by metallographic analysis and
to get feedback from material behaviour. Figure 4 shows a plan of the 4,00 m grating and indicates the
location of the samples.

As an example of the failed material a broken austenitic tube is shown by figure 5. The following table 1
gives a summary of the material analysis results.

Table 5 : Excerpt of Material Analysis Results
localisation
center of spray fire,
1... 3 m from spray
origin in spray

direction

surroundings of the
spray fire center

boundary of the
spray fire region

material
Na-pipework
austenitic steel, wall
thickness 3 mm

Na-pipework
austenitic steel, wall
thickness 3 mm
ferritic steel I-profile,
115 mm, 4,00 m
grating
galvanised iron
gratings
support beams

casing of a valve drive
motor, aluminium

material temperature
1450 °C at the rupture
surface (nearly melting
temperature)

1200 °C within the
material

1100°C

1100°C

620 °C, melting
temperature of Al

type of damage
total rupture of 1 sodium tube and
one sodium nozzle DN 80. due to
failure of ferritic support beams
l O m m 0

deformation and weakness of the
material

destruction

rupture of support beams 10 mm
0
partial melting of casings

1.3.6 Aerosol behaviour

Due to the fast sequence of the accident only a few observations have been made by the operators. Most of the
aerosols were transported to the outside of the plant room and even far beyond the site boundaries. No air or
earth samples were taken. As usual in that region the weather was dry; so the aerosols leaving the plant
should rapidly be transformed to sodium-bicarbonate. No noxious reaction became known from the
environment.

Within the plant aerosol deposits were partially transformed in alkali.

The material samples (see chapter before) were taken two months after the accident. At that time no
significant alcali attack was observed.
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2 SODIUM FIRE ACCIDENT IN THE ILONA TEST FACILITY AT BENSBERG

This accident happened September 1992 in the sodium test facility at Bensberg in Germany. It has been
reported in the Fifth DeBeNe - Franco - PNC Specialists' Meeting on Sodium Fires and Radiological
Consequences of Postulated LMFBR Accidents in March 1993. Karlsruhe. Germany.

ILONA was a large sodium test facility for natural convection in decay heat removal loops with down scaled
components (1/3) and full size elevation. The origin of the accident was not ILONA itself, but a provisional
installation in the basement of the ILONA plant.

2.1 Plant description

Building. Arrangement of ILONA:

The tower shaped ILONA building (figure 6) is erected in steel framework construction on a concrete
basement. In the basement (figure 7) the following components are installed :

• the ILONA dump vessel
• Provisionally two smaller sodium vessels

In the upper part of the building there are the plant rooms for the sodium test loop which is designed to the
usual sodium plant technology standard. The building is cladd with uninsulated corrugated steel plates. The
floor of the basement had a normal cement layer of 6,5 cm thickness. The ceiling of the basement is formed
by the sodium collecting pan of the floors above. These pans are to collect the sodium in case of a leak in the
test loops and to protect the basement against secondary damage.

In normal test loop operation the basement contains only the ILONA dump vessel and nothing else.

Table 6 : Main Dimensions of the Building:
surface of ground floor
basement level
leakage collecting pan level
upper steel grating level
room volume
roof height

11 x 15= 165 m2

- 5.00 m
± 0,00 m
+ 4,00 m
825 m3

+ 36.5 m

Sodium Plant:

The task at the time of the accident was to store provisionally and to accept sodium from another plant on the
site. The plant consisted mainly of the two sodium storage vessels. They were connected with an argon supply
system and provided with pressure regulation and monitoring system but had no process connection to the
ILONA facility. The vessels remained from two older test loops which were formerly dismantled : the 5 MW-
Tcst loop and the AVB (plant operation test loop). Corresponding to its function the installation was simple.
The only sodium line DN 25 connected the two vessels. The 5 M\V vessel had a dip pipe with gland plug
obturation for dumping. See the following diagram d.

Argon Argon Leilung
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Table 7 : Relevant Data of the Sodium Plant:

dimensions
total volume
Na-contents
cover gas operating pressure
material
insulation/ temperature
cladding
electrical heating
sodium line diameter
others

5 MW vessel
1,8 m 0 x 5 m length
11,8 mJ

6 m3

0,02 bar relative
10 CrMo910
140 mm/200 °C
no
yes
DN25
dip line with gland plug

AVB vessel
1,7 m 0 x 3 m length
6,2 mJ

0,5 m3

10 CrMo910
140 mm/200 °C
no
yes
-

2.2 Origin and accident sequence

Preliminary remark : Due to the fact that the fire destroyed the pressure control and monitoring system and
also electrical systems, which were installed in the ILONA basement, no data recording from plant conditions
before and during the accident was available. However, by presence of other test facilities on the site data and
information base of the ILONA accident is better than that of the ALMERIA accident.

In the original plant state the sodium contents of the vessels were frozen. In order to make the sodium transfer
the sodium content of the 5 MW vessel was heated and melted by the electrical trace heaters on the vessel
wall.

Table 8 : Initial state :
sodium temperature
sodium volume in the vessel
total gas volume in the vessel
argon pressure control

< 100 °C
6m J

6m J

1,02 bar

Due to a failure of the pressure regulation valves the cover gas control became unavailable during the heating
procedure. The increasing gas pressure lifted the gland in the dip pipe and released sodium. About 6 hours
after start of heating procedure the fire alarm from the ILONA basement was given by the central fire alarm
system.

Probably the gland plug did not open completely the cross section of the dip pipe. A flow resistance remained.
Therefore the leakage flow was small (the time which is necessary to melt the sodium may also play a role).
Sodium and reaction products were flowing over the tank outside and came easily in contact with the tank
surface because there was no cladding. Additional reaction with insulation material and electrical equipment
might have enhanced the energy release.

sodium leakage came in contact with the concrete floor and walls. A sodium concrete reaction started. The
concrete of the walls spelled off by the thermal effect. The concrete of the floor was lifted by reaction products
and the thermal expansion of reinforcement steel.

The same phenomenon lifted the vessel at one end as well. By inclination of he vessel the entrance to the dip
tube of the vessel became uncovered and this stopped the leakage.

Table 9 : Leakage sequence data :
leak rate (estimated value)
duration of sodium leakage
totally leaked sodium mass
total duration of fire and sodium concrete reaction

0,2 kg/s
5 hours
4,0 t
14 hours
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Table 10
phase

1

2

3

4

5

6

7

: Acciden
hour/
duration
15. Sept
13.30 h

18.00 h

19.00 h

16. Sept
3.45

24.Sept
until
25Oct.

t sequence and actions
phenomena

first alarm

local fire and aerosol
production
restart of leakage
and fire, strong heat
and aerosol release

back ground noise
from concrete
bursting,
aerosol production
decreased
further reduction of
aerosol release,

stop of burning
phenomena, start of
cooling down phase
transformation of
aerosol deposits in
carbonate

actions

local extinguishing seems to be
successful
Further attempts to extinguish. Holes
were cut in the catch pan at 0,00 m
level in order to drop GRAPHEX.
Argon injection with normal plant
cover gas system.

Air sampling in the plant
environment by local authorities.
Extinguishing stopped due to heat and
aerosol release.

Start of argon flooding from gas
transport trucks.
First inspections of the room with
respiratory equipment and heavy
protective suit.
Argon cover gas inerting with slowly
decreasing argon flow.
Temperature, Cb- and H2-monitoring
start of CQradmission

comments

mobile equipment
GRAPHEX

Available gas flow too
small to cope with violent
natural convection.
Negative result.

Obviously stop of sodium
leakage.

debris temperature
450 °C;
O2 < 2 % H2 < 0,7 %
debris temperature
100 °C;
C Q , < 3 %

2.3 Consequences

2.3.1 Main characteristics of the fire

The leakage flow rate was small and there was not a "fountain". As found by post accident investigations the
leakage sodium flowed along the vessel surface downwards and dropped on the concrete floor. There was no
protection by a steel cladding or sodium catch pan.

Consequently the behaviour was that of a pool fire with sodium concrete reaction at the floor.

Table 11 : Mass balance of leakage sodium :
total leakage sodium
sodium implied in reaction with concrete
unreacted sodium found in the debris
burnt sodium
sodium transformed in aerosols
sodium transformed in other reaction products

4300 kg
,_ 1000 kg

300 kg
3000 kg
2500 kg

500 kg
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2.3.2 Damage area and damage

Table 12
damaged material
damaged material
ferritic steel

ferritic material with
galvanised surface
treatment
aluminium
concrete
electrical systems and I&C

type of damage
construction elements
local ductile deformation of vessel support and the
collecting pan above the vessel
partial destruction of gratings and stairs

destruction of pressure control valves in the fire zone
see following chapter 1.3.3
in the fire zone and secondary fires

There was no propagation of fire outside of the concerned plant room. Even within the plant room no
distraction occurred a short distance from the fire section and there was no horizontal propagation.

The sodium catch pan on the ceiling of the room was built of flat ferritic steel plates. This catch pan was
locally deformed by thermal loads (hot spots at the edge due to convection of hot reaction gas).

2.3.3 Sodium - concrete interactions

The most important observation of the site after the accident was the concrete distinction :
sodium concrete reaction : mainly the floor of the room and the lower part of the wall
thermal impact without chemical reaction : walls of the room in those areas which came in contact
with the convection flow of hot reaction gas,

2.3.3.1 Sodium concrete reaction

The concerned area was situated under the vessel, more precisely below the part of the vessel were the dip
pipe delivered the leakage flow. The concerned floor surface was about 20 m2.

There the sodium attacked the concrete to a depth of 390 mm. The reaction products increase the concrete
volume. This was one of the effect which lifted the vessel and stopped finally the leak. The other was thermal
dilatation of reinforcement steel. Exhaustive post accident analyses were made of the concrete damage. Figure
8 shows a cross section and horizontal extent of the sodium - concrete reaction zone.

As maximum concrete temperatures 900 °C were found. In total 2 m3 of concrete reacted with sodium. The
reaction produced hydrogen. The hydrogen combustion increased the surface temperature of the vessel. This
was confirmed by lacquer replica technique.

2.3.3.1 Thermal effects

Chemical analyses of the wall concrete showed that only physically bound water was released. Nevertheless,
this effect - together with thermal expansion effects - has destroyed 50 m2 of concrete wall. Without,
however, calling in question the overall stability of the building. The reinforcement steel was much less
deformed than that of the floor concrete. Figure 9 shows a damaged wall section.

2.3.4 Fire propagation to neighbouring zones and rooms

As stated in the previous chapters the fire impact was limited to the floor surface of 20 m2 and a wall surface
of 50 m2.

No propagation occurred :

to the higher floors of the plant
(insofar the sodium catch pan on the 0.00 m level was efficient in both directions : originally
designed to protect the basement against leaks in the ILONA tower it was sufficient in the other
direction as well).
horizontally to other installations at the same room (example : the ILONA dump vessel).
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2.3.5 Temperature determination by material analysis

Material samples were taken in order to determine temperatures and gradients and to get feedback from
material behaviour.

Table 13 : Extract of Material Analysis Results

2.3.6

material
vessel
10CrMo910

reinforcement steel in floor
concrete reaction zone
BST500S
sodium collection pan at 0.00
m
ferritic steel
galvanised iron gratings
ILONA dump vessel
austenitic steel 1.4948

material temperature
locally about 1000 °C

> 1000 °C

<800...900°C

1100 °C
< 900... 1000 °C

type of damage
no visual damage but local
modification of
microstructure (nearby the
main fire zone)
decrease of material
properties

no damage, no modification
of microstructure

destruction
no damage, no modification
of microstructure

Aerosol behaviour

In opposition to local damage of concrete aerosol deposits were found in the whole building.

Table 14 : Aerosol production balance :
burnt sodium
sodium transformed in aerosols
deposits in the building
release to environment

3000 kg
2500 kg
1500 kg
1000 kg

During the period of highest reaction rate the local authorities took air samples in the plant environment. No
noxious reaction were found.

Deposits in the plant:
The deposit layer thickness decrease with the floor level of the examined plant room.

4,20 m level
29,40 m level

1,16 gram/nr
0,44 gram/m^

Figure 10 shows photographs of aerosol deposits in plant rooms, which had obviously not suffered during the
accident.

Several months after the accident the ILONA building was cleaned. The cleaning was accompanied by-
continuous chemical and material survey. After repair of the concrete damage the building was ready for
another use.

3 CODE DEVELOPMENT

Particularly the Almeria accident has accelerated R&D and code development with respect to spray fire and
combined spray - pool - fires. In Germany SIEMENS (former INTERATOM) developed the code NABRAND
in order to discribe pool and spray fires simultaneously.

3.1 Modelization of energy release

From leakage accidents and a large variety of sodium fire experiments it was learnt that the most effective
thermodynamical consequences are produced by sodium jets dispersed after impact (like e.g. the spray fire at
Almeria). The code simulates the following input parameters :

leak rate
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fraction of the leak rate which participates in the spray fire
extension of the spray zone
pool burning area.

The sodium droplet size is an important parameter for the burning surface of a spray. The SPRAY subroutine
needs as input the droplet size. As a typical size spectrum a log-normal distribution with 4 mm mean
diameter and a standard deviation of 2,15 has been identified to be valid for the single droplet burning model.
The experiments showed that this is a good assumption for all types of dispersed fires from experiments.

3.3 Modelization of heat exchange

An important feature of the code is the natural convective and the radiative heat exchange between the
combustion zone and the aerosol loaden outer gas zone surrounding it. Because of the high heat absorption by
the produced aerosols, the heat transfer to the walls and structures of the compartment is done via the outer
gas zone. With respect to pressure relief and ventilation different options are possible. Also ID convective
exchange between the compartments connected to the burning cell can be modelised.

3.3 Validation

In order to validate NABRAND code, pre- and postcalculations were compared to experiments that were done
recently in order to analyse combined fires at large leak rates in large containments. By these experiments the
validation of NABRAND code already done for a large variety of different experiments mainly done from
FZK Karlsruhe and CEA Cadarache could be completed.

Table 15 : Sodium Spray Fire Experiments -
Experiment

IGNA 402

IGNA 2002

IGNA 3602

IGNA 3604

FCA++2

post test:

FCA 150

post test:

Charac
test cell data
400 m3
pressure
relief valves
2 x 27 m3
pressure
relief by 20,6
m2
3600 m3

4 m2 burst
disc
220 m3
closed

220 m3
closed
220 m3
closed

;eristics
spray data
10 kg/s in 60
s

135 kg/s in 8
s

80 kg in 8 s

160/480

15,5 kg/s in
25 s

15,5 kg/s in
25 s
150 kg/s in
10 s

Comparison with NABRAND Simulations
Peak pre

test
about 0,03

cell 1 :0,13

cell 2 : 0,10

max. pressure

0,22/0,27 bar/s

3,2

32,8

ssure (bar)
code
<0,04

model 1 :
cell 1 : 0,26
cell 2 : 0,17
Model 2 : 0.21

rise 0,17 bar/s

2,9...3,2

3,3

2,2...3,5

2,9

At spn
test
about 20 s
oscillating

< 1 s

4,3 s

12...19s

6 s

jy time
code

0,3 s

4,3 s

3,3/2,6 s

9...15s

13 s

7s

5s

CONCLUSIONS

The two reported accidents found wide response in plant R&D, plant design and licensing. They covered two
different characteristics of a sodium release, the spray fire and sodium concrete reaction. When the
ALMERIA accident happened, spray fire codes had not yet been used in the plant design and licensing.
Obviously ALMERIA has accelerateted R&D in this field.

Nearly all relevant phenomena (except reactivity and pressure built up in plant rooms) were present in these
events. The German plant SNR 300 became the first where immediate consequences were drawn in R&D and
licensing (and sodium fires were one of the political pretexts for the authorities to impede licensing).
NABRAND was one of the first codes which was applied in plant licensing as consequence of the ALMERIA
accident.
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Dispite the spectacular consequences the lessons to be learnt from these fires are not only negative. The
accidents happened in test facilities and not in nuclear plants designed in more onerous standard. So the
conclusions concerning potential damage are conservative for nuclear plants :

no toxic release even if large quantities of aerosols are released (besides radioactivity, tritium...)
propagation only by convection (and not by self sustaining reactions)
no horizontal propagation beyond the immediate sodium fire zone
due to this fact protection measures against propagation are simple : normal fire resistant equipment
is sufficient
all steel and concrete which is not in directly contact with the fire do not suffer functional relevant
damage
several material groups such as aluminium and galvanised iron should be avoided for safety relevant
equipment
plant rooms can easily be cleaned and subsequently used

The chief witness for these statements is the ILONA dump vessel : In fact one of the ALMERIA vessels was
cleaned and requalified and raised from death as dump vessel for the ILONA test facility. As this presentation
illustrates it survived a second large sodium fire without damage.

FIGURES

figure 1 ALMERIA : IEA - SSPS PROJECT CRS - Building Plans
figure 2 ALMERIA : Cross Section of the Damaged Valve LKO1 AA06
figure 3 ALMERIA : Photographs of the Damaged Valve LKO 1 AA06
figure 4 ALMERIA : View on the 4m level grating with positions of material samples
figure 5 ALMERIA : Photograph of a broken stainless steel tube
figure 6 ILONA DHR Test Facility
figure 7 ILONA Basement - Plan and Cross Section
figure 8 ILONA : Cross Section of the Sodium - Concrete Reaction Zone and Horizontal Extension of the

Fire Zone
figure 9 ILONA : View on a damaged Wall Section
figure 10 ILONA : Photographs of aerosol deposits in plant rooms
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Figure 2 ALMERIA :: Cross Section of the Damaged Valve LK01 AA06
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Figure 3 ALMERIA : Photographs of the Damaged Valve LK01 AA06
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Figure 9 ILONA : View on a damaged Wall Section
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Abstract

In the paper sodium leakage detection systems used at fast reactors are described. Requirements
on their main characteristics (sensitivity, response time) are formulated. Results of tests are presented
on studying the parameters of sodium leak detection systems including experiments on the measurement
of size distribution of aerosol particles that have passed through sodium systems thermal insulation
after leak initiation. Comparison of these data with dispersion of particles formed at free burning is
carried out. Experience of real leaks that occurred at fast reactor sodium systems is analyzed. It has
been shown that initiation and development of real leaks do not always follow the theoretical scheme. A
substantial role of human factor for sodium systems reliability relative to sodium leaks is stressed.

1.INTRODUCTION

The main problem of sodium-cooled reactors fire safety is that of the scale and
character of a possible accidental sodium leakage. It is obvious that taking design
decisions on sodium fire control methods and means is dependent on the correct
determination of these factors.

In this paper an analysis of sodium leaks is carried out mainly with the aim to
verify in practice the fulfilment of the "leak-before-break" criterion. As is known, this
concept presumes timely detection of a leak of some fluid, in our case - of sodium,
from a failed system. The word "timely" means that leak detection shall take place at
an early stage of its development and that until the moment of beginning of the defect
disastrous growth (reaching the "defect critical size") there is sufficient time to transfer
the failed system to a safe state.

2. A SCHEME OF CRACK DEVELOPMENT AND THE DESIGN DEFECT

For an analysis of accidental situations it is necessary to specify the design defect
as the initial event parameter of an accident. In this case the reasoning is as follows [1].
It is assumed that a through thickness opening has formed as a result of development
of some initial surface defect appearing in the process of manufacture, at mounting or
in the course of plant operation. In fracture mechanics it is assumed that the initial
surface crack is semi-elliptical. In Fig. 1 a scheme of crack development under cyclic
loads is shown. As a result of crack development analysis it has been established that
the through thickness defect has a form of a circle with a diameter equal to doubled-
wall thickness. For example, for the BN-600 (and the BN-800 project) primary circuit
auxiliary systems pipes a maximum design defect size specified on this basis
corresponds to a hole of 0=25 mm.
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After a through thickness defect occurrence it is essential not to permit reaching
a critical length at which general instability takes place resulting in a large-scale
rupture. In our case it means not to allow the transition of the design basis accident
into the beyond design basis one.

initial defect

Fig. 1. Scheme of crack development.

Numerous theoretical and experimental studies have shown that for items of
X18H9 steel and for fast sodium-cooled reactors operation conditions from the
movement of through thickness defect occurrence up to the moment of general
instability a considerable time passes (at least, tens hours).

An analogous conclusion is presented in Ref. [2] where, in particular, the curve
of leak flow rate as a function of the loading cycle number is given. The type of this
curve is qualitatively shown in Fig. 2. Sodium leakage from the pipe starts from the
moment when the crack becomes a through thickness one, long before the complete
break of the pipe. Leak flow rate increases steadily with increase of the crack size.
From the moment of leak initiation up to the beginning of the fatal crack growth there
is sufficient time and sufficient amount of sodium is poured out to actuate a signal of
the leak detection systems and for taking appropriate measures by personnel for its
localization.

Calculation estimates have shown that for operation characteristics of the BN-
600 or BN-800 primary-circuit auxiliary systems a sodium leakage through a hole of
0=25 mm will take place with a flow rate of the order of several kg/s. The sodium
leak detection systems actuate a signal at considerably lower leakage flow rates. Thus
the chosen value of the design defect size ensures, on the one hand, the fulfilment of
the "leak-before-break" criterion and, on the other hand, provides a sufficiently
conservative estimate for the design basis accident.

With the aim not to allow the development of the design basis accident into the
beyond design basis one (i.e. the transformation of the initial defect into the
guillotine-type rupture) the timely detection of a sodium leak should be ensured. For
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this purpose at our domestic fast reactors a number of engineering means are used
which are discussed below.

B

o

CD

CO

i_
De tec table leakage

- Tens hours -
Time

Fig. 2. Development of sodium leakage.

3. SODIUM LEAK AND FIRE DETECTION SYSTEMS

3.1. System designs

The sodium leak and fire detection systems used at our domestic reactors can be
considered as an example of the BN-800 project where the positive experience of such
systems operation has been taken into account [3].

In the BN-800 project several leak and fire detection system types are used,
namely:

- the electric heater earthing detection system;
- the radioactive sodium aerosol detection system;

257



- the smoke detection system;
- the system for gaseous medium temperature measurement within sodium-

containing premises.

In Fig. 3 the lay-out of electric heaters and thermal insulation on sodium piping
is shown. The heaters have 100% reserve. Earthing of the main and stand-by heaters is
continuously monitored. Leaking sodium creates an electric contact between the
heater and the pipe wall. Simultaneous failure of both the operating and stand-by
heaters is indicative of a sodium leak. Such systems have been installed at all our fast
reactors. Their operation experience has shown high reliability and sensitivity of such
systems.

1. Pipeline
2. Electric heaters

3. Thermal insulation
4. Jacket of thermal insulation

Fig. 3. Lay-out of electric heaters and thermal insulation on pipeline.

There are two versions of the sodium leak detection systems based on the
radioactivity detection principle:

- taking gas samples from the monitored area, pumping them through the
aerosol filter and measuring the filter radioactivity;

- measuring radioactivity of air at the exhaust ventilation pipe of the monitored
area (radiometer sensor is placed directly on ventilation piping).

The first version of such system is presented in Fig. 4. The air samples from the
exhaust ventilation pipeline are pumped through a special aerosol filter where sodium
aerosols are accumulated. The radiometer measures the filter radioactivity and
generates a signal at an excess of some specified level. Such a system was introduced at
the BN-600 reactor and showed very high operating characteristics.
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1. Pipe of exhaust ventilation system
2. Sampling tube inlet
3. Valves
4. Aerosol filter

5. Sensor of radiometer system
6. Secondary radiometer system
7. Fan

Fig. 4. Sodium aerosol detection system.

The ionization smoke detectors are used in the BN-800 project both for the
primary and secondary sodium circuit areas.

Large sodium fires can be also detected by the gaseous-medium temperature
monitoring systems of the rooms.

Besides, for monitoring of sodium ingress into some cavities the spark-plug-type
sensors are used.

3.2. Characteristics of the systems

3.2.1. Experimental studies

For the correct choice of requirements on sodium leak and fire detection systems
parameters a number of experiments were carried out in our country. Investigations
related to sodium smoke detection-based systems are described below.
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3.2.1.1. Sodium aerosol release from under thermal insulation

As has been already said all sodium systems are provided with thermal
insulation. Situations when a sodium leak (at least, at the initial stage of an accident)
takes place through a small-scale defect are practically quite real. During some time
the leaking sodium in this case will remain under thermal insulation. Aerosols forming
as a result of sodium contact with atmosphere components and possibly with the
insulation substance due to their high mobility will escape into the technological room
space. For an analysis of some sodium leak and fire detection system types operation
it is essential to have information concerning aerosol behaviour during this process.

These phenomena were investigated experimentally. In Ref. [4] results from
studies of phenomena taking place at sodium leaks through holes of various shape and
size with various types of thermal insulation and cladding are presented. The time
from leak initiation up to smoke appearance within a wide range of leak conditions is
a few minutes and increases only at small sizes of the hole and relatively low values of
sodium pressure (<1 bar).

Several experiments aimed at determining a fraction of leaking sodium released
into gaseous medium of a technological room at under-insulation leaks were carried
out. A mock-up of a piping section with thermal insulation used on sodium circuits of
domestic reactors was employed. Samples of gaseous medium from the experimental
cell were taken for the purpose of determining the mass concentration of aerosols and
their dispersion composition. The mass balance of leaking sodium remaining under
thermal insulation and of that released from it in form of aerosols was drawn up.

7 tests were carried out. An average value of the aerosol release coefficient
according to their results is 1.1% with a standard deviation of 0.7%.

Size distribution of aerosols particles releasing from under thermal insulation is
characterized in Fig. 5 where the obtained aerosol particles size distribution for three
tests is presented. It is seen that distribution is log-normal.

As a result of experimental data processing by particles size distribution it has
been found that the value of the mass median aerodynamic diameter dmmd is equal to
4.2|a and the geometrical standard deviation is ag=3.8.

Using the formula

presented in Ref. [5] the value of the average geometrical diameter dg for aerosol
particles released from under thermal insulation was obtained. It proved to be equal to
0.025u. These data are indicative of that very fine particles are mainly present in the
composition of released aerosols. It is possibly the result of some peculiar "filtration"
of aerosols through thermal insulation in the course of which large-size particles are
retained.
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Fig. 5. Distribution of sodium aerosols with size.

3.2.1.2. Aerosol deposition ventilation and in sampling lines

At the development of sodium aerosol detection systems one should take into
account aerosol deposition in ventilation and in sampling lines. This effect was
experimentally studied. Small amounts of sodium (not over 50 g) were burned in one
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of technological rooms and the propagation of aerosols in the exhaust ventilation and
in various sampling lines was studied. The following main points were stated.

Characteristics of formed aerosols are: dg=0.25u and ag=2.

Deposition of aerosols with such characteristics in the ventilation lines is no
more than 1-2% of the total mass of aerosols transferred. Besides, deposition in
pipelines is determined by the length and geometry of pipes, by gas flow conditions, by
the presence of local obstacles of which the greatest effect is exerted by valves.
Deposition in sampling lines is substantially higher than in the ventilation pipelines.
During the tests it has been found that in straight steel lines of 15 mm in diameter and
about 5 m long approximately 10% of transported aerosols are deposited.

Deposition of aerosols released from under thermal insulation in ventilation and
in sampling lines was not studied. However, it will be lower than presented above
because of lower dg values. Therefore, the figure of 10% can be taken as a conservative
estimate.

3.2.2. Required sensitivity and response time

For formulation of requirements upon the system parameter values the following
initial preconditions have been adopted:

- the system sensitivity threshold by amount of leaked sodium: 100 g;
-time from the beginning of a sodium leak up to the moment of system

actuates a signal: lOmin.

In our opinion, the fulfilment of these requirements will allow with a very large
margin to meet the requirement of fulfilling the "leak-before-break" criterion.

With the aim to check the fulfilment of these requirements the performance of
the system was experimentally studied. Sodium samples with specific activity by 24Na
radionuclide equal to 20 MBq/g (~0.54 Ci/kg) were burnt in a room of 100 m3 volume.
The room was ventilated with a ratio of 5 hr l . Air samples were continuously pumped
from the exhaust ventilation pipeline with the use of a special gas blower onto the
accumulation filter (see Fig. 4). The time of aerosol transport through the piping is
-30 s, the time of movement in the sampling line up to the accumulation filter is ~1 s.
In has been experimentally found that the system actuates a signal at accumulation on
the filter of 370 Bq (1 108 Ci) of 24Na. At a specific activity of coolant by 24Na equal
to 3.7 10" Bq/kg (10 Ci/kg) that is the least for commercial type reactors it
corresponds to accumulation on the filter of 1 103mg of sodium.

Using these data the operation of the sodium leak detection system by the
appearance of aerosols within the fast reactor nuclear power plant area can be
analyzed.

Variation with time of sodium aerosol mass concentration C in the ventilated
room at a constant rate of sodium leakage is described by the formula
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were

^ ^ ( i - e - 1 1 ) , (2)
A. V

is the mass flow rate of sodium leakage,
6 is the coefficient of aerosol release from under thermal insulation,
X is the parameter of aerosol removal from the room,
V is the room volume,
t is the time.

It was shown above that at the initial stage of an accident only very fine aerosols
escape from under thermal insulation. Their deposition in the room and in the
ventilation system during transport can be neglected. Deposition in the sampling line
can be taken into account, and for this purpose it is convenient of use the
breakthrough coefficient e. Then sodium mass m accumulated on the filter during time
T at air flow rate through the sampling line Q is determined by the integral

(3)

Using the above adopted requirements for system sensitivity by leaked sodium
mass (100 g) and response time (10 minutes) we obtain the average leakage flow rate
value GNa=0.17 g/s. As was shown above the values 5 = 0.01 and s = 0.9 can be taken.
A volume V=1000 m3 can be assumed because such is the order of the volume of the
largest room of the primary circuit systems. Removal of very fine particles from the
room volume takes place mainly due to ventilation system operation the ratio of
which is of the order of 5 hr1. Therefore in equations (2) and (3) A,= 1.39 • 103 s1. Air
flow rate through the sampling line Q is usually equal to 75 1/min, i.e. 1.25 10-3 m3/s.
The value of x should be chosen equal to 530 s, because, as was said above, the time of
aerosol transport from the room to the accumulation filter is about 30 seconds.

The calculation by formula (3) shows that at the above preconditions and
parameters values in 10 minutes after the beginning of sodium leakage ~2 104 g of
sodium will be accumulated on the filter, i.e., an amount more than by two orders of
magnitude exceeding the threshold value. And the threshold amount of sodium will be
accumulated approximately in 1 minute.

4. OPERATION EXPERIENCE

For this statement of the problem the fast reactor sodium systems operating
experience in our opinion should be considered in two aspects:

- how far the above adopted (described in section 2) mechanism of the initial
defect

development is realized;
- how reliable the sodium leak and fire detection methods and systems have

proves in practice.
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In this paper only leakages at the reactors of the former Soviet Union are
considered as we have no information on leakages at foreign reactors detailed enough
for our purposes. Besides, the designs of specific units and systems of reactors have
definite peculiarities and should be analyzed with taking into account this
circumstance.

4.1. Defects realized in practice

During the operation of domestic fast reactors the following quantities of
sodium leaks took place [6 - 11]:

BR-1 19
BN-350 15
BN-600 27

At the BOR-60 practically no sodium leaks occurred.

According to their initiation causes the leaks have been distributed as follows:

BR-5/10:
pipe burning-through by electric heaters 2
failures of pump-vessels level indicator sensors 6
sodium valve failures 7
improper procedure of sodium unfreezing 2
manufacture defect 1
crack formation on a pipe 1

BN-350:
flange joint defects 2
improper procedure of sodium unfreezing 6
intercircuit leaks in steam generators 2
mechanical formation of holes as a result of direct actions by personnel 4
uncertain (may be, corrosion) 1

BN-600:
steam generator sodium gate valve seal defects 5
flange joint defects 5
improper procedure of sodium unfreezing 4
mechanical formation of holes as a result of direct actions by personnel 2
manufacture defects 3
sodium valve failures 2
crack formation on pipes 6

4.1.1. Burning-through by electric heating

Burning-through of pipes by electric heating occurred at an early stage of BR-5
reactor operation when experience in designing and operation of sodium systems was
insufficient, and incorrect decisions were often made. These burns-through occurred
due to earthing to the frame of an electric heater and formation of short circuit and
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electric arc between the electric heater and piping. Later on the scheme of heaters'
power supply was changed: a transformer with insulated neutral wire was used. This
scheme has been used at all domestic fast reactors. No losses of tightness due to this
cause occurred any more.

4.1.2. Defects of valves

At the BR-5/10, sodium valve leaks took place as a result of two causes: during
the initial period of operation - because of bellows seal defects, and in the subsequent
period - because of introduction of valves with improperly designed casings. In the
first group of causes sodium did not leak outside the boundaries of a back-up gasket
seal (i.e., leak volume did not exceed several cm3), and in the second group the valve
casing was crushed by sodium expanding at heating up but the leaks were also very
small. At the BN-600 in one case the leak occurred because of wastage of packing
between the casing and the bellows (less than 1 kg of sodium leaked out, no fire
occurred) and in another case the leak was caused by a poor-quality joint weld in
which some craters developed ( also less than 1 kg of sodium leaked out, no burning
occurred).

4.1.3. Improper procedure of unfreezing

Rather high percentage is made up by leaks taking place as a result of improper
procedure of unfreezing of sodium that was frozen within some section of the system.
Unfreezing should be carried out from the free level of sodium, by switching the
heaters in a strict sequence, after melting of sodium in the preceding section of the
pipe. At sodium expansion within a closed volume as a result of phase transition some
seal ruptures of sodium valves, pipes, electromagnetic pump vessels took place. The
causes of these events were improper arrangement of heaters, errors in operating
instructions, personnel errors. As a rule, leakages took place in the presence of
personnel, at changing operating conditions of systems, mainly at start-up or repair
work.

4.1.4. Manufacture defects

Four leaks occurred because of poor-quality manufacture of sodium system
units. So, at the BR-5/10 immediately after mounting of the primary circuit impurity
cold trap a leak occurred at the trap nozzle through a microcrack in the joint weld at
sodium heating up in the pipe. The cause of the leak was poor quality inspection of
joint welds after completion of assembling. Similar situations took place at the BN-
600 as well. Such leaks were detected immediately after putting into operation of a
failed section of the system.

4.1.5. Flange joint defects

In sodium systems the joints are made, as a rule, by means of welding. Some
exceptions include flange joints of the sodium preparation system. Tanks for sodium
transport (for example, tank cars) are connected to sodium circuits with the use of
removable sections. Often after carrying out of the connection operation some leaks
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through flange joints appeared. These leaks were immediately detected by personnel
carrying out the operations and (or) by monitoring systems.

Sodium gate valves cutting off the BN-600 steam generator modules from the
circuit have flange joints which are backed up by welded sealing lips. It was initially
supposed that the flange joints would assure tightness, and no due importance was
attached to weld joints quality. After appearance of sodium leaks through these seals
the sealing lips were welded and weld quality was carefully checked. Subsequently no
leaks on gate valves occurred.

4.1.6. Intercirarii leaks in steam generators

At the BN-350 two rather large sodium leaks occurred as a result of defect
formation in steam generator heat transfer tubes. In the first case after "sodium-water"
reaction occurrence the operation of the steam generator safety system and sodium
and water draining from its spaces took place. However, because of personnel errors
the cutting-off of the steam generator third circuit and sodium draining were
incomplete and into the secondary circuit the ingress of water continued which
interacted with sodium remaining in the circuit. Approximately in 5 hours after
carrying out activities on steam generator draining a sodium leak from the sodium
drainage pipe-line was detected. The pipe break and leakage of sodium with products
of its interaction with water occurred as a result of the effect of this reaction products
upon pipe material and of high temperature. Leaking out took place through an
opening of 10-15 mm in diameter formed in the area of a joint weld at the butt joint
of pearlitic and austenitic steel. In the second case leaking out of sodium through the
evaporator vessel of other steam generator type took place. As in the previous case,
the cause of the leak was a loss of tightness of an evaporator tube and sodium-water
reaction in the intertubular space. The failed tube was located adjacent to the
evaporator vessel and the leaking-out jet of water was aimed directly at the vessel. The
effect of reaction products and of high temperature resulted in the development of the
opening in the vessel and sodium leakage.

4.1.7. Mechanical formation of holes as a result of direct actions by personnel

Several sodium leaks were the result of immediate personnel actions. For
example, cuts on pipe-lines at carrying out repair work followed by erroneous supply
of sodium at the place of cut. In one case, the leak occurred as a result of a gross error
of personnel who started the withdrawal of the BN-350 secondary-circuit sampler-
distillator level indicator without cutting off the distillator from the circuit. All these
leaks were recorded immediately.

4.1.8. Crack formation

One leak at the BR-5/10 and six leaks at the BN-600 took place through cracks
developed at pipe-lines in the process of operation. All of them were the result either
of improper design solutions, or of improper assembling and were related to
insufficient temperature self-compensation of pipe-lines. So, at the BR-5/10 a leak of
sodium in the region of drainage pipe-line adjacent to the main pipe-line took place.
Leak volume did not exceed several tens of cm3. Sodium did not leak outside the heat
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insulation boundaries. At the inspection of the leak site there was detected a crack in
solid metal of the drainage reducer pipe connection. The crack was -0.5 mm wide and
spread to about one half (40 mm) the diameter of the pipe. Adjacent to the through
crack on the inner surface of the pipe connection there were microcracks up to 0.4 mm
deep. The cause of crack formation was insufficient freedom of drainage pipe
movement at changing temperature conditions of the main circuit. Cracks at the BN-
600 had an analogous cause and were of the same character.

4.1.9. Defects of level indicators sensors

The BR-5/10 reactor pump level indicators sensors are made of stainless steel
tube 20 mm in diameter and with wall thickness of 0.2 mm. They are divided into
sections to which current collectors are welded. Leaks took place through cracks
formed in joint welds of these sections. After improving the joint welding technology
of current collectors there were no cases of level indicating sensors. On the rest of the
reactors the level indicators of other design are used. No leaks due to such cause
occurred.

4.1.10. Uncertain cause

The cause of one of the leaks remained uncertain. At the BN-350 a rupture of the
electromagnetic pump channel wall of the secondary circuit auxiliary system. A
possible cause of this event was corrosion resulting from prolonged operation of the
pump at pumping of coolant strongly contaminated with sodium-water interaction
products.

4.1.11. Resume

Thus, of the total number of 61 considered leaks only to 7 events (i.e., to 11.5 °o)
one can try to apply a scheme of crack development and the considerations
concerning a design defect value presented in section 2.

About one third of all the cracks that occurred resulted from erroneous actions
of operating or repair personnel. About one half of cracks occurred at repair or start-
up activities or at the sodium preparation system (i.e., at the system which in no way is
related with reactor safety).

Nevertheless, in our opinion the design defect value is some required reference
point that allows to evaluate conservatively sodium leak flow rate at a design basis
accident and to formulate some measures on preventing the transition of the design
basis accident into the beyond design basis one.

4.2. Sodium leak and fire detection systems operation

Experience with sodium leaks at our domestic reactors indicates that all leaks
without exception, were timely detected. All leaks that occurred on the electrically
heated sodium system sections were registered by heaters control systems. In addition,
primary sodium leaks were sensed by the radioactive sodium aerosol detection
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systems. In some cases (mainly at sodium valve bellows leakages) the contact leakage
detectors (of a spark-plug type) came into action.

Operation experience of sodium leak and fire detection systems indicate that
design solutions on these systems have been made properly.

5. CONCLUSION

5.1. Analysis of sodium leaks occurring at our domestic fast reactors has shown
that:

• only about for one tenth part of all cases it can be assumed that the defects
developed in accordance with the scheme adopted in the fracture mechanics:

• about one third of leaks occurred through personnel faults;
• about one half the leaks occurred during the period of start-up, adjustment or

repair activities;
• All leaks were reliably registered by the available detection systems and (or)

directly by personnel.

5.2. Calculation and experimental analysis of the radioactive sodium aerosol
detection system has revealed its high sensitivity and fast response.

5.3. At our domestic fast reactors there have been introduced reliable sodium leak
detection systems based on various physical principles.

5.4. Analysis of real sodium leaks and analysis of detection systems operation
confirm acceptability of the "leak-before-break" principle.
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Sodium Leak at Monju (I)

- Cause and Consequences -

H. Mikami, A. Shono and H. Hiroi,

Reactor and System Engineering Section,

Monju Construction Office,

Power Reactor and Nuclear Fuel Development Corp.

2-1, Shiraki, Tsuruga-shi, Fukui-ken,

Japan

Abstract

On December 8, 1995, a sodium leak from the Secondary Heat Transport System (SHTS)

occurred in a piping room of the reactor auxiliary building at Monju. The sodium leaked through a

thermocouple temperature sensor due to the breakage of the well tube of the sensor installed near the

outlet of the Intermediate Heat Exchanger (IHX) in SHTS Loop C. There were no adverse effects for

operating personnel or the surrounding environment. The reactor core remained cooled and thus,

from the viewpoint of radiological hazards, the safety of the reactor was secured. On the basis of the

investigations, it was concluded that the breakage of the thermocouple well was caused by high cycle

fatigue due to flow induced vibration in the direction of sodium flow.

1. INTRODUCTION

Monju is a prototype fast breeder reactor designed to have an output of 280 MWe (714MWt).

Monju is fueled with mixed oxides of plutonium and uranium and cooled by liquid sodium. The

principal data on plant design and performance are shown in TABLE I.

The construction of Monju is a major milestone in the Japanese national FBR development plan,

based on the Atomic Energy Commission's long-term program for development of nuclear energy.

The Power Reactor and Nuclear Fuel Development Corporation (PNC) is responsible for the

management of the project and began construction in October 1985 at the Tsuruga site. Loading of the

fuel assemblies into the core started in October 1993 and the reactor attained initial criticality in April

1994. The first test generation of electricity was in August 1995. After this, the program of power

raising tests was being carried out, with the rated power test planned for June 1996; in the course of

this program, a sodium leak occurred in SHTS Loop C at 19:47, on December 8, 1995.

This paper describes details of the sodium leak accident and the present situation of the cause

investigation.
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TABLE I Principal Design and Performance Data of MQNJU

Reactor type Sodium-cooled / loop-type

Number of loops

Thermal output

Electrical output

Fuel material

Core dimensions

Equivalent diameter

Height

3

714 MWt

280 MWe

Pu02-UO2

1,790 mm

930 mm

Plutonium enrichment {inner core / outer core)

Initial core

Equilibrium core

Fuel inventory

Core (U+Pu metal)

Blanket (U metal)

Maximum burnup(F/A)

Cladding material

(Pu fissile %)

15/20

16/21

5.9 t

17.5 t

80,000 MWD/t

SUS316

Cladding outer diameter/thickness 6.5 / 0.47 mm

Blanket thickness

Upper / lower / radial

Breeding ratio

30/35 /30 cm

1.2

Reactor vessel

height /diameter
Drimary coolant systems

Coolant sodium mass

Inlet / outlet reactor temperature

Coolant flow rate 5.1X106kg

18/7 m

760 ton

397 / 529 'C

/h / loopX3loops

Coolant flow velocity 6nVs(inlet), 4m/s(outlet)

Secondary coolant systems

Coolant sodium mass

Inlet / outlet IHX temperature

Coolant flow rate 3.7X10§kg

Coolant How velocity

Water - steam systems

Feed water flow rate

Steam temperature (turbine inlet)

Steam pressure (turbine inlet)

Type of steam generator

760 ton

325 / 505 "C

/h / loopX3loops

5 m/s

113.7X104kg/h

483 -C

12.7 MPa

Helical coil

Refueling system Single rotating plug

Refueling interval

with fixed arm FHM

6 months

2. SUMMARY OF THE ACCIDENT AND POST-ACCIDENT RESPONSE

Following a programmed shutdown, Monju restarted operation on December 6, 1995. On

December 8, while power was being raised for a plant trip test as part of the 40% electric power test

(thermal power 43%), a high sodium temperature alarm at the outlet of the IHX in SHTS Loop C

sounded at 19:47 and at approximately the same time the fire alarms (smoke detector) sounded in the

same area. A sodium leak detection alarm followed, indicating that there was a sodium leak in the

piping room of SHTS Loop C. The plant conditions at the time of the sodium leak occurrence are

shown in Fig.l.
PHTS:Primary Heat Transport System
SHTS:Secondary Hen Transport System

Outar shielding wall

Feed v
temp.
ilowra

ater
193"C
a:40%

Fig.1 Monju Plant Condition (just before the Sodium Leak)
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The presence of smoke was confirmed when the door of the SHTS Loop C piping room was

opened. The plant operators determined that a sodium leak had occurred and decided to begin a

normal plant shut-down operation, the correct Operating Procedure for what they judged to be a

small-sized sodium leak. Reactor power-down operations began at 20:00. The state inside the piping

room was checked again at 20:50 by partially opening its door and an increase in white fume was

observed. Accordingly, electric power generation was stopped at 21:15, and the reactor was manually

tripped at 21:20. Immediately after the trip, the reactor was cooled by the Auxiliary Cooling System

(ACS) of all three secondary loops. In order to stop the leak, the draining of sodium from the

affected loop was started at around 22:40. The blowers of the air ventilation system for Loop C were

turned off automatically at 23:13 by the low sodium level interlock on the evaporator. The loop

draining operations were completed at 00:15, December 9. Later, the sodium in the Primary Heat

Transport System (PHTS) Loop C was also drained. Subsequent decay heat removal from the core

was therefore by the PHTS, SHTS and ACS of Loop A and Loop B operated at minimum flow rate.

As it was a secondary cooling system leak, there was no radiation effect from the leak for either

the general public or the plant personnel.

An inspection of the SHTS Loop C piping room on December 9 confirmed the presence of

solidified sodium residue materials in the vicinity of the thermocouple well at the secondary-side outlet

of the IHX. It was concluded that the thermocouple well was the probable origin of the leak. The

state of the piping room after the sodium leak is shown in Fig.2. On the 6mm thick steel floor liner

approximately Im3 of sodium compounds formed a semicircular mound, nearly 3m in diameter and

30cm high. Other sodium compounds resulting from the leak were lightly spread over the floor and

walls of the room. The only damage observed was to a ventilattion duct and an access walkway. The

ventilation duct, running directly under the SHTS piping, had a hole extending over half the perimeter

facing the wall with lumps of deposits around the opening. On the steel walkway grating under the

piping, an opening was formed and globules of deposits stuck around the edges. Sodium compounds

from the leak were found over the entire floor of the Steam Generator room of SHTS Loop C

connecting to the piping room and in the passages.

From December 14, work began to remove and recover sodium compounds from the floor near

the leak site. About 3m length of the ventilation duct which obstructed access to the suspect

temperature sensor was removed during January 4-8, in order to make a closer inspection and

establish the cause of the leak.
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See illustration below fora
detailed look at this section flf SHTS»C loop piping room

i

As seen from the direction of the arrow above

Temperature

Containment Vessel /
penetration I I I

A lump of deposits
on the han

Grating

The color of the concrete wall turned blackish

Half the perimeter of the ventilation duct facing the wall is
lost to a width of about 25cm and lumps ol deposits round
the opening

A semi-spherical lump of deposits at the temperature sensor and
the external insulation cover plate directly underneath lost
s.
Outer shielding wall (Concrete)

A semi-circular pile of deposits (3m in diameter, 30cm high)
formed on the steel floor liner

An hole formed in the grating with globules of deposits adhering the edges

Fig.2 The State of the Piping Room (C) after the Sodium Leak

3. INVESTIGATION OF THE CAUSE

3.1. Organization of the investigation
After the accident investigations were started by PNC and independent nuclear safety

organizations. The Nuclear Safety Bureau (NSB) of the Science and Technology Agency (STA) set

up a task force to investigate the cause of the accident and consider effective measures for preventing

another sodium leak in Monju. Another independent investigation was launched by the Nuclear

Safety Commission (NSC) whose working group was assigned to work under the direction of the

Research & Development Reactor Subcommittee of the Reactor Safety Review Committee. The scope

of this investigation covered not only technical matters but all aspects of software, such as operation

manuals and information management systems.
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PNC's investigations have been carried out under the supervision of STA's "Investigation Task

Force on the Sodium Leak Accident in Monju"; the task force members consisted of STA's Nuclear

Safety Technology Panel experts. The schedule of the technical investigation is shown in Fig.3.

Fig.3 The Schedule of the Cause Investigation
Dec.95 I Jan.96 Feb,96 Mar.96 Apr.96 May.96 Jun.96 Jul.96 Aug.96 Sep.96

Progress
Conlimalion thai the
well lube lip wadost. Discovery ot iheloS part

leted part )f Recovery ol I he lod part
eakS burning

niegnty conlimalion ol C loop sensors Cul out / inspscllon ot Intacl sensor

Investigation ol the
affected temperature
sensor
Investigation ol other
temp, sensors in
secondary loops

Securing safety of
inlact loops

Recovery of the lost
well tube tip

Survey of effects on
facilities

Survey ol effects on
equipmentQeanup

Estimation of total
quantity of leaked
sodium

Experiments and
analyses for cause
investigation

( inspection and dean up equlpmenl, control panels and areas contamin;
k. by sodium composlle /Recovery and analysis ot sodium composite

f inierlm estlmalion/Evaluation c Final Estimation

Analysis ol How induced vibralion and hydraulic tests

Experiments Analyses / Evaluation

3.2. The affected temperature sensor
The thermocouple wires are enclosed in a sheath that is itself housed within the well tube. This

well tube extends horizontally toward the center of the pipe. The tip of the well tube (some 15 cm in

length) is thinner in diameter than at its root. (Fig. 4)

outer cover of thermal Insulator
Inner cover of thermal Insulator

Secondary main pipe
( 5 5 8 . 8 mm*1 - 9 . 5 mm

Thermal\
* \insulator\\\*

Well Tube

1 0 mm*1 - 3 mra

1 5 4 M
1 85.5mm —
Thermocouple

• •;.'. : ; '•' I nsu la t ion fil ler \ • . ' . - . ',

Flow direction

Guide tube lor thermocouple

Fig.4 The Thermocouple Well of the Secondary Loop

On January 7 & 8, radiographs were taken of areas close to the temperature sensor to investigate

the cause of the sodium leak, specifically to estimate the extent of remaining sodium compounds
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around the temperature sensor and to assess its structural condition. It was found that the tip of the

well tube had been lost and the thermocouple (3 mm diameter) was bent at an angle of 45 degrees

toward the downstream flow direction (Fig.5). The protective body of the thermocouple unit was

found to be filled with sodium compounds; but the thermal insulating materials around the

thermocouple did not exibit density shadows typical of the compounds. No other anomalies were

observed on the radiographs. These findings confirmed that the failure of the thermocouple well was

the direct cause of the sodium leak.
Gap for monitoring the Sodium Leakage

Bent at an
angle of
approximately 45

Mhenmaunsutator :

Well Tube
/ (LOSt) >;;

Sodium Flow Direction
! Thermocouple: : :

Secondary Loop Pipe A/Vati: :

Fig.5 The Sodium Leak Flow Path

From February 7-9 the entire temperature sensor, thermocouple and well, together with a small

section of the adjacent pipe wall, was cut out for the detailed investigation and transported to the Japan

Atomic Energy Research Institute (JAERI).

3.3. The other temperature sensors in the SHTS
Visual, ultrasonic and radiographic examinations were used to confirm the integrity of all the

other temperature sensors in the SHTS. As an interim solution to prevent any further leaks, the

temperature sensors of the same design in the intact secondary loops, Loops A & B, were reinforced

with additional seals. Three intact temperature sensors were cut out for Loop C for the detailed

investigation.

3.4. Location and recovery of the lost well tube tip
The search for the lost well tube tip of the thermocouple well began on January 26. Firstly,

radiography was carried out along the horizontal pipes downstream of the affected temperature sensor

on the secondary main cooling system (hot leg) and the secondary sodium filling-draining system, a

total of about 185 m in length.but the well tube tip was not found. On March 28, a CCD camera

inserted into the sodium-inlet header of the superheater, showed the lost well tube to be in the

distributor at the top of the superheater (Fig.6). The lost well tube tip was recovered using a specially

developed gripper on April 24.
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Side Wall
(Holes with Diameter 5mm)

Lost Well
Tube Tip

Structure of the Distributor
'installed inside the Superheater

Bottom
(Holes with Diameter 3mm)

Fig.6 The Lost Well Tube Tip found by CCD Camera in the Distributor
_ . . . inside the Superheater

3.5. The cause of the well tube breakage

Detailed microscopic and metallographical examinations of the well tube and the fractured

surface, examination of welded parts of the well, and the thermocouple sheath were carried out at

JAERI (from February 13) and the National Research Institute of Metals (NRIM) (from February

16). The results of the microscopic inspection of the fractured surface of the thermocouple well are

shown in Fig.7.

main crack

secondary
crack

: crack initiation and coalescence region

: metallography and crystalline
dependent fracture surface

: striation region

: dimple region

: protrusion observed

-: crack propagating direction

: crack front (presumption)

secondary crack

Fig.7 Microscopic Inspection of the Fracture Surface of the Thermocouple Well

Row induced vibration analysis and mock-up tests have been conducted to identify the direct

cause of the failure. On the basis of these investigations, it was concluded that the breakage of the

thermocouple well was caused by high cycle fatigue due to flow induced vibration in the direction of

sodium flow. The results of the analysis of flow induced vibration are shown in Fig.8, where the

stream line oscillations of the well tube were observed with symmetric vortex shedding from both

sides of the tube.

According to fatigue crack analysis, on the basis of the operational history, it was deduced that

the cracks initiated at an early stage of the 100% flow operation, propagated in the subsequent

operation, and finally led to the failure of the well tube in the last period of 40% flow operation. This

failure mode agreed with the results of the examination of the rupture surface and a full scale in-water

hydraulic vibration experiment.
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Fig.8 Analysis of Flow-Induced Vibration

The problems were in the design of thermocouple well tube. The designers applied the ASME

(American Society of Mechanical Engineers) Performance Test Code, PTC 19.3, where the design

rules are provided only for the recommendedtapered well tube to prevent resonant vibrations of the

well tube due to vortex shedding. These were inappropriate for the Monju well tube having a local

sharp taper (at an angle of 120 degrees). As a result, the vortex induced vibration in the drag direction

could not be prevented. Another point was that PNC and fabricators involved did not take account of

the issue of the 1991 addenda to the ASME Boiler and Pressure Vessel Code, Section III, Appendix

N, the newly published non-mandatory design rules, which includes the prevention of vortex-induced

vibrations in both lift and drag direction. An opportunity to make a re-evaluation of the design of

thermocouple well tube in the light of this code revision was.

3.6. Operational procedure problems

There were deficiencies in the Operating Manual for the handling of abnormal events and the

actions of the operators were not deemed appropriate. Specifically, the problems are as follows ;

(1) The size of the leak should have been recognized early on, and the reactor shut down

immediately by a manual trip.

(2) Monitoring of the plant and visual inspections of the leak site were not carried out

appropriately.

(3) After the second inspection, an emergency shut down was decided but the action was delayed.

(4) A procedure for the draining of sodium at high temperature (i.e. that does not require a

cooling period) should have been prepared.
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(5) The ventilation system should have been stopped at an early stage.

(6) All of the operators should have been made proficient in sodium technology with sufficient

training.

4. MEASURES AND SOLUTIONS (Fig.9)

On February 9, 1996, the NSB of the STA issued a report', which pointed out 14 items problem

areas and called for the implementation of safety review on nuclear facilities. PNC carefully reviewed

the report and urgently submitted its reply on February 27. On May 23, 1996, the STA issued a

consective report on the accident.

4.1. Plant Improvement

All similarly designed temperature sensors in the SHTS will be replaced.

Considering the extensive effects of the sodium fire, all aspects of the emergency operation and

leak related equipment will be re-assessed and any required improvements carried out. Specifically,

the reactor will be shut down immediately if a sodium leak is confirmed. Improvements will be made

to enable quick draining of sodium from the SHTS in the event of a leak. The Operating Manual will

also be revised to clarify definitions of leak size, and operator responsibilites and actions. Equipment

such as the sodium leak detection system, the fire detection system, the ventilation system, will be

reviewed and, if neccessary, improved. New remote monitoring systems such as closed circuit

television cameras will also be installed in SHTS areas.

(1) Prevention of
Sodium Leak

• Replacement of the same type
temp, sensors

• To secure safety ol othertype
sensorsandotherstructures

'2) Grasp Situation of Leakage
>nitoring System for Sodium Leak-

Installationofnewmonitoring
systenrXIVT.etc.)

Improvementoffiredetection
&

sodium leak detection
systems

f3) Suppression of Leakage

- Early drainage of sodium -
• Eariyshutdown of reactor

•Eartydrainageof sodium

(5) Review of Operation
Management

• Newlydesignatedsupervisorfor
sodiurrtechnology

• Establishmenbfeubstantial
educationandtrainingsystem
^Strengtheni ngpemergency

-response organization

tonju Improvement Program

'(4) Mitigation of Effects
by Leaked Sodium

-Early Suspension Ventilating
System Operation -

• Improvementolventilatingsystem
andearlysuspensionofoperation

(6) Safety
Review

'• Inspectionofequipment
ancfacilities

•Studyon foreign
experienceand

reflection

(7) Confirmation
of Safety of
FBR system

Improvement of sodium
technology

• Establishmentof Technology
DevelopmentCenter

•Trainingofoperationand
maintenancE

Fig.9 The Monju Improvement Program
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4.2. External response at the time of the accident
Considering the delay in initially reporting the accident occurrence, operational procedures have

been revised. Under the new procedure, the responsible person at the site should immediately make an

initial report.

Thorough practical training will be undertaken, short and effective information routes

established, to supply accurate information at the right time.

4.3. Review of Emergency Response Organization

A review of the Emergency Response Organization was carried out. The number of facilities

reviewed was 46, including Monju, Fugen, and Joyo. Regulations were revised to speed up the

reporting and supply of information.

4.4. Establishment of "technical trust" and "social trust"

The accident poses two sorts of problems: the technical problems associated with a sodium leak

and the public confidence issues resulting from PNC concealment of some of the videotape records in

the immediate aftermath of the accident. These are two very different problems which must be

considered separately. Nevertheless, the concealment of information has detracted from the credibility

that had been built up and has been used to ferment misgivings about the development of FBRs.

From the experience of this accident, it is clear that regaining the establishment of "technical

trust" and "social trust" are of paramount importance. To tackle the problem of technical trust,

specifically in PNC's safe application of sodium technology, the following actions will be taken ;

(1) Establishment and practice of countermeasures

(2) Examination of other facilities

(3) Review of regulations and Emergency Operating Manuals

(4) Review of emergency response organization of each nuclear facility

(5) Newly designated supervisor for sodium technology

(6) Inspection of equipment and facilities

(7) Study of foreign experience

PNC will also carry out complete safety review of Monju. Crisis management information

release to the public, and strengthening of communication with local communities will all be

addressed. Specifically, PNC actions to regain social trust are as follows ;

(1) Reinforcement of crisis management organization

• Rearrangement and reinforcement of emergency response organization

• Improved training system for operation shifts teams, etc.

(2) Sufficient information release to the public

• Establishment of "Public Information Section" in PNC head office, etc.

(3) Strengthening of communication with local communities

• Start of local round-table meetings

• Investigation of the opinions of general people, etc.
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On April 1, PNC set up a Public Information section in PNC's Headquarters. This will further

promote the understanding and distribution of information on PNC as a whole and make plans to deal

with information distribution. For each plant, a supervisor of information distribution was designated

whose aim is to promote the thoroughness, correctness, and promptness of information distribution at

each plant.

5. CONCLUSION

With regard to the sodium leak and consequential sodium fire, it was recognized that breakage of

relatively small parts attached to sodium pipes, such as the thermocouple well tube, may cause large

effects on social acceptance of FBR.

The sodium leak accident revealed that there were problems with the precautions for secondary

heat transport liquid sodium systems and that more importance has to be attached to be supply of

accurate information. In addition to the investigation and analysis of technical causes for the accident,

exhaustive study will be given to the way information should be supplied and responses offered in the

event of an accident. It is very much to be hoped that the lessons of this accident will be put to

effective use in the progress toward commercial utilization of plutonium under appropriate safeguards.
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Sodium Leak at Monju (II)
- Sodium leak, burning and aerosol behavior -

T.Funada and Y.Yamagishi
Technical Development Division, Monju Construction Office, PNC

2-1, Shiraki, Tsuruga-shi, Fukui-ken, Japan

Abstract
The amount of leaked sodium was estimated as approximately 640 kg

during the 220 minute leak. The ventilation duct and the walkway grating
under the leak site were severely damaged by Na-Fe- O reaction, but the
floor liner and the concrete wall were not. A total 100 kg of sodium aerosol
was deposited in the reactor auxiliary building and 230 kg was released to
the atmosphere. The sodium concentration at the site boundary was
calculated as 0.05 mg/m3,Na0H equivalent, which was low in comparison
with the permitted level of 2 mg/m3. The tritium quantity released was
estimated as 4.4 x 107 Bq, which was about 0.03 % of the average released
value per month for a LWR.

1. Introduction
A sodium leak occurred in one of the secondary sodium circuits of the

prototype fast breeder reactor, Monju on December 8, 1995. In the paper we
describe the outline of the incident and discuss the effects of the sodium fire
and combustion products.

2. Estimation of sodium quantity leaked
The estimation of the quantity of leaked sodium was based on the

comparison of changes in the sodium overflow tank levels between the three
secondary loops (C and A, B), using recorded MIDAS( Monju Integrated Data
Acquisition System) data. In addition to the overflow tank, the level changes
in the pump, pump overflow column, evaporator and super-heater were also
taken into account for the calculation, as shown in Fig.l. The constant leak
rate of around 180 kg/hr(50g/sec) was obtained by the least squares method
for the period prior to the start of the drain as shown Fig.2. There was no
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marked change in the leak rate before and after the reactor trip.
It was estimated the leak stopped at 23:27 by the analysis of the drain

rate and drain mode of the loop C from the MIDAS data, as shown in Fig.3.
The duration of the leak was 220 minutes from 19:47 to 23:27.

The total amount of sodium leaked was calculated as 640 ± 42 kg,
considering the sodium pressure at the leak site during the drain.

3. Effects of leaked sodium on structural materials and components
The trickle of burning sodium, with some small splash drops, fell on the

floor liner after contact with the ventilation duct and the walkway grating.
The cone of sodium drops and the zone affected by sodium burning are
illustrated in Fig.4. The liner was not significantly damaged, but the duct
and grating were severely damaged by high temperature Fe-Na-0 reactions.

From metallurgical microstructure examinations, the maximum
temperature at the grating( 3.0 mm thick steel, which had a 42 cm x 39 cm
damaged hole) was estimated to be 1000-1150°C.
The maximum temperature of the floor liner was 650-750°C. The liner(6.1-
6.2 mm, steel) was reduced in thickness by 0.5-1.5 mm.

The concrete wall was discolored and dehydrated locally by contact with
the burning sodium and combustion products, but the structural strength
and shielding properties were not influenced by the leak.

Concepts for Fe-Na-0 reactions are illustrated in Fig.5.

4. Sodium leak and combustion behavior
The output of the failed thermocouple during the initial period of the leak

is shown in Fig.6, compared with that of the sodium leak experiment,
conducted at Oarai Engineering Center of PNC. The temperature variation
of the thermocouples between Monju and leak experiment agrees well, which
indicates;
- The sodium leaked in the thermocouple well decreased the electric

insulation between compensation wires which were short-circuited.(®-@)
- The leak rate was very small during the first 35-40 seconds and then
increased to a constant rate of 50 g/sec within a few minutes.

The sodium chemical compound deposits(about 310 kg-equivalent Na
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metal) were formed underneath the site of the leak, mainly on the floor liner
as shown in Fig.7. The main chemical composition of the compounds was
Na2O(~90 wt%). The sodium oxide deposits of the floor liner seemed to
protect the liner from high temperature chemical corrosion reactions
involving leaked sodium.

The kidney-shaped sodium deposit on the floor shown in Fig. 7 is
explained as a result of changes of sodium fall path when the duct was
damaged.

5. Sodium aerosol diffusion behavior
(1) Fire alarm sensors and sodium leak detectors

The fire alarms actuated by the aerosol are shown in Fig 8 together with
the ventilation system layout for the reactor auxiliary building(loop C). The
ventilation system continued to operate during the leak. The first fire alarm
was actuated after 20 sec. from the start of burning and a total of 66 fire
alarms were actuated during the leak. During this time there were two
periods of 15 to 30 minutes without additional alarms.

The signals of sodium leak detectors(Radiative Ionization_Detector, RID)
are shown in Fig.9. The figure shows three peaks of aerosol concentration in
most detectors. The first peak was attributed to the initial increase of
sodium dispersion after contacting with the duct surface. The second peak
was caused by the increase of pool burning area and subsequent increase of
aerosol returned through the ventilation duct and by the decrease of aerosol
returned due to the closure of the fire prevention damper in the exhaust duct,
as described later. The third one corresponded to the stop of ventilation
system and consequent increase of aerosol in the building.

(2) Aerosol diffusion in the auxiliary building
The sodium aerosol behavior estimated from the sequence of fire alarm

and RID signals is as follows;
- Part of the aerosol combustion products released to the outside

atmosphere through the ventilation exhaust duct were returned to the
reactor auxiliary building through the neighboring ventilation inlet duct of
loop C. This resulted in wide spread aerosol diffusion in the loop C area.

285



The aerosol ratio of returned/released for C loop ventilation system was
calculated as about 0.2 from three dimensional diffusion analysis. The
amount of returned aerosol was at most ~ 5 % of the total deposited aerosol
in the building.

- A fire-prevention damper installed in the ventilation exhaust duct in the
leak room was automatically closed at approximately 70 minutes after the
leak started. The closure of the damper stopped the exhaust of the aerosol
and increased the internal pressure of the loop C rooms, which resulted in
the aerosol diffusion outside the loop C area.

From the RID signals, the aerosol concentration in the room where
sodium was burning appeared to be gradually decreased after the damper
closure. This showed the reduction of sodium burning and aerosol
generation when the ventilation of the room was stopped.

- After the ventilation system stopped due to the sodium drain(Na low level
alarm in SG tank automatically actuated the stop signal for the
ventilation), the aerosol diffused mainly by natural convection.

(3) Aerosol deposition in the reactor auxiliary building
The distribution of the aerosol on the reactor auxiliary building is shown in

Fig. 10. The total amount of sodium aersol deposited in the reactor auxiliary
building is estimated as 100 kg and most of them have been recovered. The
aerosol deposition was greatest( 40 - 80 g/m2) on the floor of the room where
the sodium leaked and burned(A-446). It exponentially decreased with the
distance from the room. The amounts of aerosol on the walls or ceilings were
about 1% of those of floors.

- Effects of aerosol on electrical equipment and components
Checks of the electrical boards and control panels were conducted after the
cleaning of the rooms in order to investigate the effects of aerosol on
electrical equipment and components. The aerosol deposition was about
4.3 g/m2 in the control panels of room A-445. No marked effects have been
found up to now on the electrical equipment and components except for the
room with sodium leak and the neighboring room.
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(4) Aerosol released to the atmosphere
The total amount of aerosol released to the atmosphere was estimated as

approximately 230 kg from the difference in leaked and recovered sodium
weights in the reactor auxiliary building. No significant increase in sodium
content was detected in the soil samples around the reactor buildings.

6. Computer analysis of the incident

- Sodium burning analysis
Sodium burning analyses are being performed reflecting the results of
sodium burning experiments simulating Monju incident at Oarai
Engineering center, PNC. The outline of the results will be described in
other papers.

- Atmospheric diffusion analysis
A steady state atmospheric diffusion analysis was performed using a three
dimensional diffusion code, FLUENT. This considered the weather
condition on the day, and the result is shown in Fig. 11. The maximum
concentration of the aerosol at the site boundary was calculated as 0.03
mg/m3, equivalent of sodium metal(0.05 mg/m3 NaOH equivalent), which
was low in comparison with the permitted level of 2 mg/m3 NaOH which is
recommended as a criteria level for working conditions in most countries.

The total amount of tritium leaked from the secondary sodium circuit was
5.4 x 107 Bq ,of which 1.0 x 107 Bq was found in the sodium combustion
products recovered in the reactor auxiliary building. The value of 4.4 x 107

Bq released to the atmosphere in the accident corresponded to about 0.03%
of the average value released per month for a LWR as reported by the
United Nation, Science Committee in 1993.

- Circulation analysis
Part of the aerosol after release to the outside from the exhaust duct
returned into the building through the neighboring inlet ventilation duct
of loop C. The return ratio under the wind velocity of llm/sec. at the time
was calculated as about 20 %, using three dimensional thermo-hydraulic
code, STREAM, as shown in Fig. 12..
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SODIUM FIRE TESTS FOR INVESTIGATING THE SODIUM LEAK IN MONJU

Hiroshi SEINO, Shinya MIYAHARA, Osamu MIYAKE and Hiromi TANABE
FBR Plant Safety Engineering Section
Safety Engineering Division, O-arai Engineering Center (OEC)
Power Reactor and Nuclear Fuel Development Corporation (PNC)
4002 Narita, O-arai, Ibaraki, Japan

Abstract

As a part of the work for investigating the sodium leak accident which occurred in Monju on
December 8, 1995, three tests, (1) sodium leak test, (2) sodium fire test-I, and (3) sodium fire test-II,
were carried out at OEC/PNC. Main objectives of these tests are to confirm leak and burning
behavior of sodium from the damaged thermometer, and effects of the sodium fire on integrity of the
surrounding structure, etc.

The main conclusions obtained from the tests are shown as below.
1) Average sodium leak rate obtained from the sodium leak test was about 50 g/sec. This

was equivalent to the value estimated from level change in the sodium overflow tank in the
Monju accident.

2) Observation from video cameras in the sodium fire tests revealed that in early stages of
sodium leak, sodium dropped down out of the flexible tube of thermometer in drips. This
dripping and burning were expanded in range as sodium splashed on the duct.

3) Though, in the sodium fire test-I, there was a decrease of about lmm at a thickness of the
burning pan in the vicinity in just under in the leak point, there were completely no crack
and failure. In the meantime, in the sodium fire test-II the six open holes were found in the
floor liner. By this liner failure, the reaction between sodium and concrete might take
place.

At present, while the detailed evaluation on the sodium fire test-II has been mainly carried out,
the investigation for clarifying the cause of the liner failure has been also carried out.

1. INTRODUCTION

A sodium leak accident occurred in a piping system room of the Monju's secondary main cooling
system on December 8, 1995. In PNC, various works to investigate the cause on this accident have
been carried out. As a part of the works, in making the confirmation of leak and burning behavior,
and effect of the sodium fire on the integrity of surrounding structure, three sodium tests, (1) sodium
leak test, (2) sodium fire test-I, and (3) sodium fire test-II, were carried out. This paper mainly
introduces the result of the sodium fire test-II which synthetically simulated a series of phenomenon
transition which is related to the sodium leak and fire, after the outline of the sodium leak test and the
sodium fire test-I carried out as preliminary tests is introduced.

2. SODIUM LEAK TEST

2 . 1 . Overview and Objectives of the Test

The test to determine the rate and behavior of sodium leak was performed on two occasions (the
first on February 15, 1996; the second on March 28, 1996) using SOFT-1 (Sodium Fire Test) facility
(Fig. 1). In these tests, sodium heated to 480°C was leaked from a leak simulated apparatus.

The objective of this test was to verify the following items by intentionally inducing a sodium
leak in the testing system with the same structure as the thermometer that was damaged in Monju.
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1) To determine the rate and behavior of the sodium leak that occurred at the damaged
thermometer.

2) To measure temperature histories of the thermometer's thermocouple to determine the route
and time history of the sodium leak inside the thermometer.

2. 2. Main Results

2. 2. 1. Sodium Leak Rate
The first and second tests yielded average leak rates of 17 g/sec and 56 g/sec, respectively. In

the first test, it is supposed that residual oxygen in the supply pipe and impurities in the sodium
caused clogging in the narrow portion of the simulated thermometer. This resulted in preventing
accurate determination of the leak rate. Thus, some improvements to prevent this were taken in the
second test.

Figure 2 shows measured leak rate data of the sodium tank's level gauge and the sodium supply
pipe's electromagnetic flow meter in the second test. As the latter was used simply to determine
tendencies because of its relatively low reliability, the level gauge was used to calculate the leak rate.
In the first and second halves of the test period, different leak rates were obtained: 38 g/sec and 56
g/sec, respectively. The low leak rate in the first half of the test was most likely due to blockage of
the flow route by the signal wiring's sheath and other materials, and so the flow rate obtained in the
second half, (56 ( + 2) g/sec, was judged to be more reliable one. After adjusting this measured leak
rate (56 [±2] g/sec) to the accident conditions of Monju, a leak rate of 53 (±2) g/sec was obtained.
This adjustment is based on nominal dimensions of the cross-sectional area of the flow route in the
thermocouple well tip's annulus, and the maximum sodium pressure 1.65 kg/cm2-g.

2. 2. 2. Output Signals of Thermometer
As Fig. 3 shows, the data obtained by the thermometer's thermocouple in the second test reveal

temperature characteristics extremely similar to those experienced during the actual Monju accident:
The position of the contact point of thermocouple shifts along its cable gradually as the sodium leaks.
This behavior adequately correlated with occurrences at Monju. The difference between the leak
test's maximum temperature of approximately 750°C (cut off in the over scale portion) and the
temperature recorded during the Monju leak - roughly 600X3 - reflects a difference in the data
recorders' recording ranges, though the same model of signal processor was used.

3. SODIUM FIRETEST-I

3. 1. Overview and Objectives of the Test

On April 8, 1996, a sodium fire test-I was performed using SOLFA-2 (Sodium Leak, Fire and
Aerosol) facility (Fig. 4-(a)). In this test, sodium heated to 480°C was leaked for approximately 1.5
hours from a leak simulated apparatus and caused to drop onto a ventilation duct and a grating with
the same dimensions and layout as those in Monju. The test was originally planned to continue 4
hours, but was discontinued after 1.5 hours because of a drop in the flow rate of the exhaust system.

This test was performed to examine the following items regarding the characteristics of sodium
leak and burning occurred in Monju.

1) To clarify the process by which the leaked sodium dropped, splattered and burned on the
ventilation duct and the grating.

2) To clarify the process of damage in the ventilation duct and the grating.
3) To determine the effects on the floor liner of sodium burning by using with a burning pan

made of the same material and having the same thickness as the floor liner of Monju.
4) To determine the quantity and chemical composition of the solid deposits and aerosols
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formed during the sodium burning.

3. 2. Main Results

3. 2. 1. Process of Dropping, Splattering and Burning of Leaked Sodium
Images taken with CCD (Charge Coupled Device) and infrared cameras show that initially the

thermometer's cap began to emit smoke; then the first sodium leak was seen emanating from a point
roughly halfway between the thermometer's end and the lowest point of the flexible tube.
Immediately thereafter, sodium was seen spraying in streamline flows from multiple points around
the elbow and the flexible tube, as, nearly simultaneously, the flames emanating from the first sodium
leak proceed toward the elbow along the surface of the flexible tube. The flame is supposed to be
generated by burning of the flexible tube's polyvinyl chloride sheath. The flame eventually engulfed
the entire left side of the flexible tube (i.e., the side of the end connector joining the flexible tube to
the thermometer). After the streamline spray observed when leaking first began, burning sodium
began pouring out of the flexible tube in drips; this dripping and burning expanded in range as the
sodium splashed on the duct.

3. 2. 2. Damage of Ventilation Duct and Grating
No damage to the duct itself was detected. However, the aluminum louver frame of the

ventilation duct's lower inlet was damaged: Its machine screws had come off, leaving half of the grill
(on the grating side) detached.

No large hole, like one seen at Monju, were found when the grating was removed from the
testing system for inspection, although the area centered on the point that the sodium attacked was
damaged in a way indicating the first stages of grating failure: The 5-mm-square lattice was corroded
through in some parts, and many blades (originally 3.2 mm thick) had become like the blade of a
sharp knife.

3. 2. 3. Temperature of Burning Pan
Figures 4-(b) and -(c) show the temperatures measured by the thermocouples on the surface and

underside of the burning pan in the vicinity of the point directly below the simulated leak. The
temperature on the burning pan's surface reached roughly 700°C in 10 minutes, then fluctuated
between roughly 700°C and roughly 800°C; the thermocouple burned out in roughly 52 minutes. The
burning pan underside thermocouple near the leak point measured 700°C in roughly 20 minutes, and
for the next hour remained stable between 740 tD and 770°C. The changes over time in the
temperature distribution measured by these thermocouples demonstrate that when the simulated
sodium leak test first began the burning pan temperature was highest directly below the leak, and that
as time passed this high-temperature region (roughly 700°C) expanded from the area directly below
the leak, transferring heat throughout the burning pan.

According to the post-test inspection of the burning pan (Fig. 4-(d)), sodium deposits on the leak
side of the burning pan (i.e., the left side as viewed from the manhole) were thick; the another side
was covered only with aerosol deposits. By measuring the burning pan thickness, it was found that
the burning pan had decreased in thickness across a one-meter circular area centered on the point
directly below the simulated leak. This loss of thickness was about 1 mm or less.

3. 2. 4. Quantity and Chemical Composition of Deposits and Aerosols
Of the approximately 240 kg of deposits and sodium aerosols collected after the test from the

entire testing system, 70% existed in the burning pan. Analysis of the chemical composition of the
deposits and aerosols revealed that roughly 60% to 70% were sodium peroxide, with the remainder
comprising sodium monoxide and sodium carbonate, along with sodium hydroxide in certain
samples.
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Samples, which were taken mainly from the bottom layers of the burning pan deposits, were
found to contain Na4FeO3, a compound oxide of iron and sodium. This compound oxide was also

detected in the samples taken from the flexible tube and the grating.

4. SODIUM FIRE TEST-H

4 . 1 . Overview and Objectives of the Test

On June 7, 1996, a sodium fire test-II was performed using SOLFA-1 (Sodium Leak, Fire and
Aerosol) facility (Fig. 5). This test, which continued four hours and employed 690 kg sodium heated
to 480X3, was aimed at the integrated simulation of a series of phenomena triggered by sodium leak.
The piping, ventilation duct, grating and floor liner were all full-sized and arranged in a rectangular
concrete cell in the same manner as Monju.

This test was performed to clarify the following items regarding the characteristics of the leak
and burning of sodium that occurred in Monju.

1) To clarify the leak and burning process of the sodium that dropped onto and splattered
across the ventilation duct and the grating by using a simulated leaking pipe with the same
attachments (e.g., piping supports).

2) To clarify the process of damage in the ventilation duct and the grating.
3) To determine the effects on the floor liner of sodium leak and burning by using floor liner

constructed in the same manner and the same structure configuration as the floor liner of
Monju.

4) To determine quantity and chemical composition of the solid deposits and aerosols
(products of sodium fires) formed during a simulated sodium leak of the same quantity and
duration as the Monju leak.

5) To determine the effects of leak and burning sodium on the concrete walls and floor.

4. 2. Progression of the Test

The test was begun at 11:00 by successively opening the three gate valves in the sodium supply
pipe, thereby allowing sodium from the sodium tank into the leak simulated apparatus, and causing
sodium to leak out from the end of the thermometer. During the test, temperature, pressure and other
data were measured. Visual data were collected with CCD cameras and infrared cameras, and the
atmosphere in the testing system was sampled.

At 14:44 (3 hours and 42 minutes into the leak test), the sodium supply pipe's gate valves were
closed and the test was terminated. And at 11:52 on June 10 (approximately 69 hours after the test),
the door of the cell was opened in order to visually inspect the interior; to determine the process by
which the leaked sodium dropped down and splattered, and to examine the state of the ventilation
duct, grating and floor liner.

4. 3. Main Results

4. 3. 1. Process of Dropping, Splattering and Burning of leaked Sodium
Images taken with the CCD and infrared cameras show that 1 minute and 54 seconds after the

first sodium gate valve was opened, the cap at the end of the thermometer began to emit smoke; 2
minutes and 1 second after the valve was opened, the first sodium leaks were seen emanating from
two points simultaneously: the lowest point of the end of the thermometer in the leak simulated
apparatus, and a point midway between the thermometer's end and the lowest point of the flexible
tube. Almost simultaneously, burning sodium from the first leak was seen flowing across the surface
of the flexible tube. In the early stage of the simulated leak, the sodium began dropping out of the

300



leak point in burning droplets; this dripping and burning expanded in range as the sodium splashed on
the duct. In this respect the results of this test differ from those of the sodium fire test-I, in which the
leaking sodium did not burn initially. This burning of falling sodium gradually increased in intensity,
and columnar fire believed to originate in sodium flowing along the outer surface of the duct appeared
in two and half minutes. The leaked sodium first reached the grating and the floor liner in two
minutes and one second. Although sodium was seen dripping onto the lid of liner located by the
concrete wall soon after the leak began, this dripping apparently stopped in 2 1/2 minutes.

The atmosphere temperature at the approximate center of the test cell (Fig. 5-(a)) began rising
gradually when the test started, and fluctuated between 260 °C and 290°C beginning 40 minutes into
the test.

4. 3. 2. Damage of Ventilation Duct and Grating
After the test, extensive damage was observed in the ventilation duct and the grating in the area

roughly below the simulated leak.
The temperature of the ventilation duct's inner surface (Fig. 5-(b)), fluctuated between

approximately 600"C and 700^ . The thermocouple nearer to the leak point (TE5406) burned out
roughly 1 hour into the test, while the adjacent thermocouple (TE5407), far from the leak point, was
damaged 2 hours into the test. This suggests that damage of the ventilation duct began near the
leaking pipe and progressed toward the end.

The temperature of the grating (Fig. 5-(c)) began rising at the outset of the test, then fluctuated
between roughly 600^ and 900°C; damage occurred roughly 1 hour into the test.

4. 3. 3. State of Floor Liner
After the test, six sites of damage were found in the vicinity below the leak.
As evinced by the temperature measured by the thermocouple in the area of the floor liner's

underside roughly below the leak (Fig. 5-(d)), and by the temperatures measured in the air gap under
the floor liner, in the pearlite board and on the concrete surface (Fig. 5-(e)), the temperature of the
liner reached 760^ in 10 minutes, then fluctuated approximately between 750°C and 850°C, and
began rising rapidly in 3 hours and 20 minutes, eventually exceeding 1,000°C. A major change in the
temperature began in 3 hours and 20 minutes, at which point damage of the floor liner might take
place, allowing the sodium to reach the affected area.

4. 3. 4. State of Sodium Aerosols
Upon visual inspection, settled aerosols and deposits were found throughout the interior of the

test cell, but in fewer quantities than those found in the test-I. It was discovered deliquescence after
the test also occurred more quickly. In the area where the leak began, the thermometer's connector
had fallen away, and there were no deposits of sodium compounds on this area. The flexible tube
had split down the middle, and there were aerosols adhered to the right half (as viewed from the front
of the remaining temperature gauge), i.e., the side closer to end of the conduit connection. There
were sodium compounds adhered to the right side of the ventilation duct's outer surface, spreading
from the highest point directly under the leak. The area of the grating directly under the leak was
found to be damaged, but there were few deposits of sodium compounds in the upper section. The
floor liner was covered with sodium compounds, with relatively large quantities found in the corners
of the test cell (i.e., at both ends of the ventilation duct).

4. 3. 5. Concrete Temperature
Upon visual inspection of the system's interior, large quantities of aerosols were found adhered

to areas of the concrete side walls near the leak. As this visual inspection was carried out three days
after the test, deliquescence was advanced, but no damage was visible on the surface of these walls.
Measured temperatures of the concrete side walls near the leak (Fig. 5-(f)) reached lOO'C in
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approximately 30 minutes, and continued rising gradually until the test was terminated. The
temperature of the floor concrete (Fig. 5-(g)) reached 100°C in 1 hour, continued to rise gradually
thereafter, and began rising rapidly roughly in 3 hours and 20 minutes, reaching its maximum of 490
°C 25 minutes after the test was terminated. Damage of the liner is estimated to occur 3 hours and 20
minutes after the test began. As shown in Fig. 5-(h), the hydrogen concentration remained below
200 ppm prior to 2 hours and 30 minutes into the test, however, reached 1,670 ppm in 3 hours and
20 minutes. This increase is believed to have been triggered by a reaction between sodium and water
vapor accumulated in the region between the liner and the concrete, or by sodium-insulator (pearlite
board) and concrete.

5. CONCLUSIONS

Investigation of the data collected thus far leads to the following conclusions.

1) The average leak rate obtained from the sodium leak test (53 g/sec [±2]) verifies the rates
estimated from changes in the sodium tank level during the Monju accident.

2) In the test-I, sodium peroxide accounted for roughly 60% to 70% of the sodium aerosols,
with the remainder comprising sodium monoxide and sodium carbonate. Also, a
compound oxide of iron and sodium was detected in the lowest layers of the deposits
found in the burning pan.

3) Images taken with cameras in the sodium fire test-II reveal that in the early stages of the
sodium leak, the sodium dropped down out of the flexible tube in drips. This dripping and
burning were expanded in range as the sodium splashed on the duct. The dripping down
and burning of the leaked sodium gradually increased in intensity, and by the time 2 1/2
minutes, columnar flames apparently appeared from burning sodium that had flowed down
along the outer surface of the duct.

4) Upon inspection after the test-II, damage of the ventilation duct and the grating was found.
However, damage of the duct was greater than that of Monju. While the grating was also
damaged, there were few deposits of sodium compounds on its surface.

5) In the test-II, the temperature of the floor liner below the leak exceeded 1,000°C slightly
more than 3 hours and 20 minutes into the test; this was considered to occur by the failure
of the liner, and inspection of the interior after the test revealed six sites of damage.

6) No surface damage of the concrete side walls visually inspected after the inspection was
found in the test-II. Temperature changes of the floor concrete and changes in the
concentration of hydrogen in the cell suggest the possibility of a reaction between the
sodium and materials under the liner.

Acknowledgment

This work was supported by the Science and Technology Agency (STA) of Japan. Many
suggestions have been received to perform the tests from the task-force team organized by STA for
investigation of the Monju sodium leak accident. The authors would like to express gratitude to those
people in STA and its task-force team.

In the execution of three tests introduced in this paper, cooperation and support were received
from much everybody. Thereupon, this paper shows the attention of thanks, because the effort
which was a major from the following persons, which are staffs of each test, and members of FBR
Plant Safety Section in OEC/PNC, was received.

1) Sodium Leak Test: Mr. Kazuhito SHIMOYAMA;
2) Sodium Fire Test-I: Mr. Koji KAWATA;
3) Sodium Fire Test-II: Mr. Naoki UCHIYAMA and Mr. Toshihide TAKAI.

302



Test Section
(Fault Thermometer) SOFT-1 Steel Cell (about 27m3)

Continuous
Level Gauges

.PXLXTJ

Sodium
(about -
45 liters)

Sodium
Supply Tank

Purge
Line

Valve

Electromagnetic
Flow Meter

200 i
450

Insulator

1050 (T>

900

-1800-

Steel
Pans

Infrared
Camera
CCD

T==r" Camera

Fire
Extinguishing
Powder

(Unit: mm)

Figure 1 Test Facility for Sodium Leak Test

o
CD
CO

CD
•4—<

03
DC

03
CD

O

140

120

100

80

60

40

20

i i i i

-5

— Electromagnetic Flow Meter (EMF)̂ )
o Continuous Level Gauge (CLG) I

Average Leak Rate
(7 to 35 seconds)
: 54 g/s (by CLG)
: 61 g/s

Average Leak Rate
(287 to 622 seconds)
: 56 g/s (by CLG)

i/s (by EMF)

iT->-O • •

" Average Leak Rate
(35 to 287 seconds)
: 38 g/s (by CLG)
: 45 g/s (by EMF)

•

0 10 15
Time (min)

Figure 2 Result of Sodium Leak Rate in Second Sodium Leak Test
303



p

03
CD

a
E
CD

CD

2
CD

a
CD

800
(a) Monju Temperature Gauge

600

400

200

Sodium Leak Detector Alarm
(cut off in the
overscale portion)

Smoke Detector Alarm

0
19:40

J • • 1

19:45 19:50 19:55 20:00 20:05 20:10

Real Time on December 8,1995

800
(b) Temperature Gauge used in Sodium Leak Test

600

400

200

0

(cut off in the
overscale portion)

Sodium Leak Period

-5 0 10 15

Time (min)
20 25

Figure 3 Comparison of Temperature Histories of Monju
Temperature Gauge and Temperature Gauge
used in Sodium Leak Test

304



Position of Fault
Thermometer

Deposit creeping up
the Inner Wall

Surface: Uneven
Crests: Dark Yellow
Depressions: White

Upper Part: Cream Color
Lower Part: White

Ventilation Duct

Vessel Wall

CCD Camera

H: Height from Burning
Pan Surface (mm)

500 5O0 500 500 500 500

(d) Observation of Burning Pan after Test

(a) SOLFA-2 Steel Vessel (about 100m3)

Exhaust Blower

Filter
a><l: Camera

(?) : Temperature

( P ) : Pressure

Water 0 • Row Rate
Scrubber

Aerosol Removing
System

: Oxygen Concentration

: Hydrogen Concentration

A; : Aerosol Concentration

: Humidity

30 60 90 120

Time (min)

TE3001 TE3002

30 60 90 120
Time (min)

30 60 90 120
Time (min)

(b) Surface Temperature of Burning Pan (c) Temperature of Burning Pan

Figure 4 Test Facility and Main Results in Sodium Fire Test-I
305



(GS)

©
(2)
©

Gas Sampler

Gaschromatograph

Oxygen Meter

Hydrogen Meter

Failure of T/C

2000

(a) Gas Temperature(c) Grating Temperature

SOLFA-1 Concrete Cell (about 170m3)

South Side

(h) Hydrogen Concentration

TE5602 (15mm)

TE5603
/ (50mm)

Sodium Supply Pipe

(f) Side Wall Concrete Temperature rLengtn in p a r e n t h e s i s indicates]
[distance from surface. J

500

(g) Floor Concrete Temperature

Air Gap under Floor Liner

Failure of T/C

1000

Concrete Surface 1

0 1 2 3 4 5
Time (hr)

(e) Temperature beneath Liner

2 3
Time (hr)

(d) Liner Temperature
(TE5010andTE5011)

2 3 4
Time (hr)

(b) Duct Temperature
(TE5406 and TE5407)

Figure 5 Test Facility and Main Results in Sodium Fire Test-ll
306



XA0055545

The corrosion of steels by
hot sodium melts

A Paper produced for the IAEA/IWGFR TCM on
"Evaluation of Radioactive Materials Release and
Sodium Fires in Fast Reactors"

O-arai, Japan, November 11-14, 1996

R Currie

October 1996

307
NEXT PAGE(S)

left BLANK



Executive Summary

Considerable research has been performed by AEA Technology on the corrosion of steels by
hot sodium melts containing sodium hydroxide and sodium oxide. This research has principally
been in support of understanding the effects of sodium-water reactions on the internals of fast
reactor steam generators. The results however have relevance to sodium fires.

It has been determined that the rate of corrosion of steels by melts of pure NaOH can be
significantly increased by the addition of Na2O. In the case of a sodium-water reaction jet
created by a leak of steam into sodium, the composition of the jet varies from 100% sodium
through to 100% steam, with a full range of concentrations of NaOH and Na2O, depending on
axial and radial position. The temperature in the jet also varies with position, ranging from bulk
sodium temperature on one boundary to expanded steam temperature on the other boundary,
with internal temperatures ranging up to 1300°c, depending on the local pre-reaction mole
ratio of steam to sodium. In the case of sodium-water reaction jets, it has been possible to
develop a model which predicts the composition of the reaction jet and then, using the data
generated on the corrosivity of sodium melts, predict the rate of corrosion of a steel target in the
path of the jet.

In the case of a spray sodium fire, the sodium will initially contain a concentration of NaOH
and the combustion process will generate Na2O. If there is sufficient humidity, conversion of
some of the Na2O to NaOH will also occur. There is therefore the potential for aggressive
mixtures of NaOH and Na2O to exist on the surface of the sodium droplets. It is therefore
possible that the rate of corrosion of steels in the path of the spray may be higher than expected
on the basis of assuming that only Na and Na2O were present.

In the case of a pool sodium fire, potentially corrosive mixtures of NaOH and Na2O may be
formed at some locations on the surface. This could lead to significant corrosion of any steel
structures penetrating the surface, or steel surfaces forming the boundary of the pool.

In this paper, the data on the corrosivity of sodium melts containing NaOH and Na2O, as a
function of temperature, concentration of each species and velocity of the melt, will be
presented for ferritic and austenitic steels and the possible relevance of these data for sodium
fires will be discussed.
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1 Introduction

AEA Technology has performed considerable research into the corrosion of steels by hot melts
of sodium containing sodium-water reaction products. This research has principally been
directed at understanding the damage potential of steam leaks in fast reactor steam generators.
The data from this research can also be used to predict the corrosion potential of sodium fires.

Two main strands of this research were:

• Measurement of the rate of corrosion of ferritic and austenitic steels as a function of melt
temperature and composition

• Determination of the post reaction temperature and chemical composition of the melt as a
function of the pre-reaction conditions.

When a sodium leak occurs, the sodium reacts with oxygen and moisture in the air, and so the
potential exists for hot melts containing Na, NaOH and Na2O to be created. It is therefore
possible that the corrosivity of a melt created by a sodium leak to be considerably greater than
for pure sodium, or for sodium saturated with oxygen at the pre-combustion temperature.

In this paper, results from the original research performed into the corrosivity of sodium melts
are presented. Consideration is then given to the application of this data to predict the corrosion
potential of sodium pool fires and spray fires.

2 The Corrosivity of Sodium Melts

2.1 EXPERIMENTAL

The experiments were performed by AEA Technology at its Harwell Laboratory.

The technique adopted involved the spinning of discs of heat exchanger steels (20 mm
diameter, lmm thick), at 0 - 16000 rpm in molten Na2O-NaOH-NaH-Na mixtures. The
sodium compounds used were the purest available, (the NaOH had <1% Na2Co3 and the
Na2O was 98% pure with the balance being sodium) and the sodium was triply distilled reactor
grade sodium. An experiment at 750°c demonstrated that even 20% Na2Co3 in NaOH had no
influence on the corrosion rate. The melts were generally contained in alumina pots, but some
early experiments used nickel or silver pots.

Dimensional changes of the discs at a radial distance of 7 mm from the disc centre, measured
with a micrometer, were generally used to determine corrosion. Low corrosion rates were
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calculated from the Fe and Cr levels analysed in the melt after exposure. In all cases the discs
were weighed before and after exposure.

Experiments were conducted on 120 g melts of NaOH-Na2O, NaOH-Na2O-NaH and
sodium saturated with oxygen and hydrogen. The last two systems were examined under
conditions which ensured that the melts were those occurring along boundaries i-e-g and h-e
shown in Figure 1. In area "b" two liquid phases co-exist: liquid Na containing oxygen and
hydrogen and liquid NaOH containing Na2O and NaH. In area "d" all the phases are solid. In
area "a" NaOH can exist in the solid or liquid form saturated with NaH and containing some
Na2O. In area "c" the only liquid phase is Na saturated with Na2O and containing some
hydrogen.

To determine the nature of the corrosion products, the discs were spun at 12000 rpm above the
melt after exposure, to remove residual melt. When cool the disc was coated with polystyrene
to prevent hydrous during handling for X-ray analysis.

2.2 RESULTS

The results for corrosion of 2 Cr 1 Mo steel, 9 Cr 1 Mo steel and Austenitic steel by melts of
NaOH-Na2O are summarised in Figures 2 - 4 , for a disc spinning speed of 6000 rpm. The
effect of disc spinning speed for these steels is shown in Figure 5.

It can be seen that the corrosivity of the melts increase with increase in Na2O concentration for
all three steels. In general, the corrosion resistance of 2 Cr 1 Mo steel is similar to that of 9
CR 1 Mo steel. Type 316 Stainless Steel is more resistant to corrosion than the ferritic steels.

Analysis of the melt flow over the discs established that the observed dependence of the
corrosion rate on the disc speed and on the radial distance from the disc centre was consistent
with mass transfer within an entirely laminar flow for speeds in the range 1 - 16000 rpm.
Transitional flow would be expected between 15800 and 26200 rpm, with turbulent flow for
disc speed greater than 26200 rpm. As can be seen from Figure 5, the effect of disc speed was
more pronounced for the more agrresive melts than for the less agressive melts. The
contribution melt flow makes to the overall process is to remove corrosion products from the
surface, thereby exposing new steel to the corrosive melt.

From measurement of the thickness of the corrosion product film on the samples, it was
deduced that Na2O enhanced corrosion by increasing the solubility of the corrosion products,
thereby reducing the thickness of the protective film.

The results for corrosion of these steels by sodium saturated with oxygen and hydrogen at disc
speeds of 2 rpm are given in Figure 6. It can be seen that the NaOH melt saturated with Na2O
was more agrresive than sodium saturated with Na2O, particularly at higher temperatures.
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3 Application to Sodium-Water
Reactions

On the basis of the assumption of thermodynamic equilibrium, it is possible to predict the post
reaction temperature and chemical composition as a function of the pre-reaction temperature of
the reactants, the environmental pressure and the mole ratio of steam to sodium. By combining
this reaction model with a model of a steam jet expanding into sodium, it has been possible to
predict the spatial variations in the resulantant reaction jet. By integrating the corrosivity data
described above into this model, it has been possible to predict the rate of corrosion of steam
tubes and other structures in the steam generator in the path of the jet. The effect of the velocity
of the local velocity of the jet at the point of impact was derived from the data shown in Figure
5, noting that a disc speed of 6000 rpm is equivalent to a velocity of 4.4 ms , as shown in Figure
7. For this paper the details of these models are not relevant, but the predicted corrosion rates
for a range of post-reaction conditions are of interest, as an indication of the rates of corrosion
which can occur.

In Table 1, corrosion rates for both ferritic and austenitic steels are shown for a range of melts,
ranging from being composed of mostly sodium, to being composed mostly of NaOH. The
effect of Na2O can be very clearly seen by comparing two melts at very similar temperatures,
1214 k and 1244 k. In the higher temperature case there is almost no Na2O and the corrosion
rate is only 0.032 mm min for ferritic steel. In the lower temperature case, the presence of a
significant concentration of Na2O results in a very much higher corrosion rate of 16.7 mm
min .

It can also be seen that even in the case of the melt being very much dominated by sodium, high
corrosion rates can occur if there is a significant concentration of Na2O - for example the melt
at 1066 k which is composed of 9.1 moles of Na has a corrosion rate of 3.2 mm min .

It can also be seen that melts mostly composed of NaOH can produce a relatively low rate of
corrosion, even at high temperatures - for example the melt at 1327 k which produces a rate of
corrosion of 0.1 mm min .

4 Application to Sodium Leaks and
Fires

4.1 POOL FIRES

In the case of a sodium leak that results in a pool of sodium, reaction between sodium and
oxygen and moisture will occur at the surface. In addition to generating fume and releasing
aerosols, some of the reaction products will remain in solution in the sodium pool and there will
be a layer of sodium which contains significant concentrations of Na2O and, depending on the
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humidity level and the initial concentration of NaOH in the sodium, there may also be a
significant concentration of NaOH. There is therefore the potential for high corrosion rates to
be produced on steel structures in contact with this surface layer. If the sodium pool is contained
in a steel catch tray, significant corrosion of the tray could occur over a region in the proximity
of the pool surface. The temperature that the sodium pool will reach will be dependent on the
ratio of its surface area to its volume. In the case of a large, shallow pool the bulk sodium
temperature may increase sufficiently for the rate of corrosion of steel at the base of the pool to
be appreciable. In the case of a bulk pool temperature of 800 °c, the rate of corrosion could be
as high as 0.2 mm min if there was was a significant concentration of both NaOH and Na2O
throughout the melt (assuming a static melt - reduces rate of corrosion by a factor of 20 from
that given in Table 1 - see Figure 7). In the absence of significant humidity, little NaOH will
be formed and the melt will be more like a sodium melt saturated with oxygen, producing rates
of corrosion similar to those shown in Figure 6 - the Na Phase curve. In this case, the corrosion
rate for ferritic steels at 800 °c would be of the order of 0.01 mm min .

In the case of a sodium pool at a temperature of 600 c the rate of corrosion rate for ferritic
steels for an oxygen saturated melt would be 0.002 mm min .

4.2 SPRAY FIRES

Experiments were performed by AEA Technology at Harwell to obtain data on the kinetics of
the reaction between sodium and steam. These experiments involved the creation of
steam/sodium jets in air. The results obtained demonstrated that the sodium droplets attained a
temperature of 1135°c. Na2O concentrations in the range of 35 - 55 % were measured in the
condensed phase reaction products on the surface of the droplets 185 to 200 mm downstream
from the mixing point. Even at a shorter distance of 55 mm, a concentration of 7% Na2O by
weight in NaOH was measured. Droplet velocities of 10 ms were measured at 200 mm from
the mixing point. Rates of corrosion up to 1.82 mm min were measured on 9 Cr 1 Mo wires
in the path of the spray. These experiments demonstrated that the kinetics of the reactions were
fast enough for significant concentrations of NaOH and Na2O to be present a short distance
from the source of the spray.

In the case of a high pressure sodium leak, a sodium spray fire can result. In this case, depending
on the size of the leak, the reaction will either be occuring on the surface of individual droplets
of sodium or on the surface area of a sodium jet. In both cases, potentially agressive melts can
impact on steel structures at appreciable velocities. As can be seen from Figure 7, increasing the
melt velocity from 4.4 to 15 ms results in a doubling of the rate of corrosion compared to the
values in Table 1. Therefore a sodium droplet, or steam of sodium, at 800 °c impinging on a
steel structure a
the worst case.
steel structure at a velocity of 15 ms could produce a rate of corrosion up to 8.4 mm min in

In both sodium-water reactions and sodium-air reactions, steady state post reaction
temperatures greater than the boiling point of sodium can only occur if all of the sodium is
reacted. The presence of unreacted sodium lowers the post reaction temperature. During spray
fire experiments temperatures of the order of 1200 °c have been measured. This is either due to
the complete reaction of the sodium droplets, or more likely due to a transient inbalance
between the droplet surface temperature and its bulk temperature. This suggests than in the case
of a spray fire, high temperature impingement on a structure is possible, whilst the sodium pool
formed downstream of this impingement point will generally be at a much lower temperature.
If this high temperature surface region of the droplet is rich in Na2O and NaOH, then very
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high rates of corrosion on the impinged structure are possible. On the basis of the data in Table
1, the worst case could result in a rate of 18.3 mm min at a velocity of 4.4 ms which would
translate to 36.6 mm min at a velocity of 15 ms .

In the case of low humidity, there will be little production of NaOH and the melt's corrosivity
will be more like that of the Na Phase melt shown in Figure 6, which would result in a
maximum corrosion rate of the order of 0.8 mm min" , assuming the relationship between
melt velocity and corrosion rate shown in Figure 7.

5 Conclusions

1. The rate of corrosion of melts composed of sodium and its reaction products with air and
water is very dependent on the composition of the melt

2. Considerable data has been produced to allow predictions of corrosion rates of steam
generator internals due to sodium-water reactions to be made

3. In the case of sodium-water reactions, a wide range of behaviours is possible. Both high
temperature and low temperature melts can produce high or low rates of corrosion
depending on their composition

4. The presence of Na2O in a melt also containing NaOH results in an enhaced rate of solution
of the corrosion products and therefore enhances corrosion

5. The flow of the melt over the surface also affects the rate of corrosion by removing corrosion
products from the surface

6. In the case of sodium pool fires, in the absence of significant humidity, corrosion rates on
steels in contact with the pool will be relatively low - of the order of 0.01 mm min for a
temperature of 800 °c. If significant NaOH is produced, then this rate of corrosion could
increase to 0.2 mm min at the same temperature. For a pool temperature of 600 °c, the
maiximum rate of corrosion for ferritic steels would reduce to 0.002 mm min

7. Experiments on sodium and steam jets mixing in air, have confirmed that the kineteics of the
reactions are rapid and that under these circumstances Na2O and NaOH can co-exist a short
distance from the origin of the jet

8. In the case of sodium spray fires, the rates of corrosion caused by droplets with a surface
temperature of 1200°c would be in the range of 0.8mm min to 36.6 mm min assuming an
impingement velocity of 15 ms , depending on the concentration of NaOH in the surface
region.
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Table 1 Corrosion of Ferritic and Austenitic Steels by Melts Flowing at 4.4 ms- i

Temperature
(k)

736
870
925
984
1015
1066
1074
1086
1089
1093
1096
1098
1099
1099
1102
1103
1104
1113
1120
1132
1188
1214
1244
1248
1266
1282
1306
1320
1327
1331
1361
1369
1376
1386
1442
1466
1491
1493
1511
1523
1536

Moles
NaO
H

.9903

.8996

.9224

.8260

.8300

.7758

.7982

.7823

.7779
.7723
.7678
.7640
.7630
.7624
.7562
.7550
.7538
.7776
.7592
.7730
.7884
.8099
.9835
.8352
.8320
.8285
.8555
.8489
.9477
.8423
.8648
.8553
.8460
.8883
.8438
.8325
.7739
.7727
.7250
.6649
.6241

Moles
Na2O

.0097

.0458

.0776

.1092

.1370

.1827

.2016

.2175
.2219
.2275
.2319
.2357
.2366
.2373

L .2434
.2446
.2458
.2220
.2403
.2260
.2096
.1870
.0006
.1596
.1608
.1618
.1315
.1347
.0016
.1370
.1064
.1115
.1160
.0028
.0699
.0076
.0089
.0592
.0099
.0236
.0235

Moles
NaH

.1828

.0817

.0668

.0463

.0410

.0296

.0292

.0265

.0258
.0249
.0240
.0237
.0236
.0235
.0226
.0225
.0223
.0194
.0182
.0160
.0092
.0073
.0000
.0054
.0048
.0042
.0034
.0031
.0000
.0040
.0022
.0000
.0020
.0000
.0011
.0000
.0000
.0000
.0000
.0003
.0000

Moles
Na2

.3630

.2100

.1770
.1226
.1070
.0781
.0781
.0721
.0706
.0688
.0670
.0663
.0661
.0659
.0642
.0639
.0635
.0461
.0437
.0350
.0130
.0077
.0000
.0039
.0035
.0026
.0015
.0013
.0000
.0026
.0058
.0000
.0026
.0000
.0001
0000
.0000
.0000
.0000
.0000
.0000

Moles
Na

18.38
18.38
8.476
18.40
8.476
9.098
2.024
0.871
2.024
0.032
0.871
0.207
0.093
1.582
0.478
0.257
0.035
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Rate of
Corrosion -
Ferritic

(mm/min)
0.0001
0.009
0.048
0.29
0.72
3.2
4.2
6.2
6.84
7.8
8.55
9.24
9.42
9.6
10.8
11.0
11.4
9.6
13.3
12.7
18.34
16.7
0.032
14.2
16.8
19.6
13.4
15.9
0.1
18.3
11.8
14.4
16.7
0.19
8.87
0.59
0.83
10.3
1.07
3.42
3.97

Rate of
Corrosion -
Austenitic
(mm/min)
0.000021
0.006
0.002
0.006
0.032
0.032
0.039
0.052
0.072
0.061
0.079
0.082
0.092
0.072
0.079
0.08
0.082
0.072
0.092
0.119
0.119
0.113
0.003
0.102
0.117
0.130
0.102
0.115

0.00047
0.127
0.097
0.110
0.123
0.007
0.083
0.015
0.019
0.095
0.023
0.048
0.053
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E-7 Analysis of Aerosol Behavior under Secondary Sodium Leak
Accident *

Hiroshi SakabaM, Koji FujimoriO), Tomoshige TakadaO), Ganji AbeO),
Osamu Miyake(2), Toshio Funada*2)

(1) Mitsubishi Heavy Industries, Ltd.
(2) Power Reactor and Nuclear Fuel Development Corporation(PNC)

ABSTRACT

Analysis of aerosol behavior inside and outside of the building under conditions
of secondary sodium leak accident was performed by simulation . The calculated
results were compared to the sampled values.

For the aerosol behavior analysis in the building, the aerosol generation rate
was assumed to be 25 g/sec (conversion Na) and the chemical composition to be
Na2O. The lumped-parameter code was used for simulation of aerosol diffusion in
the building corresponding to air ventilating conditions. Based on the results of 3-
dimension calculation for the roof space of the building, 20% of the aerosol released
from the sodium leak cell to the outside was assumed to re-circulate to air supply
system. Based on the result of comparison of density values between calculation
and sampling, the simulation was almost successful, although density values in cells
far from sodium leak cell were underestimated, and the values in cells near the leak
were overestimated.

For aerosol diffusion out of building and off-site, the 3-dimensional calculation
was performed assuming that the aerosol exhaust rate was 25 g/sec(conversion Na),
the chemical composition the Na2CO3, aerosol mass density 0.3g/cm3, wind velocity
11 m/sec and wind direction north north west. The aerosol concentration at the site
boundary was calculated at 0.03mg/m3(conversion Na) considering aerosol settling.
This value is sufficiently smaller than aerosol concentration criterion 2mg/m3 (NaOH) .

1. INTRODUCTION

The total amount of sodium leakage was estimated about 640 kg and about 41 Okg of
sodium was collected in the building. Aerosol that was generated by sodium
combustion re-circulated from exhaust duct to supply duct and diffused over rooms in
building. However the effect of deposition was small. In this analysis, the
simulation calculation was performed for aerosol behavior in the Monju building
during a secondary sodium leak. Aerosol behavior was estimated by comparison of
calculated results and sampled values. Based on this estimation, the amount of
aerosol released from the building can also be estimated.

*This work was performed under the contract with Power Reactor and Nuclear
Fuel Development Corporation
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2. A ROOF SPACE CALCULATION OF AEROSOL TRANSPORT

It is desirable to know the amount of aerosol that reached ventilation intakes
downstream of the exhaust vent. In the jet of aerosol leaving the exhaust the
concentration falls as aerosol mixes with the atmosphere. The rate of mixing, and
thus the concentration at any downstream point, has been determined.

Calculation of aerosol transport

The calculation was carried out for three different wind velocity assuming the wind
speeds of the analog record to represent the minimum, average and maximum.
Table 2-1 shows the values. The 3-dimensional domains used are shown in Fig. 2-
1 and Fig. 2-2. The geometry is a simplified version of the reactor roof. Table 2-2
gives the flow rates of ventilation. Aerosol is supplied from the 683C's exhaust vent.
The wind which was north-north west, flows across the domain.

STREAM calculations have been carried out, in which the aerosol transport has been
determined. The STREAM is 3-dimensional flow code using conservation
equations as follows.

Navier Stokes equation has the form:

dU.pU, dP d dU;

where t time
xi Cartesian coordinate (i=1,2,3)
Ui absolute fluid velocity component in direction
P piezometric pressure = Ps - pogmXm where Ps is static pressure,

#, is reference density, the gm are gravitational field components and the
Xm are coordinates from a datum, where #, is defined
P density

T temperature of fluid
To reference temperature
p thermal volumetric expansion coefficient
n viscosity

Turbulence conditions are modeled using two physical quantities. These are
turbulence kinetic energy, k, and the rate of decay of this energy, s in the form:

dt dx, dx.\okdX;
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where
r tensor of the stress

k2

Gs =PC,—SQ

„ \\[ du. du\
S =i—\ —- +—H

\2\dX, ^

/ 0.3
Ct = min 0.09,

SL = min(20,5)

Results

Fig 2-3 shows the flow vectors and the concentrations of aerosols for the three wind
speeds. These are sectioned in the level of intake vent. A low velocity zone is
created by deflection of the wind downstream of the exhaust vent, the concentration of
aerosol is highest in this zone. For low wind speed, this persists for a much greater
distance down stream than for high wind speed, when the aerosol rapidly diffuses.
The different aerosol distributions lead to different amounts of aerosol entering in
intake vents. Table 2-3 shows the values.
The effect of wind speed on the amounts of aerosol entering the intake vent depend
on the location of the intake vent, as is the case for the 682 intake vent. Fig. 2-4
shows the volume rendering of the aerosol plume for a wind speed of 12m/sec.
However in this case, a higher wind speed has reduced the amount of aerosol
reentering the 683C ventilation.

3. AEROSOL BEHAVIOR IN RUM DING
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Calculation Model

Fig.3-1 shows the rooms of the 683C ventilation system area of Monju. In this
calculation, floor area, wall area, ceiling area and effective volume are modeled.
CONTAIN/LMR code was used for this analysis. Ventilation conditions due to
various events was simulated by HEDDY code, which can calculate flow dynamics.
In the CONTAIN/LMR code, the rooms were represented by 15 cell model, as shown
in Fig.3-2. The flow areas between the rooms were evaluated by the configuration
of penetrations, doors, ducts and so on.

Calculation conditions

Ventilation behavior

The conditions of the 683C system were assumed and verified based on the
information from the fire alarm and the control room recorder.
Fig.3-3 shows the accumulation of fire alarms during secondary sodium leakage.
The ventilation conditions were assumed to change as following.

19'47 Secondary sodium leak accident occurs
21 '00 Fire protection damper of A446 room was closed
21 "15 System A fan stopped (683C consists of two systems A and B)
21 '20 Air Cooling System (ACS) started
22'42 ACS stopped
23'12 Ventilation system stopped
23'27 secondary sodium leak stopped

Air flow conditions were calculated by HEDDY code. HEDDY code, which is a
network code, calculates the flow dynamics based on the data of fan Q-H curves, duct
routing, opening area and dampers pressure drops, floor level pressure differential
and radiated heat conditions.
Based on the results of calculation for the aerosol behavior on the roof of secondary
building, about 20% aerosol released from the room A446, until the fire protection
damper was closed, was recirculated to the air supply duct.

Aerosol conditions

The chemical form was assumed to be Na2O and generation rate 25g-Na/sec. The
generation rate was based on the results of calculation for sodium fire. The total
amount of aerosol was about 440 kg (330 kg sodium). For calculation of aerosol
behavior, the initial mass equivalence particle mean diameter was assumed to be
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1.0x10-6 m and the logarithm of geometrical mean variation of initial particle diameter
distribution was assumed to be 0.53. In the CONTAIN/LMR code, coagulation and
settling of aerosol was modeled.

Heat generation from sodium fire was assumed to be 290kW in the A446 room
atmosphere.

Results

Fig.3-4 shows the comparison between the results calculated by CONTAIN/LMR
code and the sampled values.
For aerosol deposition mass in each room, the calculation results could simulate the
sampling values with one order of error. However density values in cells from far
sodium leak cell were underestimated and values in cells near the leak were
overestimated.
The results show that the amount of aerosol that remained in building was about 84
kg (62kg-Na) and the amount that was released to outside was about 358kg (266kg-
Na).

4. A SITE AND VICINITY AREA CALCULATION OF AEROSOL TRANSPORT

It is desirable to know the amount of aerosols that have been transported to the
vicinity of site downstream of MONJU power plant. The deposited aerosol and the
distribution at any downstream point has been determined.

Calculation of aerosol transport

The calculation was carried out by simulating the conditions of wind velocity and
direction and the density and grain size of the aerosol considering deposition during
the transport. The density and grain size were treated as parameters. The
calculation was first processed with the field property of the wind vectors and the
concentration, then, using the particle trace method consideration of aerosol settling
and the number of aerosol particles were included. Table 4-1 shows the values.
A FLUENT calculations have been carried out, in which the density distribution of the
aerosol, has been determined. FLUENT is conventional 3-dimensional flow code.

Results

Fig 4-1 shows the results of Monju site area model. This show the reference case,
which assumes 0.3g/cm3 for Na2CO3 and 10 /J. m for grain size. The aerosol
widely diffused in the downstream direction of south-south east.
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The concentraion and grain size of the aerosol, which were considered to be the
conclusive factors in determining transportation and aerosol distribution, are less
effective for this purpose than had been previously thought.

5. CONCLUSION

As the result of calculations of aerosol behavior under the conditions of a secondary
sodium leakage, the deposition values are almost same as the sampled values in the
building. The concentration of aerosol that was released from the exhaust vent was
about 0.03mg/m3 at the boundary of the site. This value is sufficiently smaller than
the aerosol concentration criterion 2mg/m3 (NaOH).
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Table 2-1. The wind condition

Case_1

Case_2

Case_3

Direction

NNW

t
t

Wind

Speed[m/sec]

7

11

12

Density

1.27[kg/iT?]

t
t

Viscodity

^7A6[m^?/sec]

t
t

Table 2-2. The rate of ventilation

vent Rate of Ventilation [rrfVhr] Remark

Exhaust Vent

683C

212

682

686

19,800

48,000

117,000

3,000

aerosol exhaustion

Intake Vent

212

682

683B

683C

684

686

48,000

128,400

123,000

153,000

38,400

1,800

Table 2-3. The amount of intake aerosols

Case_1

Case_2

Case_3

683C

39%

19%

13%

Intake Vent

683B

7%

0.1%

0.1%

682

17%

3%

10%

Total

63%

22%

23%
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Table 4-1 Calculation Condition

Air Condition Wind Direction

Wind Velocity

Wind Temp.

Density of Aerosol

Grain Size

Rate of Exhaust

NNW

11 m/sec

5.5°C

0.3 g/cm3 as Na2CO3

2.53 g/cm3 as Na2O

1,10,50 £im

Aerosol 25g/sec as Na

Total 230kg as Na

Air Flow 5 - 5 m3/sec
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Figure 2-4 Volume rending of aerosol plume
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EXPERIMENTAL STUDY OF SODIUM JET FIRES

WITH HIGH FLOW RATES.

W. LE SAUX, J. C. MALET, M. BARTHEZ (EDF/CLI)
Institut de Protection et de Sûreté Nucléaire.
Département de Recherche en Sécurité.
Laboratoire d'Expérimentation et de Modélisation des Feux.
C. E. Cadarache, 13 108 Saint Paul lez Durance Cedex,
France

Abstract

In the framework of the SUPERPHENIX fast reactor safety study, several tests of sodium jet fires with
high flow rates were performed in the CEA/IPSN/DRS/LEMF fire facilities at Cadarache. The objective of the
first test (IGNA 2002) was to enhance the impact effect of the jet on an obstacle and to control the efficiency of
openings in preventing high gas pressure in the containment.
The last two tests, IGNA 3602 and IGNA 3604, were conducted to compare pressure rises and leak flow rate
increases.
Those tests clearly demonstrated a saturation effect when the sodium flow rate increased even in the first step of
the process.
Under realistic operating conditions, containment safety was ensured by adequate protection design such as
parcelling or equipment (shutters and rupture discs).

1. INTRODUCTION

In the technical and design concept of the containment systems of sodium cooled fast
reactors, the intense chemical activity of sodium and particulary its affinity for oxygen and water
makes it necessary to take stringent safety precautions. Sodium penetration through leakages leads to
sodium fires. A safety analysis requires results which are fully representative of the sodium tonnage
and the environment of the various circuits in large reactors.

Sodium pool fires were studied on a large scale at Cadarache and the related Esmeralda
program'11121 was completed in 1988. In the meantime, a common CEA/DEBENE experimental
program concerning combined fires was achieved and some results have already been presented'31 at
one of the last IWGFR conferences (Snowbird 1990). The leakage was simulated by an ejection of
liquid sodium from a pressurised tank through a vertical pipe. The maximum sodium flow rate
involved was limited to about 56 kg.s"' in a 220 m3 cell (Germany). The demonstration of a correct
application of the experimental and analytical results to large scale leakages became difficult in view
of the safety authorities requirements.

Therefore several important fire tests were performed in order to answer open questions on
realistic burning conditions, and on the scale effect for, at least, sodium leakages larger by one
magnitude.

In France, three upward sodium jets were successfully tested in the various fire rooms of the
LEMF facility at Cadarache.

2. THE LEMF SODIUM JET FIRE EXPERIMENTS

The objective of the first test (IGNA 2002) was to enhance the impact effect of the jet on an
obstacle and to control the efficiency of openings in preventing high gas pressure in the containment.

The last two tests, IGNA 3602 and IGNA 3604, were conducted to compare pressure rises
and leak flow rate increases.
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As in the previous program'31, the sodium leak was simulated by a sodium ejection from a
pressurised tank.

2.1 The IGNA 2002 test

The test rig (Table 1 - Fig. 1) consisted of a rectangular steel cell set up on the floor of a
tower (2000 m3) equipped with open windows and withstanding low gas pressure (30 hPa) ; the cell
was divided into two parts.

Room 1 was used to receive a large sodium flow (Table 2). In order to enhance jet
dispersion, an iron rod partially crossed the jet 1 m above the ejection nozzle.

Room 2 was connected on one side to Room 1 and on the other side to the tower through
rectangular openings (0.6 m") in the lower part of the opposite walls.

The first flames were observed 45 ms after the partial jet impact on the iron rod. Most of the
generated sodium trajectories impinged the walls within 300 ms to 400 ms. The gas pressure in the
tower did not vary. The transient gas pressure rise in Rooms 1 and 2 was short (Fig. 2) and its
maximum value was smaller than predicted.

The gas flow velocity through the openings reached about 100 m.s"1 and the flow was high
enough to carry sodium vapour and droplets as well as oxide aerosols into the tower. The total mass
of carried sodium was estimated at 6 kg and could be compared with the one ton coming from the
simulated leak. About 1.5 kg of sodium were released as oxide aerosols through tower windows.

The combustion of the carried sodium took place mainly in Room 2 in the form of wall and
floor fires. In Room 1, the burning rate varied similarly to the gas pressure and a maximum value of
4 % from the jet flow rate was postcalculated.

2.2 The IGNA 3600 tests

The fire room (Table 1 - Fig. 3) was protected from high pressure by 4 disruptive diaphragm
discs (rupture threshold around 650 hPa, 1 m2 cross-section per unit) acting simultaneously within a
dozen milli-seconds.

The operating conditions were similar in both tests except for nozzle diameter, ejection flow
rate and duration (Table 2). The impact plate was located in the center of the room, 4.2 m above floor
level.

The ignition and hydraulic development of the jet itself were difficult to observe due to
brightness of the burning droplets escaping from the core. However, after impact on the plate, the
ballistics led to downward long and parabolic trajectories of sodium drops or aggregates.

The average pressure rise velocities varied from 185 hPa.s"1 (IGNA 3602 - Fig. 4) to
245 hPa1 (IGNA 3604, Fig. 4).

The safety disks disrupted (respectively at times 4.15 s and 3.86 s) and generated a violent
gas evacuation and a transient gas outflow velocity greater than 150 m.s"1. The burning rate was
calculated as decreasing from 30 % (IGNA 3602) to 17 % (IGNA 3604) of the sodium ejection flow
rate.
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Table 1 : FIRE ROOM CHARACTERISTICS AND PROTECTION

TEST

IGNA 2002

IGNA 3602

IGNA 3604

Room number

1
2

tower

1

1

Volume (m3)

24
27

2000

3600

3600

Nature

steel
steel

concrete

concrete

concrete

Safety protection

connected to 2
connected to 1 and 3

windows

4 rupture discs
4x 1 m2

4 rupture discs
exhaust 4 x 1 m"

Internal
structures
iron rod

none
Na tank

stairs girders
Na tank

exhaust pipe
protection
Na tank

pipe protection

Table 2 : JET CHARACTERISTICS AND ENVIRONMENT

TEST

IGNA 2002

IGNA 3602

IGNA 3604

Sodium
ejection rate

(kg.s'1)
135

90

225

Initial sodium
temperature

(°C)
540

550

550

Ejection
duration

(s)
7.6

5

9.5

Jet
direction

vertical
upward
vertical
upward
vertical
upward

Obstacle

iron rod
ceiling
plate

plate

Free path length
(m)

1
2

1.5

1.5

3. MAIN EXPERIMENTAL RESULTS

3.1 Containment safety

As a general result, the gas pressure rise in the various tests was limited by the containment
safety design. It was demonstrated in the IGNA 3604 test that, as soon as the safety discs disrupted,
the overpressure dropped steeply in spite of a continuous large flow of sodium.

In the IGNA 2002 test, the opening surface did not stop a pressure build up in the connected
Rooms 1 and 2 but the transient step was short compared to the ejection duration. Fire spreading from
the fire room to the next room was restricted by the transient duration and the relative geometry of the
openings and obstacles.

3.2 Scale effect

The general trend of the pressure evolution was similar whatever the scale of the fire room
or of the ejection flow. The ignition process combined with the hydraulic jet development delayed the
sharp pressure rise for times ranging from 0.3 to 3 s (Table 3). The delay depended on operating
conditions and on jet envoronment. A comparison with previous tests pointed out the saturation effect
of large leak flow rates (Table 3) on the maximum pressure rise velocity during the first seconds.
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Table 3 : PRESSURE RISE VELOCITY

TEST

IGNA 2002
IGNA 3602
IGNA 3604

FP256

FP280
FS31

dP/dt
(hPa.s"1)

1000
187
239
1150

1100

118

Sodium flow
rate (kg.s"1)

135
90

225
0.886

1.5

2.8

Cell volume
(m3)
24

3600
3600
3.7

3.7

220

* : spray

4. CONCLUSION

The last upward sodium jets fires tested in the LEMF facility at Cadarache provided sodium
fire data on a scale about 20 times greater than the previous tests. Those tests clearly demonstrated a
saturation effect when the sodium flow rate increased even in the first step of the process.

Under realistic operating conditions, containment safety was ensured by adequate protection
design such as parcelling or equipment (shutters and rupture discs).

Quantitative results on parcelling showed a small release of unburned sodium vapour and
droplets into the cells close to the fire room.

5. REFERENCES

[1] : Y. SOPHY, M. LOUBRIAT, A. BENTZ, A. GEROSA, H. FRESLON, U. PIATTI.
« The Esmeralda project for studying extensive sodium fires ».
Proc. LMFBR Safety Topical Meeting - Lyon (FRANCE) - 1982 - 3, 171.

[2] : R. RZEKIECKI, J. C. MALET, Y. SOPHY, C. JOLY, J. CLAVERIE, U. FOLI.
« Large sodium pool fires in a closed or in naturally vented cell ».
Proc. Science and Technology of LMFBR Safety - Guernesey (U. K.) - 1982 . 69.

[3] : R. RZEKIECKI, J. C. MALET, P. THOMANN, K. FREUDENSTEIN, M. KLIMM,
W. CHERDRON.

« European experimental and analytical studies concerning sodium combined fires ».

346



Openings

Fig. 1 : IGNA 2002 test - experimental lay-out.
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Fig. 3 : IGNA 3600 tests - experimental lay-out.
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Abstract

The PULSAR calculation code was written with the aim of predicting the thermodynamic
consequences of a sodium fire sprayed in a confined room. The purpose of this code was to study the accidental
fires occurring during a break in the secondary circuit of FRs (Fast Reactors).
It is a two- dimensional tool, in axisymmetrical or Cartesian geometry, which treats the interaction of one (or
several) liquid sodium droplet spray(s) with an atmosphere composed of a gaseous mixture; the combustion
phenomenon of droplets in contact with oxygen is to be added to the purely hydro-dynamic aspect. A combustion
law which describes the variations of the droplet radii and the power exchanged in the sodium-oxygen
combustion is thus introduced. Moreover, some chemical reactions are produced which entail the formation of
aerosols.
PULSAR solves an aero-thermo-chemical problem. It describes the evolution of the gas and wall temperatures,
the gas pressure, the ballistic of sodium with possible impact on the wall and the convective movements of the
aerosols. It does not take into account the sodium materials reactions and must therefore only be applied
rigorously to rooms of which the walls are chemically inert versus sodium. PULSAR is designed to account for
the evolution of the system during the violent transient phase which includes the period of sodium droplet
release.

1. INTRODUCTION

The PULSAR calculation code was written at the beginning of the 80s, with the aim of
predicting the thermo-dynamic consequences of a sodium fire sprayed in one (or several) confined
room (s).

It is a two-dimensional tool which treats of the interaction of one (or several) liquid sodium
droplet jet (s) with an atmosphere composed of a gaseous mixture.

The combustion phenomenon of the droplets upon contact with oxygen, is to be
superimposed to the purely hydro-dynamic aspect.

This combustion in fact creates four main chemical reactions, which generate aerosols (solid
or liquid particles).

These reactions are the following :

a) combustion with formation of solid sodium monoxide (Na20) in the flame :
2 Nav + 1/2 O2 -> Na2O,

b) transformation of sodium monoxide into solid sodium peroxide (Na2O2) :
Na2O + 1/2 O2 -» Na2O2

c) oxide reaction with water vapour :
Na2O + H2O -> 2 NaOH (sodium hydroxide)

Na2O2 + 2 H2O -> 2 NaOH + H2O2 (hydrogen peroxide)

There are therefore seven constituents present, apart from the liquid sodium droplets and the
nitrogen in the ambient air which is supposed to be chemically inert.
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The combustion of a droplet occurs in vapour phase. Each droplet is surrounded by a flame
zone which is established when the sodium vapour and oxygen flowrates are in stoechiometric
proportion.

A combustion law expressing the variations in droplet radii and the power exchanged during
the sodium-oxygen reaction is included in the code.

The walls or room structures are assumed to be mechanically undeformable but their
thermal behaviour is taken into account.

The PULSAR calculation code therefore solves an aero-thermo-chemistry problem. It
describes the temperature evolution of the gases and walls, gas pressure, sodium droplet ballistics
with potential impacts on the wall or on any structure, the convective movements of the gas-aerosol
environment, the concentrations of the different constituents which are present in the room.

PULSAR was designed to account for the evolution of the different systems during the
violent transient phase which contains the period of sodium droplet release and during which the
maximum levels of gaseous mixture pressure and temperature are reached in the room.

Moreover, when the calculation case is favourable, an axisymmetry option can be used.

In view of the complex treatment of aero-thermo-chemistry in heterogeneous environments,
a few preliminary hypotheses were established in order to simplify the problem.

2. BASIC HYPOTHESES

The seven essential hypotheses on which the PULSAR code is based are the following :

- HI : During the massive ejection of sodium in a room, three chronological stages linked to the
fire are to be taken into consideration :

. spraying in which the droplets moving in the atmosphere burn, bounce, then start to
accumulate on the floor,

. the development of a pool fire can be superimposed to the preceding phenomenon
when quantities of non-burned sodium accumulate on the room floor.
Of course, this state, called "mixed fire", does not occur if the ejection time is lower
than the transit time of droplets to the floor,

, once sodium ejection ends, only the pool fire remains.

The studies are presently conducted on the first instants of the fire during which the pool
fire is small if not non-existent.
Moreover, from the point of view of "pressure increase", the phenomenon of "sprayed fire"
happens to be predominant versus "pool fire". This observation is supported by the many
experiments conducted in the Laboratoire d'Experimentation et de Modelisation des Feux
of the CEA at Cadarache.
In the writing of the PULSAR code, one of the general hypotheses was therefore to neglect
the "pool fire" aspect and to concentrate more specifically on the study of the combustion
of a sodium droplet cloud.

H2 : Temperatures can be high near a wall or any structure of the fire room ; potential water
desorption is to be taken into consideration if these walls or structures are made of
concrete.
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The reaction putting the sodium and the water in contact being the following :

Na + H,0 -> NaOH + - H2.
2

The release of hydrogen is an additional complex problem to be dealt with in view of the
consequences it can induce.
Experiments, conducted a few years ago, showed that the "concrete water desorption"
phenomenon occurred in the long term.
If we limit ourselves to a study of the first instants of the fire, the previously described
phenomenon is then avoided.

- H3 : A flow of liquid particles inside a gaseous environment is a heterogeneous environment in
movement. This heterogeneous environment can include multiple individualities which are
considered as homogeneous. Thus, according to a use devoted both to the modelling of
porous environments and that pertaining to aero-thermo-chemistry [3], the PULSAR code
refers to a continuous environment-sodium droplets : the (S) environment.

- H4 : The density of liquid sodium is assumed to be given and constant or depending on its
temperature, its pressure is not taken into consideration.
No equation of thermo-dynamic state is therefore foreseen for liquid sodium.
Moreover, sodium vapour is assumed to be burned instantaneously, it is not present in
mass except in the form of vapour flowrate produced and burned.

- H5 : To simplify the ballistic and combustion problems of the droplets, we assume that:

. in the spraying of liquid sodium or during any impact on an obstacle, there is neither
droplet fragmentation nor coalescence,

. the effect of the contact of droplets on a structure or a wall can be treated using two
options :

- total rebound (since 1992) characterised by the angle of incidence of the
droplet versus the wall (or the structure),

- sodium "freezing" which is in fact the solidification of droplets on an
obstacle. The possible removal of this solid crust is not taken into account.

the influence which a droplet can have on another droplet (inflamed or not) is
incidental.

- H6 : We define a heterogeneous environment (A) made up of any element originating from
reaction mechanisms in movement in the room and not being liquid sodium.
This environment thus includes three gases considered as perfect : water vapour, oxygen
and nitrogen ; two elements in liquid phase : sodium hydroxide and peroxide water.
Finally, the (A) environment also includes the aerosols originating from sodium
combustion ; sodium monoxide (solid Na2O) and sodium peroxide (solid Na2O2).
Using the considerations linked to aero-thermo-chemistry, the (A) environment is
assimilated to a pseudo-continuous environment for which we define a pa density
(calculated from the density of each constituent), a va material speed and a Ta global
temperature.
Moreover, the distribution of gases within the (A) environment is considered as isotropic.

- H7 : Many models introduce, when dealing with combustion, notions of "flame environment"
and Tf flame temperature.
Their use is even more difficult in our case because the estimate of the radius of the
flame around a droplet (which moreover is in movement) is difficult. The explicit use of
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flame temperature was thus eliminated but this temperature is implicitly assumed to be
included in the Ta global temperature.

Basing ourselves on these hypotheses, we can classify the physical magnitudes and
geometric characteristics which are known, linked to the different environments previously defined

3. DATA

As for any two-dimensional code, the PULSAR code requires defining the mesh used. The
latter is necessarily Eulerian and rectangular (Figure 1).

For some physical magnitudes (total mass of sodium burned, for example), global results on
the entire room are to be found.

In Cartesian plane geometry, this therefore comes down to integrating the values obtained
with a z transverse dimension which is to be declared as an entry data of the code. The "Cartesian
geometry" option is very recent (1994).

The PULSAR calculation code was initially developed in cylindrical co-ordinates
(axisymmetrical geometry) for which the calculation of global quantities implies the multiplication by
2n of the integrals of volume quantities corresponding to the radial section of the room.

Because of these global results and in the two systems of co-ordinates described above, the
code is considered as a pseudo-tridimensional code.

Obstacle

Ejection system

Meshes of wall type

Sodium droplets

Meshed room

Rupture disk

Figure 1 : Example of geometric configuration of the system.

Once the room mesh has been installed, the initial characteristic magnitudes must be defined
concerning the different environments before sodium ejection and the ejection itself.

For the (A) environment defined in hypothesis H6, the following initial physical parameters
are to be defined :

- the Pa absolute pressure (in Pascal) and the Ta temperature (in Kelvin), of this (A)
environment which, most of the time, have as initial values those of the outside environment,

- the concentrations of the three gases present before ejection : nitrogen, water vapour
and oxygen ; more accurately, the volume percentages of these constituents are to be defined.

As for the walls, apart from the material and its properties, their initial uniform temperature
Tp (K) must be defined. If this temperature is not uniform, different sections of the walls are chosen
and given the desired temperature.
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In order to treat the conductive exchanges from a wall to the outside environment, it is
necessary to introduce the evolution of the Te external temperature (K). For most of these calculation
cases, the latter is considered as constant during simulation time.

Thus, an exit system of rupture disk type (explosion panel) was incorporated and validated
in the code in 1994.

Moreover, the data related to sodium ejection in the room are to be defined.

4. CONSERVATION LAWS

The variation in the diameter of a sodium droplet during combustion is described by the
"D2" law as expressed by D.B. Spalding [2].

The explicit laws are expressed in the integral form by considering a Q. domain (surface 8Q)
containing at the time t the (S) and (A) environments.

Each time, three types of results are given : global results for the connection of the two
systems (S) and (A) and the two partial results for each sub-system.

The conservation equations of the mass illustrate the fact that the sodium mass evaporated
and burned in the (S) environment is retrieved in the (A) environment.

The action of the droplets on the droplets is not taken into account (Hypothesis H5).
The integral equation illustrating the variation in the quantity of movement of the global

system {(S) U (A)} only concerns the Pa pressure for the outside surface forces and gravity as the
outside volume force.

The different conservation laws are used to calculate the volume speeds and masses of the
different environments, as well as the size and number of droplets. A radiative type "4 flux" model
has been recently incorporated in the code, on the energy result level, in order to calculate the
different fluxes occurring during the fire and to reach a better estimate of the thermo-dynamic
magnitudes (this model is being validated).

Moreover, the determination of the specific internal mass energy of the (S) environment
allows us to obtain its temperature with a relation Es = HS| (Ts). The pressure and temperature of the
(A) environment are determined (using the internal energy for Ta) by thermodynamic state equations.

The mass enthalpy of the (A) environment, Ha, is calculated using the mass enthalpy of each
constituent of this environment.

We concentrate on the three gases making up the (A) environment : oxygen, nitrogen and
water vapour. The Pa pressure is defined as being the pressure of the gaseous mixture which exists in
the volume it takes up.

As is assumed in Hypothesis H6, the three gases, to which we attribute an i index, obey to
the perfect gases law and are at the same Pa pressure.

5. RESULTS

Among the consequences of a sodium fire in a room, the damage obtained for a pressure
higher than that which is acceptable for the room in question, is the most critical. Thus, the pressure
caused by combustion is an essential parameter in safety studies and obtaining correct calculated
values is of utmost importance.
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We therefore present the results on pressure comparison between the (P-pulsar) code and a
few experiments (Pexp) summarised in the following table :

FP256

FP280

FP31

IGNA 3602

Experiment location

LEMF - Cadarache
(1981)

LEMF - Cadarache
(1981)

KFK - Karlsruhe
(1985)

LEMF - Cadarache
(1993)

Room
volume
3.7 m'

3.7 m'

220 m'

3600 m3

Injector

397 holes of 10 mm in
diameter

8 holes of 4 mm in
diameter

8 holes of 4 mm in
diameter

1 hole of 105.3 mm in
diameter

Duration of
ejection

3.5 s

3.5 s

38 s

4 s

Ejection
flowrate

0.886 kg/s

1.5kg/s

2.8 kg/s

90 kg/s

During the violent transient, the PULSAR calculation code gives good results, however, for
a few tests (Figures 1 to 3), the pressures diverge from the experimental curves after a few seconds by
evolving towards greater values.

This can be explained by the fact that :

- the PULSAR calculation code does not contain a model of pool fire and stores a large
quantity of sodium, in the meshes located in the lower part of the rooms, which burns by
being considered as a very large number of droplets,

- after ejection, the radii of the droplets only evolve because of combustion, no
fragmentation nor coalescence is considered ; apparently, it is the phenomenon of
accumulation of droplets among each other which would be the more useful to the code.
Indeed, this phenomenon generates droplets of greater size which minimises the
combustion surface at a given t time and thus the resulting pressure.

The IGNA 3602 test (Figure 4) is different from the other tests because of the existence of
an exit ; the rupture disk, modelled as a wall without thickness, breaks in case of overpressure set at
615 hPa

The slope of pressure increase gives satisfactory results since it is evaluated at 184.6 hPa/s
for the calculation code and at 187 hPa/s for the experiment.
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6. CONCLUSION

The PULSAR calculation code processes, at the same time, the main chemical reactions
occurring during a sprayed sodium fire, the sodium droplet ballistics within the two-dimensional
room, the global convective movement of the different gases present, the temperatures for each mesh
and each environment of the domain and the global pressure of the gases in the room.

The pressures calculated by this code during the violent sodium ejection transient appear to
be correct. However, certain models are presently being studied :

- a pool fire model,
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- a droplet coalescence and fragmentation model,

- a model of size distribution of the initial droplets.

This in order to obtain more realistic long term pressures and to eliminate the arbitrary
character of the radius of the initial droplet.
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Abstract

The purpose of the FEUMIX3 calculation programme is to study the
consequences of an accidental leak of sodium circulating under pressure in a circuit
composed of pipes and tanks.

It mainly allows the thermal and mechanical consequences of a sodium fire
accompanying the leak to be evaluated :

- evolution of the pressure in the room,
- evolution of the gas temperature, of the internal structures and walls,
- nature and quantities of aerosols produced in the room or released
outside.

FEUMIX3 uses the global approach to the sodium/oxygen reaction interfacial
area.

The FEUMIX3 calculation programme mainly concerns the sodium jets
characterized by a Reynolds number higher than 105 for breaks with a cross section
exceeding several mm2, a variable sodium flowrate (experimental conditions ranging
from 0 to 250 kg/s) and for the time being, a sodium temperature of around 500°C.

FEUMIX3 moreover contains ventilation options allowing the parallel
simulation of several systems (ventilation, extraction, gas leak, valves, pressure relief
valves). The connection of several rooms to one another (100 maximum in the
present version) is also predicted.

The programme allows the interpretation of analytical experiments and the
pre-calculation of demonstration experiments to be carried out. Within the framework
of FR facility sizing, it supplies the data necessary to assess the integrity of the
structures, of the behavior of systems and materials and the harmful effects on the
outside or in the adjoining rooms. The model treats nearly all the scenario linked to a
sodium leak, from ignition, including the establishment time of the jet, to the
propagation of fire and up to the extinguishment of the fire. It is even able to take into
account the release of water coming from the over-heated concrete walls and to
simulate the new chemical reactions of water-sodium and water-aerosols.

1. OBJECTIVES OF FEUMIX PROGRAMME

FEUMIX 3 is a global code. This programme was designed to calculate the
consequences of an accidental sodium leak circulating under pressure in a circuit
made of pipes and tanks.

It helps to evaluate, in a room, the thermal consequences of a sodium fire
which occurs with the leak by calculating :

- the evolution of pressure in the room,
- the evolution of the gas and wall temperature,
- the nature and quantities of aerosols produced in the room.
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2. PHYSICAL MODELLING

2.1 DESCRIPTION OF THE SYSTEM

The configurations studied (cf. Figure 1) are generally composed of
- a room in which the sodium leak occurs,
- possible secondary rooms connected to the first,
- systems of openings to the outside or to adjoining rooms.

Water vapour

>— Sodium pool -

FIRE ROOM CONNECTED ROOM

Figure 1 : System studied

This geometry is modelled in thermodynamic systems, conducting systems
and mechanical ventilation systems.

2.1.1 Thermodynamic systems

The thermodynamic systems exchange mass among each other by chemical
reaction or transportation.
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2.1.1.1 The sodium jet

This system includes :
- all of the liquid sodium present in the jet, in other words the unburned part

and the fragmented part subjected to combustion ; this system has a mSj
mass and a Tj average temperature ;

- the liquid sodium / sodium vapour interface on the jet surface ; this interface
is assumed to be without mass at the Tj temperature ; under certain
conditions, there can be accumulation of sodium vapour but the latter is not
taken into account in FEUMIX : the hypothesis is made that all the vapour
produced is consummed by combustion.

2.1.1.2 The sodium pool

This system includes :
- the unburned sodium in the jet, which has fallen back onto the floor,
- the sodium streaming down the walls .

This pool has a msn mass and a Tn. temperature. In the present version of
FEUMIX, the sodium deposited forms a pool which is assumed to be inert : it does
not react with the oxygen of the room, nor with the water vapour released by the
concrete walls.

2.1.1.3 The flame

The « flame » zone is where combustion occurs. It is made up of the sodium
vapour/ gas interface. It is a zone without mass characterized by its temperature Tf.

2.1.1.4 The gases

The «gas » system is mainly composed of the nitrogen and oxygen present in
the room. Carbon dioxide is neglected.

The water vapour released from the overheated walls joins up with the gases
but instantaneously reacts with the sodium oxide aerosols, and with the sodium in
suspension. Its mass is however constantly accounted for as all the chemical
reactions are written in the form of equilibriums.

During the chemical reaction sodium / water, there is release of hydrogen
which is accounted for in this system before it reacts with oxygen.

This system has the properties of a perfect gas and occupies the volume of
the room minus the volume of sodium and aerosols present in this room. It is
characterized by its pressure Pg, , its temperature Tg and by the masses of nitrogen
mng, of oxygen mog and possibly hydrogen mhg and of water vapour meg.
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2.1.1.5 The aerosols

The « aerosol » system groups the sodium monoxide formed during
combustion and the sodium peroxide formed in the gas environment.

In the long term, there can be formation of soda by chemical reaction with the
water vapour released by the concrete walls. This soda is integrated in the
« aerosol » system.

This zone is characterized by its temperature Ta and the respective masses of
the aerosols : monoxide mma, peroxide mpa and soda

2.1.2 Conductive systems

Each wall or each internal structure forms a conductive system which is
characterized by its geometry, its mass and its thermal properties.

A wall can be composed of several layers of different materials, each layer
can eventually be meshed.

2.1.3 Ventilation systems or openings

A room can be connected to the outside environment or to another room by
openings. Many openings are foreseen as for example :

- a known section hole and charge loss ;
- an inlet or outlet valve ; a valve can open instantaneously at a given

pressure ;
- a pressure relief valve with thresholds of beginning and end of opening.

2.2 THERMAL EXCHANGES

2.2.1 Radiation

The « gas » and « aerosol » environments are considered as being semi-
transparent. They receive the energy radiated from the flame.

The direct flame/wall exchange takes into account the instantaneous
concentration of aerosols. During the first seconds of the fire, the aerosol
concentration is low ; the radiation of the flame towards the wall is then direct.

Simplified formulations are applied to evaluate the fluxes radiated between :
- the flame and the walls,
- the flame and the aerosols,
- the aerosols and the walls.

2.2.2 Conduction

The conduction phenomena are taken into account inside the conductive
systems (walls and internal structures). They are ruled by the Fourrier law.
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The sodium pool exchanges with the floor by conduction.

2.2.3 Convection

The convection phenomena condition part of the thermal exchanges between
different systems. There is heat convection between :

- the sodium jet and the flame,
- the flame and the gases,
- the gases and the aerosols,
- the gases and the walls,
- the sodium pool and the gases.

2.3 MASS EXCHANGES

Mass exchanges occur between systems to supply the chemical reactions or
to obey the dynamic laws (sodium deposit or ejection through the openings). There
are mass exchanges :

- from the sodium jet to the flame,
- from the sodium jet to the sodium pool (deposit of unburned sodium),
- from the oxygen to the flame (combustion),
- from the water of the walls to the gases (water desorption of concrete),
- from the water of the gases to the aerosols (water / aerosol reaction),
- from the water of the gases to the sodium jet (sodium / water reaction),
- from the hydrogen to the gases (H2 produced by the sodium/water

reaction),
- from the soda produced at the « sodium jet » system level which joins up

with the « aerosol » system,
- aerosols produced in the flame towards the gaseous environment,
- sodium supply through the break,
- transportation of gases, aerosols and sodium between the fire room and

the other rooms or the outside.

The mass transfers between the sodium jet and the flame and between the
flame and the gases present an analogy with the convective thermal exchanges.
This analogy is used to evaluate the mass flowrates.

2.4 MASS AND ENERGY TRANSFER ANALOGY

A very important parameter of FEUMIX is the Sjh thermal factor. This term
comes from the equation of exchange by convection between the flame and the
gases :

Qf^g=SLh(Tf-Tg)

in which
is the power released by convection from the flame to the gases (W),

is the interfacial surface between the flame and the gases (m2),
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h is the convection coefficient between the flame and the gases (W. K :. m^),

Tf is the temperature of the flame (K),

To is the temperature of the gases (K).-

Many of the equations in the programme are written with this parameter in
mind as FEUMIX is based on the similarity hypothesis between mass and energy
transfer. That is why the term Sjh can be found both in the energy results and in the
mass results.

For example, the diffusion flowrate of oxygen can be expressed :

in which
Fo is the oxygen flowrate from the gases to the f lame, consummed by

g~* combust ion (kg. s"1),
Yo is the mass fraction of oxygen in the gases (0.23 g. g'1),

CD0 is the heating capabil ity of gases (J. kg"1. K"1)

This parameter is an entry data of the programme. Several possibilities are
given the user to introduce this variable : the user can, among other choices, enter
the t ime evolution of Sjh or give a combust ion efficiency. The qualif ication (Cf. § 4)
and the AIRBUS tests [1] have the same purpose : help the user to evaluate this
term according to the configurations studied.

3. ENTRY DATA AND RESULTS OF PROGRAMME

The entry data describe :
- the geometry studied : nature and surface of walls, volume of the room and

eventually description of openings,
- the initial state of the room : temperature, pressure and gaseous

composition,
- the boundary conditions as the characteristics of the break (section,

flowrate of sodium ejected) or the thermo-dynamic state of the outside
environment,

- some physical models which have been parameterized such as the value of
the Sjh coefficient, the thermal exchange coefficient between the gases and
the walls, the chemical reactions which must be taken into account.

The FEUMIX programme calculates at any time :
- the temperatures of the thermodynamic systems,
- the wall temperatures,
- the concentrations of chemical compounds in each room,
- the mass flowrates per chemical compound going through the openings,
- the pressure in each room.
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4. QUALIFICATION

The FEUMIX programme is presently qualified in its 3 c.O version.

4.1 EXPERIMENTAL AREA

The experiments used for the qualification reproduce the conditions of a
sodium leak accompanying a clean break in the pipes [2] [3].

Thirty experiments conducted in Cadarache (IPSN / DRS France) and in KZK
(Germany) have been taken into account. The experimental conditions of the tests
are presented in Tables 1 and 2.

Vessel

JUPITER
3600 m3

MERCURE

22 m3

POLLUX
3.7 m3

4.5 m3

PLUTON

400 m3

Tests

IGNA 3602
IGNA 3604

FJ02
FJ03
FJ04
FP21
FP22
FP24

IGNA +2
IGNA 2.2
IGNA 3.2
IGNI3.2

IGNI +2
FP209
FP245

FMA23

IGNA 400

IGNA 402

Ejection
flowrate

kg.s'1

90
225
3.22
0.7
1.57
0.31
1.05
1.23
8.5
1.44
5.4

5.65

8.53
0.387
1.02

variable
from

0.316 to
0.625

variable
from

0.08 to
0.325

variable
from 5 to

17

Jet
temperature

°C

550
550
500
500
500
500
500
500
550
550
550
550

550
550
550

550

Cf. Remarks

345

Diameter of
the nozzle

m

0.1053
0.182
16 1O'J

16 10'-1

16 10"J

3.2 10"°
7.5 -\0"*
7.5 10""
26 10""
10 10"1*
26 10"J

26 10"J

26 10"J

10 10'J

10 10"J

10 10'J

5 10"J

41.6 10"J

Duration
of

ejection

s
4

8.8
4

26
3.5
6

3.5
6

15.3
90
20

20.3

15.2
1
2

117

700

82

Remarks

Helicoidal

nozzle

Jet in inert
atmosphere

nozzle with
397 holes of

0.5 mm
in diameter

Flowrate
and variable
temperature

oblique jet

Tableau 1 : Experiments conducted at the IPSN (France)
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Tests

FCA 2.2
FCA 3.2

FCA 6.2

FCA+2
FCA ++2
FCA 150

FS6

FS 14
FS 18

FS21

FS31

FS35

FCI 3.2

Ejection
flowrate

kg.s"1

1.76
5.05

5.41

7.85
15.5
150
50

1.2
1.41

0.8

2.8

5.4

5.15

Jet
temperature

°C
550
550

550

550
550
550
500

500
500

500

500

500

550

Nozzle
diameter

m
1 o 1 cr5

26 10'J

26 10"J

26 10"J

35 10"J

15 1O'J

6.6 10"'

8 10"*
8 ^0"i

8 10"J

11.3 10"J

19.6 1O'J

26 10"J

Duration
of ejection

s
52
21

21

15
25.5
10
1

25
43

108

38

19

23

Remarks

Influence of the
distance between the

break and the
obstacle

nozzle with 271 holes
of 4 mm in diameter
nozzle with one hole
nozzle with 4 holes of

4 mm in diameter
rectanglular nozzle

1 mm x 50 mm
nozzle with 8 holes of

4 mm in diameter
nozzle with 6 holes of

8 mm in diameter
Jet in inert

atmosphere

Tableau 2 : Experiments conducted at KZK (Germany) in a vessel of 220 m

tests :
The qualification area is represented by the experimental conditions of these

- the sodium jets are upwards ;
- the temperature of the sodium ejected is 500-550°C ;
- the ejection flowrate varies between 0.15 kg.s'1 and 230 kg.s"1 for a

Reynolds number of 7.4 104 to 2.1 105;
- the tests were conducted in vessels of 3.7 m3, 4.5 m3, 22 m3, 220 m3,

400 m3 and 3600 m3.

4.2 CALCULATION / EXPERIMENT COMPARISON

The qualification allowed us to evaluate the values of the Sih coefficient. In
terms of combustion efficiency, it is interesting to note that :

- the efficiency is maximum, of roughly 90 %, when the jet is finely divided
and of low flowrate (0.3 kg s"1),

- the efficiency does not exceed 30 % for the ejection flowrates higher than
90 kg. s"1.
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Concerning the FEUMIX programme, the results of the calculation /
experiment comparisons highlight the following points :

- the pressure is actually calculated by the code,
- the temperature of the gases calculated is an average temperature of the

experimentally measured temperatures,
- the temperature of the walls is under-estimated because there is no

discretisation of walls in FEUMIX ; a single temperature is calculated for a
given wall,

- the oxygen concentration calculated by the code is an average value of the
concentrations measured during the tests.

As an example, curves are shown in Figures 2 to 5. The IGNA 3.2 experiment
was conducted at Cadarache (France) in a confined vessel of 22 m3. The sodium
ejection flowrate was of 5.4 kg. s"1 for 20 s. The jet was directed upwards and was at
a temperature of 550°C.

kcession (hPa)
0. 5. 10.

Pcession (hKa)
252000

1500

1000.

500.

0

15 20

10 15 20.

'ihfe'tah't' ' (s) ' -

i n s t an t ( s )

150C

100C

500

25

FEUMIX3C.0

* P—EXD
AXES X2Y2

B P-calcul

IGNA 3.2 - 5.4 k g / s during 20
Gas Pressure

Figure 2 : Gas pressure
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I empsratute CC7
0. 5. 10.

i emperatu.ce CC7
20 25.900 15.

800

instant (s ):
I&00

800

FEUHIX3C 0

* Texp_rnin

•+• Texp_max

C Tg-calc

IGNA 3.2 - 5.4 kg /s during 20
Gas Temperatures

Figure 3 : Gas temperature

100 U
F

i emperature
0 5.

FEUHIX3C 0

+ T=xo_max

* Texp_min

C Tw-calc

IGNA 3.2 - 5.4 kg /s during 20
Wall Temperature

Figure 4 : Wail temperature
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18

15.
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9.

6
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n
°0

-
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-

1 .

5

10 15. 20

***N.

* ^\Z

a

10 15. 20.

IGNA 3.2 - 5.4 kg /s during 20
Oxygen Concentration

_

-

-

-

-

i n s t a n t ( s ) ~

25 3

18

15

12.

9

6.

3

n

8:

S

FEUMIX3C 0

* 02BAS

+ 02HAUT

C C02

Figure 5 : Oxygen concentration

5. CONCLUSION

The FEUMIX programme treats practically all of the scenario linked to sodium
leaks, from inflammation including the time of establishment of the jet to propagation
of combustion, to extinguishment. In the present version, the pool fire has not been
modelled. The model takes into account the release of water from the overheated
concrete walls and can simulate the chemical reactions of water/ sodium and water/
aerosols. The connection of several rooms among each other allows to measure the
effect of adjoining rooms on the accident kinetic and to monitor the consequences of
the leak in the neighbouring areas.

Within the framework of the design of FR rooms, FEUMIX provides the
necessary data to estimate the integrity of the structures (resistance to pressure and
temperature), the behaviour of systems and damage inflicted on the outside
environment or on contiguous rooms.

Its global approach to the system can be refined in the future by a finer
approach as that used in PULSAR.
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summary :
The consequences of large sodium leaks in secondary circuit of Super-Phenix have been studied mainly with
the FEUMIX code, on the basis of sodium fire experiments. This paper presents the status of the coupled
AIRBUS (water experiment) FEUMIX approach under development in order to strengthen the
extrapolation made for the Super-Phenix secondary circuits calculations for large leakage flow.

FEUMIX code is a point code based on the concept of a global interfacial area between sodium and air.
Mass and heat transfers through this global area is supposed to be similar. Then, global interfacial transfer
coefficient Sin is an important parameter of the model. Correlations for the interfacial area are extracted
from a large number of sodium tests. For the studies of hypothetical large sodium leak in secondary circuit
of Super-Phenix, flow rates of more than 1 t/s have been considered and extrapolation was made from the
existing results (maximum flow rate 225Kg/s).
In order to strengthen the extrapolation, water test has been contemplated, on the basis of a thermal
hydraulic similarity. The principle is to measure the interfacial aera of a hot water jet in air, then to
transpose the Sih to sodium without combustion, and to use this value in FEUMIX with combustion
modelling.
AIRBUS test section is a parallelepipedic gastight tank, 106 m3 (5.7x3.7x5) internally insulated. Water jet
is injected from heated external auxiliary tank into the cell using pressurized air tank and specific valve. The
main measurements performed during each test are :

injected flow rate
air pressure
water temperature
gas temperature

A first series of tests were performed in order to qualify the methodology : typical FCA and IGNA sodium
fire tests were represented in AIRBUS, and a comparison of the FEUMIX calculation using Sih value
deduced from water experiments show satisfactory agreement.
A second series of test for large flow rate, corresponding to large sodium leak in secondary circuit of Super-
Phenix values give indications on the saturation effect when the flow rate increase.
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1) Origin of the study
The original design of the Creys-Malville plant is based on the hypothesis of pool fires in the secondary
sodium circuits. This design seemed essentially plausible because of the low pressure in the pipes. In 1986,
the Almeria accident raised the possibility of risks of sodium spray fires under conditions similar to reactor
conditions. In 1991, it was suggested to take into account a mixed fire of limited magnitude : surface of
the break 10cm2. This did not satisfy the French Safety Authority who requested that the most damaging
failures be taken into account under each type of condition. No element permitted to ignore the hypothesis
of a complete pipe break, even though this could not be judged plausible. This leads us to take into account
very large sodium flow rates, which are very distant from the validation area of the existing codes. In reality,
up to 80 kg/s for auxiliary pipes and more than 1 t/s for the main pipes whereas the sodium tests were
conducted in much lower flow rate ranges, up to roughly 250 kg/s. The sodium tests performed allow the
validation of modellings (FEUMIX, PULSAR calculation codes) which are used under reactor conditions.

The FEUMIX code is largely used to evaluate the consequences of fires. It is a point code, and helps to
calculate the time evolutions of temperature and pressure as well as aerosol production. The energy released
by sodium combustion is directly proportional to oxygen consumption. The latter depends, by analogy
between heat transfer and mass transfer, on the global exchange coefficient Sih, a product of the interfacial
area Si and of the exchange coefficient by turbulent convection h. This Sih parameter is also used to
estimate the thermal exchanges between flame and gas, flame and aerosols, flame and wall, flame and liquid
sodium. The analysis of many sodium tests which have been conducted (ref 1, 2) have enabled us to
recommend realistic values of Sih, within the flow rate range of the tests performed. In safety studies, for
very large flow rates compared to the test range, the values of Sih which are taken into account are deduced
from an extrapolation based on conservative hypotheses.

2) Approach and similarity rules :

It was therefore decided to conduct tests on jet fragmentation, with the objective of validating the Sih
coefficient values for large flow rates such as those under consideration in the safety analysis of Super-
Phenix. The basic principle of the approach is to measure the Sih of a hot water jet in cold air and to
transpose the result to the case of sodium, the combustion phenomenon being taken into account by the
models which are used in FEUMIX.

The basic idea used is the following :
In a situation of a water jet inside a containment in air, the W thermal power exchanged between water at
the Twater temperature and air at the Tair temperature is expressed by :

W = Sih (Twater - Tair)

The experiment being conducted in a tight containment, which is thermally insulated, the heat flux
transferred from water to air increases the air temperature and consequently its pressure, and we can write :

W = Mair CVair dTair/dt

dTair/dt = dPair/dt Tair/Pair

The expression of Sih is then :
Sih = (Mair CVair Tair dPair/dt) / ( Pair (Twacer-Tair))

This very simple test principle requires justifications concerning :
• the hydraulic similarity between water and sodium
• the correct simulation of the sodium-air convective thermal exchanges using water-air

exchanges
• the extension of the result from an inert jet to a jet under combustion.
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Hydraulic similarity between water and sodium :

Jet behaviour
The hydro-dynamical behaviour of a jet is determined by the following parameters:

the shape of the nozzle and geometrical environment
the speed profile and the profile of the internal turbulence of the jet coming out of the nozzle
the adimensional numbers :

Reynolds = inertia forces / friction forces Re = V d / v
Froude = inertia forces / gravity forces Fr= V2 / g d
Weber = shearing forces / superficial tension forces We = p V2 d / a

The Reynolds number characterizes the internal turbulence of the je t ; the Froude number determines the
ballistics of the jet, and thus the height reached by the upward jet in a free environment; the Weber
number gives the relative influence of the shearing (linked to the speed of the jet) and the superficial
tension at the liquid/gas interface.
Respecting the preceding adimensional numbers would give a perfect similarity ; but the differences in
physical properties between water and sodium prevent the simultaneous respect of the three adimensional
numbers. It is therefore necessary to accept a distortion on at least one of the three adimensional numbers.
The Froude number cannot be distorted without a risk of modifying the jet trajectory. The Weber number
is necessary for jet fragmentation into droplets, as indicated in Reference 3. Figure 1, taken from Reference
3, shows the importance of the Weber number on jet fragmentation. The Reynolds number seems to be the
least important of the three, especially for the cases considered of jets with high Reynolds numbers (Re >
\06 ) and when the distortion chosen is.limited. The similarity chosen for the AIRBUS tests is therefore :

Fr = l

We = l

Re = 1 / 7

which leads to the following dimensional relations:

L =0.63
Q = 0.32
V = 0 . 7 9
t = 0 . 8

Droplet characteristics :

The sizing of the AIRBUS tests presented above helps in being representative of the overall jet behaviour
and of the part of the jet which fragments into droplets.
To estimate the interfacial area, which is the objective of these tests, the droplet population created must
also be representative : distribution of droplet size, shape of droplets. The formation of droplets is linked to
surface instabilities, due to the shearing between the liquid jet and the ambient air [ 4 ] . These droplets
cannot exceed a maximum size, which shows the resistance limit of superficial tension at local speed
gradients. Reference [5] shows the difficulty in estimating this critical size, as it is linked to local turbulence.
However, when the droplet is in a free fall situation, its maximum size is estimated using the relation
proposed in Reference [5 ] :

d™* = 4 (a/g Ap)as

This relation leads to a scale factor between the tests in water and in sodium

dmax = (a/Ap)a 5 = 0.63
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This scale factor is coherent with that of the mockup based on the similarity of Froude and Weber.
However, there remains an uncertainty concerning the representativity, at the 0.63 scale, of the size
distribution of the droplets, knowing that the Reynolds number is distorted by a factor of 7.

Thermalhydraulic similarity

For the thermalhydraulic similarity, we considered that the main thermal exchanges were the convective
exchanges between droplets and gas. The convective transfer between droplet and gas is assimilated to that
between air in movement around an immobile sphere. The following correlations are given in [ 6 ] :

Nu = 0.59 Reg
47 Pr038 si Reg < 103 (laminar)

Nu = 0.21 Reg" Prg°-38 si Reg > 103 (turbulent)

Reg = Reynolds number of droplet
Prg = Prandtl number of gas

thus, we obtain :
h = Nu Xg / L

if we consider that the flow rate is turbulent.

As an example, for sodium at 540°C and water at 60°C, we find Sjh = 0.44

3) Implementation

Description of the AIRBUS facility

The AIRBUS facility is represented in diagram form in Figure 2. It essentially consists of a tight containment
of 106 m3, supplied in hot water by a pressurized tank of 28m3 . The opening of an air-operated valve
allows, at a chosen and very brief time, to inject in the AIRBUS facility a maximum flow rate of 1,5 m3/s.
An intermediate tank ensures a proper time evolution of the flow rate injected in the containment. It is
possible to have, inside the tight containment, structures representing parts of the reactor or test sections
for qualification tests.
In these tests, the following measurements were taken :
• Q : volume flow rate of jet (m3/s)
• P : pressure in tight containment (hPa)
• Te : water temperature at jet entry
• T : temperatures on the walls, in the gas (varying depending on the geometry of the test considered)

Description of the methodology :

The tests are conducted either to confirm the validity of the approach, or to estimate the values of Sih
corresponding to a situation which is representative of the reactor; in all cases, the following procedure is
used :

1. the characteristics of the case considered are determined (geometry, initial and boundary
conditions...).
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2. in the AIRBUS facility, the geometry is reproduced, the geometric scale considered being
deduced from the conservation of the Froude and Weber numbers (L = 0.63)

3. the AIRBUS test is carried out, respecting the ratio of the flow rates deduced from the preceding

similarity ( Q = 0.32) and the time evolution of the pressure is measured at the same time as the

evolution of the temperature difference between water and air.
We then can calculate the Sih(t) corresponding to the test in water which we transpose to sodium
by applying the similarity ratio of the Sih as well as the time similarity deduced from the
conservation of the Froude and Weber numbers.

4. This value of Sih is then used as an entry data in FEUMIX to calculate the evolution of the
corresponding pressure.

5. In the case of a water test simulating a sodium test, the comparison between the experimental
pressure curve and the calculated curve allows us to judge the representativity of the method
proposed. For a test in water representative of a reactor case, the pressure and temperature
curves are used to evaluate the mechanical consequences of a studied fire.

4) Qualification tests

Main characteristics of sodium tests

A detailed description of the sodium tests is given in References 1, 2, 7 and 8. These tests focused on
combined fires due to upward vertical jets, with a high Reynolds number, impacting on horizontal plates.
They were performed in Germany (FZK-Karlsruhe) and in France (CEA-Cadarache).
In France, the MERCURE and JUPITER fire rooms are part of the GALAX1E facility at Cadarache.
MERCURE is a test vessel in a gastight steel container of 22 m3 volume and 2.6 m in diameter
withstanding a 6 bar over pressure, ]UPITER is a 3600 m3 concrete caisson withstanding a 650hPa over
pressure.
In Germany, the FAUNA cell is a gastight steel container of 220 m3 volume, 6 m in diameter and
withstanding a 10 bar over pressure.
In the table below, the main characteristics of the sodium tests are given ; we also give the characteristics of
the tests in water performed in similarity in the AIRBUS mockup.
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Sodium Fires

test
and

facility
ICNA 3.2
MERCURE
IGNA +2
MERCURE
FCA 3.2
FAUNA
FCA 6.2
FAUNA
FCA +2
FAUNA

FCA + + 2
FAUNA

IGNA 3602
JUPITER

IGNA 3604
JUPITER

conta
(

Na
0 = 2.6

H = 5.O5
O2.6

H = 5.O5
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Results of qualification tests :

Fauna tests

Figure 3 presents the geometry of the test section used in AIRBUS to represent the sodium tests of FCA
type. The indications in parentheses are the AIRBUS values. In Figure 4, we show the time evolutions of Sih
obtained for water (Curve A) then transposed to sodium (Curve B). In Figure 5, we compare the time
evolution of the pressure calculated (Curve C) by using the Sih obtained from the test in water and the
measured curve (Curve E). The table below compares the pressure maxima measured and calculated for the
different cases, and show a correct agreement.

test

FCA 3.2

FCA 6.2

FCA +2

FCA + + 2

pressure p
experimental

value

1970

2300

2560

3160

eak (hPa)
calculated

value

1870

2150

2500

2940

deviation

- 5 %

-6.5 %

- 2 %

- 7 %

Mercure tests

Figure 6 presents the geometry of the test section used in AIRBUS to represent the tests conducted in the
Mercure vessel. The indications in parentheses are the AIRBUS values. The IGNA3.2 test is particularly
interesting as two similar tests in sodium were carried out under the same conditions, one in air, the other in
inert atmosphere (nitrogen). This then provides two means of estimating the Sih corresponding to the
IGNA3.2 test, the first consists in using the pressure measured during the IGNA3.2 identical inert test, the
second uses the AIRBUS approach already described. In Figure 7 we compare the time evolution of the
calculated pressure (Curve R by using the Sih obtained from the test in water, Curve I by using the Sih
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obtained from the test in sodium) to the measured curve (Curve E). The table below compares the pressure
maxima measured and calculated for both cases; again correct agreement is found.

test

IGNA 3.2

1GNA +2

pressure p
experimental

value

1740

1920

eak (hPa)
calculated

value

1760

1960

deviation

+ 1 %

+ 2 %

JUPITER tests
The size of the Jupiter caisson is such that it is not possible to represent, on the geometrical scale
(L =0 .63 ) deduced from the similarity rules, the whole caisson in Airbus. We chose to keep the good
geometrical scale, the diameter of the injector, its position in relation to the impact plate and the size of the
latter These differences are given in Figure 8. Neither the volume nor the distances of the jet to the walls of
the caisson are respected. Tests are underway and a very first comparison between the measured curve and
the curve calculated from the tests in water show that the agreement is relatively good as long as the water
does not reach the walls in the AIRBUS facility but the overall agreement need to be confirmed by a future
analyse

4) Large flow rate tests
The large flow rate tests are carried out in the AIRBUS facility, in conditions shown in Figure 9, in which
we produce an upward vertical jet. The general geometrical characteristics of the tests performed (the
values given in parentheses are the mockup values, the first values representing the equivalent sodium
conditions) are :

height of free fall : 8.1m (4.9)
upward free height: 2.5m (1.5)
containment dimensions : width = 6.2 m (3.7), length = 9.7m (5.8), height = 8.3 m (5.0)

diameter of the injection device
(mm)

212 (127)

265 (145)

307(181)

689 (420)

984 (582)

ejection flow rate
(kg/s)

340(110)
430(130)
490 (150)
800 (250)
530 (160)
840 (250)
1030 (320)
500(150)
870(270)
970(300)

1590 (560)
2230 (790)

3210 (1120)
3600 (1270)
3960 (1390)
3000 (930)

4300 (1330)
4720(1460)

ejection velocity

10.7(8.3)
13.4(10.3)
15.7 (12.1)
25.1 (19.3)
13.0(10.0)
19.5 (15.0)
25.3 (19.5)

7.8 (6.0)
13.6 (10.5)
15.2 (1 1.7)
5.2 (4.0)
7.3(5.7)
10.3 (8.1)
11.7(9.2)

12.8 (10.1)
4.5 (3.5)
6.5 (5.0)
7.1 (5.5)

status

done
done
done
done

done
done
done
done
done
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Figures 10 and 1 1 present the evolution of Sih corresponding to the first tests done.
The table here under presented the Sih maximum coming from of Airbus results compared to the values
obtained in equivalent sodium flow situation using SPX1 rule; on this partial result, it can be see that large
margin exist.

diameter of the
injection device

(mm)

212 (127)

689 (420)

ejection flow rate
q (kg/s)

340 (110)
430 (130)
490 (150)
800 (250)
1590 (560)
2230 (790)

3210(1120)
3600 (1270)
3960 (1390)

Sih max value for SPX1:
Sih max = 1 500 R q

R = 0.2
kW/K
102
129
147
240
477
669
936
1080
1 188

Sih max coming
from AIRBUS,

transposed to Na
kW/K

9
1 1.4
11.4
23.9
1 1.4
25

28.4
33
34

Water Sih max
kW/K

4
5
5

10.5
5
1 1

12.5
14.5
15

5) Conclusions, future work :
The AIRBUS-FEUMIX coupled experimental and computational approach seems to be a promising
approach for the extrapolation of sodium fire results. Complementary analysis are contemplated in order to
reinforce the first results presented in the paper. The high flow rate tests performed put in evidence, on the
base of the first results, a large margin compared to the value taken into account for safety analyse; this fact
remaining to be confirm when the complete set of test will be done.

376



IAEA/IWGFR Technical committee meeting on "Evaluation of Radioactive Materials Release and Sodium Fires
in Fast Reactors", O-arai Engineering Center, PNC, 11-14 november 1996

References

1) J C MALET, R. RZEKIECKI, P. THOMAN, K. FREUDENSTEIN, M. KLIMM, W. CHERDRON
European experimental and analytical studies concerning sodium combined fires
Proc. Int. on Fast Reactor Safety Meeting - Guernesey - UK - 1986

2) C. CASSELMAN, JC. MALET, W. LE SAUX, R. RZEKIECKI, ] . SAROUL, M. POET
Experiments of burning sodium from large sodium leaks
Proc. Int. Topical Meeting on Sodium Cooled Reactor Safety - Obninsk - Russia - 1994

3) SK BHUN1A, JH LIENHARD
Splattering of turbulent liquid jets impinging on solid targets: parametric studies
National Heat Transfer Conference - San Diego -USA - 1992

4) JH LIENHARD, X. LIU, L.A. GABOUR
Splattering and heat transfer during inpingement of a turbulent liquid jet
HDT, vol 168, Convective Heat Transfer and Transport Process ASME 1991

5) R. CL1FT, ].R. GRACE, M.E. WEBER
Bubbles, drops and particles
Academic press, Inc.

6) W.H. MAC-ADAMS
Heat Transmission
Mac Graw Hill (3rd edition)

7) JC MALET
Sodium Fires, Results of RscD studies carried out at the IPSN since 1972
IAEA/1WGFR TCM 11-14 Nov 1996, O arai, japan

8) W. LE SAUX, JC. MALET, M. BARTHEZ
Experimental Study of Sodium Jet Fire with High Flow Rates
IAEA/IWGFR TCM 11-14 Nov 1996, O arai, Japan

377



"CO

5500

25 50 75 100 125
Nozzle-to-target sepiration, lid

i d=4.4 mm. Re,=93097. We^=31243

s d=4.4 mm. Re ,=43284. We =7564
• d=2.7 mm. 70

9 d=5.S mm. Re ,=47800. We,=5623
s d=4.4 mm. Re",=4]437. We*=5420
z d=2.7 mm. Re ,=31868. We,=5373

» d=5.3mm. ReJ=35986. We^j lOl
d=4.4 mm. ReJ=3CO9O. We "

•7 d=2.7 mm. Re =24580, We

* d=5.S mm. Re,=24507. WeJ=l479
: • d=4.4 mm. Re*=2O988. Wej=l430
; o d=2.7 mm. Re> 16320. Werf= 1409 |

Splattering as a function of node-target separation and jet
Weber number. Solid lines are fitted curves for Weber number constant
to within =3 percent (which is the uncertainty of the experimental We,):
Wea= 1450 (1409. 1430. 1479): 3000 (3108. 2858. 3101); 5500 (5373. 5420.
S628i: 7300 (7096. 7564); 31000 (31243).

Figure 1 Splattering of a jet from Reference 3
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C —> calculated pressure ; SiH simulated with AIRBUS

E —> experimental pressure
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Evaluated by comparing two similar experiments,

one with combustion (IGNA3.2), the other without (IGNI3.2)

+ comparison with an AIRBUS-fFEUMIX evaluation of the IGNA3.2 test
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AIRBUS - ESSAIS D420 mm.
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Sodium Columnar Fire Test and Code Development at PNC

Shuji Ohno, Naoki Uchiyama, Koji Kawata, and Osamu Miyake

O-arai Engineering Center
Power Reactor and Nuclear Fuel Development Corporation (PNC)

4002 Narita, O-arai, Ibaraki, 311-13 Japan

Abstract

In the sodium fire studies at PNC, main effort has been made for this ten years on
sodium columnar fire, which is considered, compared with spray fire, to be more realistic
form of sodium leak from a pipe covered with insulation. Attention is also focused to the
development of a new computer code SOLFAS with the aim of providing more detailed
multi-dimensional evaluation of sodium fire accident consequences. This report describes
the current status of experimental study on sodium columnar fire and the development of
related computer codes SOFIRE-M3 and SOLFAS.

1. Introduction

Evaluation of sodium fire consequences is one of the key issues in designing and
licensing of fast reactors. Especially, sodium leak in air atmosphere leads to gas over-
pressurization and temperature rises of plant structures.

A lot of experimental studies and computer code development have been
performed by now at PNC. Development and validation of sodium fire mitigation system
are major purposes of the studies^. As for computer codes, SOFIRE-MII and SPM have
been developed^ for sodium pool fire, and ASSCOPS^ for spray-pool simultaneous fire.

Most of above-mentioned studies had been performed postulating a spray leak
pattern which is considered to be too pessimistic. The more realistic leak pattern from a
pipe covered with insulation is columnar flow, which is really observed in the
experiments^ and confirmed to be milder than the spray fire. On the computer codes, all
of the above codes are based on a lumped-parameter approximation.

Thus the studies these several years have been toward the development of
evaluating tool for sodium columnar fire and for multi-dimensional effect in the accident
sequence.
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2. Sodium Columnar Fire Test

In the sodium columnar leak, most of sodium burning occurs at the surface of
droplets which are generated by impingement of downward sodium flow to a floor. That
is, the columnar fire is dominated by splashing behavior on the floor. Therefore, it is
presumed that the burning rate of columnar leak depends upon leak height (which affects
impinging velocity to the floor) and leak rate.

2.1 Test Condition

Sodium columnar fire tests have been performed as two series using the SOLFA-2
vessel in the SAPFIRE facility. Figure 1 shows the SOLFA-2 vessel. It is a stainless-steel-
made confined vessel with inner gas volume of about 100 m3. Steel plate was attached
30cm above the catch pan to continuously generate the sodium splashing during the test.
The first series test was aimed at investigation of the leak height dependency, and the
second series test was aimed at the leak rate dependency.

In the first series (Run E3), eight tests (Run E3-1 to Run E3-8) were carried out
changing the leak height (1 to 4 m actually) with relatively small leak rates of sodium (0.7
to 2.3 kg/s) as shown in Table 1. Seven tests out of eight were done in an air-filled
atmosphere by supplying oxygen gas in the vessel. Supplied sodium temperature was
500^ and duration was 5 minutes. Measurements were done during the tests for gas
pressure, oxygen fraction, and the temperature of gas and structures.

Table 1 Test Conditions of Run E3 Series (Small Leak Rate Test)

Number of Tests 8 (Run E3-1 to Run E3-8)
Initial Oxygen Fraction 21% (air) excluding Run E3-8 (3%)
Temperature of Leaked Na 500 °C
Leak Rate 0.705 to 2.30 kg/s
Leak Duration 5 min
Leaked Na Mass 220 to 690 kg
Leak Height 1 to 4 m (effective height 1 to 6 m)
Discharging Nozzle Diameter 16.7 and 28.0 mm
Oxygen Supplying Rate Oto 4.77 m3/min

The second series (Run E5) now in progress is being performed with larger leak
rate of sodium in order to clarify the leak rate dependency. Following the preliminary tests,
one test (Run E5-4) has been conducted with the leak rate of 14 kg/sec. Test condition is
summarized in Table 2. A difference from Run E3 in the test geometry is that the
partitioning steel plate was set in this test to divide the atmosphere in two regions (cell-1 :
combustion cell, cell-2 : adjacent cell). No oxygen was supplied. Sodium temperature was
500^ and the duration was 50 sec. In the both test series, columnar burning rates were

386



evaluated from enthalpy change in the vessel which was calculated from measured
temperatures.

Table 2 Test Conditions of Run E5-4 (Large Leak Rate Test)

Initial Oxygen Fraction 21% (air)
Temperature of Leaked Na 500 °C
Leak Rate 14 kg/s
Leak Duration 1 min
Leaked Na Mass 800 kg
Leak Height 2.4 m (effective height 5.4 m)
Discharging Nozzle Diameter 53.5 mm
Oxygen Supplying Rate none

2.2 Test Results

Run E3 series - Small Leak Rate Tests -

Figure 2 depicts the analyzed results of columnar burning efficiency under the
condition of air atmosphere for the various leak height. Here, the leak height means the
effective height which is calculated from the flow impinging velocity. The burning
efficiency is the ratio of burning rate to the leak rate of sodium. The burning rate in air is a
converted value considering the oxygen fraction change during the test with the assumption
that the burning rate is proportional to oxygen fraction. From Fig. 2 it is clear that the
columnar burning rate strongly depends on the effective leak height. Assuming that the
burning rate is proportional to the sodium leak rate and oxygen fraction, it is formulated as
the following correlation:

Bc = aHbWfO2

Here, Be : sodium burning rate (kg-Na/s)
W : sodium leak rate (kg-Na/s)
H : effective leak height of sodium column (m)
fO2 : oxygen fraction (-)
a, b : empirical constants ( a=0.228, b=1.28)

This is the empirical correlation of the columnar burning rate for the relatively small sodium
leak rate.

Run E5-4 - Large Leak Rate Test -

In the small leak rate test, the burning rate was derived assuming its
proportionality to the sodium leak rate. However, it may give too large burning rate for the
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larger leak rate considering the followings.

- According to the results of water experiments performed as one of the preliminary tests,
the ratio of splashed mass to leaked mass decreased with increasing the leak rate.

- Oxygen deficiency near the sodium splashing region can occur with the larger leak rate.
This behavior had already been predicted^ before the test by the multi-dimensional
analysis code SOLFAS.

The results of Run E5-4 apparently demonstrated the deficiency of oxygen gas
near the sodium splashing region. Figure 3 compares the sodium burned masses between
Run E5-4 and Run E3-7 which were performed with almost the same effective leak height.
Though the comparison of the two tests results needs to be done carefully considering the
difference of test condition, it is clear there are some effect that unburnt fraction of sodium
becomes increased when the leak rate is large. The local oxygen lacking in the burning
zone is considered to be important to interpret this effect.

3. Sodium Column and Pool Fire Code SOFERE-M3

The SOFIRE-M3 code is a lumped parameter code utilized to evaluate thermal
consequences of plant building in the sodium columnar and pool fire accident. This code is
based on a pool fire analysis code SOFIRE-II which was originally developed in the United
States.

SOFIRE-M3 uses the empirical correlation of sodium columnar burning rate
which was obtained in the Run E3 test series. The distribution of columnar combustion
heat can be given as input parameters and recommended values of their parameters have
already been determined based on post-test calculations of Run E3 series. SOFIRE-M3 can
therefore calculate the columnar burning behavior and the consequential heat transfer
behavior adequately in the region of relatively smaller sodium leak rate. The code
verification example is shown in Fig. 4. The calculation is compared with the experiment
(Run E2) in which 2400kg of sodium was leaked from an insulated sodium pipe with the
sodium temperature of 505T! and the leak rate of 3.1 kg/s.

Furthermore, it is confirmed that the code is also applicable to the larger leak rate
behavior by modifying the burning rate correlation with the consideration of Run E5-4 test
result. We surveyed again the empirical correlation assuming that the burning efficiency
becomes small with increasing the leak rate. The tentative correlation has now been
examined as follows:

Be = 0.25 H141W°18fO2

Adopting this tentative correlation, SOFIRE-M3 has provided the results of Run E5-4 test
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as shown in Fig. 5. The calculation has been drastically improved by the modification of
empirical correlation.

4. New Sodium Fire Code SOLFAS

SOLFAS is a new generation code which has been developed to calculate three-
dimensional heat and mass transfer in an atmosphere. The development of this code is
aimed at more accurate evaluation of sodium burning behavior, consequential heat transfer
behavior, and sodium aerosol transfer behavior.

4.1 Model Description

The most important feature of SOLFAS is to consider the three-dimensional
thermal hydraulics of gas in the sodium fire evaluation. The code framework is depicted in
Fig. 6. Gas and structures are treated in detail with the X-Y-Z Cartesian coordinates. The
calculation model of sodium combustion is similar to that of the lumped-parameter code. At
present the column and pool fire calculation is available while the spray fire model has not
yet been implemented. The pool fire model is based on that of SPM^, and the columnar
fire model based on SOFIRE-M3. Sodium aerosol behavior and thermal radiation heat
transfer are also modeled in SOLFAS. The more details of the computational modeling and
the examples of code verification studies are described in another paper^.

4.2 Calculation of Sodium Fire Test

The code validation study is in progress utilizing the sodium fire test data obtained
in the SAPFIRE facility. Typical examples are shown below for both the pool and
columnar fires.

Pool Fire

Figure 7 shows the calculated results of a sodium pool fire experiment (Run Dl)
performed in an air-filled 80m3 concrete cell. In this experiment, the pool fire was initiated
by discharging 505X1 sodium mildly into a steel pan with its surface area of 2.25m2.
Oxygen was supplied into the cell for 53 minutes. The calculated results by SOLFAS show
good agreement with the experimental results although the superiority of the multi-
dimensional calculation is not indicated by this example because of the simplicity of the test
geometry.

Columnar Fire

On the columnar fire, SOLFAS calculation has been performed for both the Run
E3 and Run E5. The empirical correlation of the burning rate is completely the same one
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with that of SOFIRE-M3, i.e. the empirical correlation for the relatively small leak rate.
The difference from S0FIRE-M3 is that SOLFAS can take the spatial profile of oxygen
fraction into account. In the calculation, the oxygen is consumed at the pre-determined
burning region and the combustion heat is also generated at the region with the same
distribution ratio as used in SOFIRE-M3.

An example of SOLFAS calculation of Run E3 series is shown in Fig. 8
compared with the SOFIRE-M3 calculation. Both codes provides the similar results for the
small leak rate test. On the other hand, the two codes give different results in analyzing
Run E5-4 as shown in Fig. 9. The oxygen fraction change and local oxygen deficiency
during test are well reproduced by SOLFAS and it leads to the better prediction of the
burning rate than SOFIRE-M3 in which the empirical correlation for small leak rate is
implemented. The SOLFAS prediction is quite similar to the calculation by the new version
of S0FIRE-M3 with the modified correlation.

From Figs. 8 and 9, it can be said that the three-dimensional SOLFAS code is a
better tool for sodium fire evaluation especially when the local phenomenon becomes
important. Furthermore, it is again demonstrated by the SOLFAS analysis that the decrease
of columnar burning efficiency was attributed to the oxygen lack at the burning region
which had been observed in the test measurement.

5. Conclusions

The study on sodium columnar combustion is still in progress. Up to now, the
empirical correlation of columnar burning rate has been obtained in the region of relatively
small sodium leak rate for the various leak height assuming its proportionality to the leak
rate and oxygen fraction. In this small leak, computer code SOFIRE-M3 has been
developed and validated.

For the larger sodium leak rate, one test has been performed and the sodium
burning mitigation behavior has been observed. Three-dimensional analysis by SOLFAS
demonstrated that the burning mitigation is attributed to the local deficiency of oxygen
fraction near the burning region.

Additional sodium leak tests are needed to validate the empirical correlation and to
extend the applicability of SOFIRE-M3 in the large leak region. It is expected that SOLFAS
will be used instead of experiments in progressing the additional sodium columnar fire
study effectively.
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THE REMOVAL OF SODIUM AEROSOLS

PANGTONGGUO HONG SHUNZHANG
(China Institute of Atomic Energy, Beijing, China, 102413)

Abstract

This paper is concentrated on the removal of sodium combustion
aerosol. The experimental results are presented in it. Besides, the output,
of the aerosol, the igniting point and combustion rate of sodium are also
obtained. An experimental device for removing of the aerosol consists of
a blower, sodium combustion container, water-spraying column, water
storage tank and nitrogen bottle.

In order to compare the concentrations at the outlet of the column
before and after the water-spraying, the concentration distribution was
measured in the process of sodium burning. It was found that similar
concentration could be obtained from sixth to eighth minute after ignition
of sodium in the container. During the interval the water-spraying was
performed, the measurement of the aerosol concentrations at different
water-spray height was proceeded. The removing efficiency of the aerosol
at different water-spraying heights is different. The efficiency at the
height of 1220mm is near to maximum. The results show that further
increasing water-spray height could not greatly reduce the concentration
of the aerosol at the outlet.

1. INTRODUCTION

Aerosols generated from sodium fires in oxygen rich atmosphere are
the source of considerable hazards associated with radioactivity released
from the primary sodium system, poor visibility through the aerosol
clouds and aggressive corrosion burden on structural materials. Hence
an effective method for reducing the hazards and controlling their effects
must be designed through proper ventilation and filtration systems. The
programs are envisaged for studying the removal of sodium combustion
aerosols by water-spray. Earlier studies regarding related fields are
listed in refi[I],[2],[3].'

2. EXPERIMENTAL PROCESS

The sketch of the experimental equipment is shown in fig. I.
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Fig. 1

1: Heater; 2: Blower, J.5~2.0m3/h;
3: Sodium container, <j>234mnix600mm;
4&6: Sampling pipe;
5: Water-spray column, <j>169mmx!520mm;
7: Outlet; S: Flow meter;
9: Water tank; 10: Nitrogen bottle;

The whole process of a single experiment is described as follows: (1).
Put some sodiumfabout 93g) in a stainless steel cup, then put the cup on
the bottom of the container. (2). Assemble the equipments. Heat the
container with the heater. When the sodium is about to be ignited, blow
air into the container so that the sodium burns thoroughly. (3). Take
aerosol samples from the outlet of the water-spray column and analyze
them.

3. RESULTS AND DISCUSSION

In order to understand the property of the aerosol, the preliminary
experiments of sodium combustion have been performed. The following
results have been obtained. For convenience, we assume that the sodium
burns thoroughly and all the product is sodium oxide(Na2O).

3.1. Measurement of sodium igniting point
In order to obtain the suitable combustion condition, about 90g

metallic sodium was held in a stainless steel cupful50x100mm) which
was heated by an electric furnace. When the temperature reached 400 °C,
the thin coatingfsodium oxide) which covered the sodium was broken and
the sodium began to burn. This temperature is known as sodium igniting
point under our experimental conditions. Sodium oxide coating made the
igniting point higher. Nevertheless, as soon as the sodium is ignited, it
will burn out.
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3.2. Measurement of sodium combustion rate

Sodium combustion is a strongly disquasistatic process. Even if every
experiment is under same conditions, the results often have some
difference. Even during a single process, the combustion rate varies with
the lapse of time(from the curves of aerosol concentration shown in
Fig. 2, this can be seen). For convenience, we assume that the combustion
rate is uniform and only takes place at the interface between the liquid
sodium and air during an experiment.

The experimental data and the results are listed in table 1. Airflow-
rate is 1.5~2.0m3/h during sodium burning.

Table i
Sodium Mass(g)

90.0
91.0
92.5
91.5
92.0
93.0
90.5

\. Sodium Combustion Rate
Combustion
Time(min)

12.0
14.0
14.0
13.5
11.5
12.5
12.0

Combustion
Rate(kg/m2h)

25.5
22.1
22.4
23.0
27.2
25.3
25.6

3.3. Measurement of the output of sodium aerosol

Data are given in table 2.
Table 2. The output of sodium aerosol

Sodium
Mass(g)

90.0
90.0
84.5
93.5
89.0
92.5
92.0

The Residue
Mass(g)

109.5
111.5
102.5
116.5
110.0
112.0
112.5

The Output of
Sodium Aerosol

9.7%
8.1%
10%

7.6%
8.3%
10%

9.3%

From the table, it can be seen that about 7-10% sodium is changed
into aerosol. If this value is also suitable for large scale sodium fire, the
quantity of aerosol will be very considerable.
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3.4. Determination of aerosol concentration in the water-spray
column without water-spray

Sodium combustion can be affected by many factors, such as
environmental humidity, air flow rate etc.. But because we were
concentrated on the aerosol removing, we fixed the experimental
conditions, that is, the results of each experiment was under about same
conditions. Curves are shown in fig. 2.
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3.5. Deposition on the pipe

Sodium aerosol seriously deposits on the inter-wall of the pipe,
especially on the inter-wall of the bend. The concentration of the aerosol
in the container is about 7~20g/mJ, but in the spray column, there is only
0.5-2.7g/m3 left. The pipe must be cleaned after every experiment, or it
will be blocked thoroughly. We had weighed the deposited Sodium oxide
on the opposite side of the inlet of the spray column after three
experiments and found it weighed about lOg. Therefore, we should
eliminate any unnecessary bend in the practical equipment.

3.6,. Determination of water-spray efficiency at different spray heights

From fig. 2, it can be found that the concentration difference between
the sixth and the eighth minute is the smallest. The method of calculating
the removing efficiency is as follows: at sixth minute, took a sample
without water-spray, then began to spray at once, at eighth minute, took
another sample (sprayed). Calculate the water-spray efficiency by using
the fo U owing fo rm u la:

il=(crc2)/c,xl00%
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r/: water-spray efficiency; cf. concentration at sixth minute; c2:
concentration at eighth minute.

Data of different spray heights are shown in table 3-5.

Experiment No.

1

2

3

4

Average

Experiment No.

1

2

3

Average

Experiment No.

1

2

3

Average

Table 3.
Sample No.

1

2

3

1

2

3

1

2

3

1

2

3

Data at height of 1220mm
Time(mm)

4.0

6.0

8.0

4.0

6.0

8.0

4.0

6.0

8.0

4.0

6.0

8.0

Concentration (g/m )

2.47

1.63

0.41

0.84

0.76

0.32

1.44

1.63

0.25

1.01

0.82

0.28

EfficiencyCi)

ri=74.8%

H=57.9%

r|=84.6%

H=65.9%

r|=71%±12%

Table 4.
Sample No.

1
2
3
1
2
3
1
2
3

Data at height of 890mm
Time(min)

4
6
8
4
6
8
4
6
8

Concentration
0.49
0.62
0.22
0.98
0.76
0.21
1.71
0.97
0.43

Efficiency(ri)

TI=64.5%

T!=72.4%

Ty=55.7%

n=64.2%+14%

Table 5.
Sample No.

1
2
3
1
2
3
1
2
3

Data at height of 430mm
Time(min)

4
6
8
4
6
8
4
6
8

Concentration
1.96
3.61
1.51
1.16
1.03
0.60
1.01
0.93
0.54

Efficiency^ ri)

r]=58.2%

r|=41.8%

r|=42.0%

n=47.4%+13%

Using the ejficiency(average mean) above, we can draw the curve of
efficiency versus spray height:

401



Curve of water-spray efficiency
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Fig. 3

From the curve above, it can be found that the spray efficiency
doesn 't increase proportionally with the increase of spray height, but
tends to a fixed figure (under our experimental conditions, this figure is
about 70%). This phenomenon can be explained as follows: After a period
of water-spraying, most of the aerosol has been removed from the air
flow, there are only tiny particles left, and they are very difficult to be
removed from the air by the spraying water. Even if the spray height
increases further, the spray efficiency will not rise greatly. Apparently,
other methods (such as filtering) should be adapted to remove the aerosol
after water-spraying.

4. CONCLUSION
Under our experimental conditions:

1. Sodium combustion rate is about 22-27kg/m2 -h, the average rate is
24.4 kg/m2 -h;

2. the output of aerosol is about 7.5-10.0%, the average output is 9.0%;
3. Any unnecessary bend should be eliminated in order to avoid pipe

blocking;
4. Water-spray is proved to be a good method of removing sodium

combustion aerosol, its maximum efficiency is about 70%>;
5. Other method(such as filtering) of removing sodium aerosol should

be adopted after water-spraying to remove the remaining aerosol.
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A NUMERICAL APPROACH FOR THE STUDY OF LARGE SODIUM SPRAY
FIRES AND ITS APPLICATION FOR SPX1

T.VARET, B.LEROY (FRAMATOME(1)), M.BARTHEZ (EDF(2)), J.C.MALET (IPSN(3))

Abstract

For the original design of SUPER-PHENIX, only pool fires were analysed for secondary sodium because these
were thought to be the most likely. However, after the sodium spray fire at the solar plant of ALMERIA, an analysis of the
consequences of secondary spray fire was undertaken. According to the French Safety Authority, the most penalizing cases
of sodium leak and fire must be taken into account for each type of consequences, up to the complete rupture of a main
secondary pipe. The experimental data available were mainly based on sodium flowrates in the range of ten kilograms per
second, which are far below the leak flowrates obtained in case of a complete rupture of a main secondary pipe, i.e. several
tons of sodium per second during a short time interval ; moreover, it was obviously not possible to perform sodium tests with
such high flowrate conditions. Consequently a complete methodology for the prediction of the behaviour of large sodium
spray fires has been developed : the two-dimensional code PULSAR, which solves the two phase flow Navier-Stokes
equations with source terms of mass and energy, is first used to evaluate the physical behaviour of a spray of sodium droplets
in a cell in diverse conditions and thus to determine the burning rate. This last value is then used as data in the FEL'MIX
code in which other phenomena such as the dynamic response of pressure relief systems are described, in order to determine
the pressure transient in the cell. This approach has been successfully tested using the experimental data available from past
and recent tests, particularly the high flowrates tests IGNA 3602 and IGNA 3604. This numerical approach has been applied
to the analysis of the consequences of postulated large sodium leaks in SUPER-PHENIX and allowed us to justify the
hypotheses used to design the protective measures implemented on the plant, and thus the demonstration of safety with
regard to large sodium leaks.

Resume

Lors de la conception de la centrale SUPER-PHENIX, les feux de sodium ont ete analyses sous l'hypothese, qui
paraissait alors la plus probable, des feux en nappe. Cependant le feu de sodium qui s'est produit a la centrale solaire
d'ALMERIA a conduit a revoir cette hypothese et a etudier les consequences de feux de sodium en partie pulverise.
L'Autorite de Surete francaise a demande que les cas de feux les plus penalisants pour chacune des consequences soient
etudies, jusqu'aux ruptures completes des tuyauteries principales. Les donnees experimentales obtenues jusqu'a present ne
couvraient qu'une gamme de debits de fuite jusqu'a quelques dizaines de kilogrammes par seconde, tres en deca des
quelques tonnes de sodium par seconde possibles pendant un bref instant dans le cas des ruptures completes des tuyauteries
principales ; il n'est de plus pas envisageable de realiser des essais dans de telles conditions de debit. En consequence, il a
fallu developper une approche par le calcul pour pouvoir predire les consequences de feux de sodium a grand debit
d'ejection. D'abord le programme de calcul bidimensionnel PULSAR, qui resout les equations de Navier-Stokes en milieu
diphasique avec des termes sources de masse et d'energie, est utilise pour determiner le comportement d'un jet de gouttes dc
sodium dans differentes configurations, et en deduire les valeurs de debit de sodium brule. Ces valeurs sont ensuite utilisees
comme donnees d'entree dans le programme de calculs FEUMIX qui modelise d'autres phenomenes comme en particulier Ic
comportement dynamique des exutoires, afin d'evaluer le transitoire de pression dans Penceinte. Cette approche a etc validee
sur des essais anciens et recents, notamment les derniers essais a gros debit IGNA 3602 et IGNA 3604. Cette approchc
numerique a ete utilisee pour l'analyse des consequences des grosses fuites de sodium postulees a SUPER-PHENIX, ct a
permis de justifier le conservatisme des hypotheses retenues pour dimensionner les systemes de limitation des consequences
mis en place, et d'apporter la demonstration de surete de l'installation vis-a-vis des grosses fuites de sodium.

1. INTRODUCTION

The risk of secondary sodium leak and fire has been taken into account since the beginning of the
design of SUPER-PHENIX ; the three lines of defence widely used in the safety analysis were concerned :

• prevention, mainly through the quality of design and fabrication,
• detection, mainly through the electrical continuity and sodium aerosols detectors, and through

periodic inspections
• mitigation, mainly through the fast draining of the secondary loops, the ventilators shutoff in case of

aerosols detection, the catch pans and sodium trays especially designed to lead to sodium fire self-
extinguishing.

FRAMATOME direction u ) Electricite De France ( ' [nstitut de Protection et de Surete Nucleairc
NOVATOME Centre Lyonnais d'Ingenierie Departement de Recherche en Surete
10, rue Juliette Recamier 69 100 Villeurbanne Laboratoire d'Experimentation et de Modelisation des Feux
69 006 Lyon FRANCE 13 108 Saint Paul lez Durance
FRANCE FRANCE
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The mitigation measures have been defined according to the assumption that sodium pool fire was the
most probable type of sodium fires, mainly thanks to the low pressure in the secondary sodium loops and to the
capturing effect of the thermal insulation around the secondary pipes. The passive extinguishing systems have
been designed to take into account the whole mass of sodium which could leak in the worst case of a complete
rupture of a main secondary pipe.

After the sodium fire at the solar plant of ALMERIA (SPAIN), which led to the definitive closure of the
plant, an analysis of the consequences of secondary sodium spray fire was undertaken. In the beginning this
study took into account sodium leaks resulting from a breach of limited area, up to the guillotine rupture of an
auxiliary pipe. These leaks were also considered as including realistic breaches in the main secondary pipes. In
such cases it was possible to use experimental results of sodium spray fires in order to determine the burning
rates of the induced sodium fires ; these burning rates were subsequently used in the FEUMIX code which
evaluates the thermodynamical consequences of sodium fires, in particular the increase in temperature of gases
and structures, overpressure in the cell and aerosols production. As a result, some modifications of the plant
were undertaken, but these were not considered sufficient by the french Safety Authority who requested to take
into account the risk of sodium spraying even in the case of complete rupture of a main secondary pipe.

The experimental data available from the past tests were mainly based on sodium flowrates in the range
of ten kilograms per second, which are far below the leak flowrates obtained in case of a complete rupture of a
main secondary pipe, i.e. several tons of sodium per second during a short time interval ; moreover it is
obviously not possible to perform sodium tests with such high flowrate conditions. Consequently, besides
mechanical studies with R & D support and sodium leak detection improvement (by the use of a new type of
sodium leak detector : the "sandwich" leak detector) aiming to demonstrate the leak before break characteristic
of the main secondary pipes and thus the very low probability of a complete rupture of a main secondary pipe, a
numerical approach for the study of large sodium spray fires has been developed.

2. THE STUDY OF LARGE SODIUM SPRAY FIRES IN THE SECONDARY GALLERIES OF SUPER-
PHENIX

The secondary sodium loops in SUPER-PHENIX run in the reactor building, between the dome and the
steam generator buildings ; the rooms in which these pipes are located are called the secondary galleries ; there
are four identical secondary galleries, one for each loop.
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In these rooms the length of the pipes is large, and not only main pipes but also auxiliary pipes are
located there. No double-envelope has been placed around the pipes in the secondary galleries. Consequently,
the risk of sodium leak must be analysed, and the consequences of a sodium leak must be assessed under the
hypothesis of a sodium spray fire as explained above.

The risks induced by a large sodium fire in the reactor building are high, because such fire can affect
two over three safety functions :

• containment, because the reactor building is the fourth containment barrier of the plant,
• decay heat removal, because the propagation of the sodium fire or aerosols in the reactor hall could

affect the other sodium loops.

The main problem in case of a large fire in a secondary gallery is a high overpressure likely to lead to a
rupture of the walls of the secondary gallery, and then to a sodium fire in the reactor hall ; this can then hazard
the whole reactor building and can also initiate a common failure of all the decay heat removal systems.

Consequently, it has been decided early in the sodium fire project to improve as much as reasonably
possible the protection systems against sodium fire and to reinforce the walls of the secondary galleries.

That means particularly that the largest area of the reactor building wall compatible with the reactor
building stability has been opened in the secondary galleries ; as the secondary galleries are in the secondary
containment it is necessary to ensure a sufficient level of airtightness for the outside for all the operating
conditions except the secondary sodium spray fires, and these openings have been then fitted with mechanical
release valves.

Moreover the secondary galleries have been separated in several compartments linked to the pressure
relief systems thanks to openings in the walls ; this solution has been adopted for the following two reasons :

• the quantity of oxygen immediatly available for the combustion of the leaked sodium is limited,
• the maximum overpressure that the smaller area of the floor of these compartments can withstand is

higher than for the whole surface of the floor of the secondary gallery ; this was the weak point of
the secondary gallery resistance to overpressure, after reinforcement of the steel lateral walls.

The adequacy of the design of the compartments and their walls and of the pressure relief systems has
been confirmed by FEUMIX (see § 3.2) calculations in order to compare the overpressure they would have to
sustain and their design overpressure ; the following assumptions were made for the burning efficiency :

• for the sodium ejected flowrates lower than those resulting from the rupture of auxiliary pipes the
instantaneous and complete combustion of the ejected sodium has been postulated ; such leaks are
considered in the design as hypothetic situations,

• for the sodium ejected flowrates higher than those resulting from the rupture of auxiliary pipes, up
to the complete rupture of the main secondary pipes, the evolution of the burning efficiency has
been defined by its maximum value, depending on the size of the cell (40% for the smallest cells)
and the time to reach this value ( I s ) ; such leaks are considered as highly hypothetical, and taken
into account in the frame of the defence in depth approach.

Other assumptions have been made to study the consequences of sodium fire propagation from one cell
to the adjacent ones ; this aspect of the analysis lies outside the objective of the present paper and will not be
described here.

These hypotheses concerning the evolution of the burning efficiency in the case of high sodium ejected
flowrates have been postulated following tests (see § 3.3) in which the ejected sodium flowrates are far below
those which have to be taken into account in the reactor case. The extrapolation of these values was motivated
by the intuitive thought that the burning efficiency decreases when the ejected sodium flowrate increases, for
high values of ejected sodium flowrates. This has been confirmed by the calculations detailed hereafter.

3. A NUMERICAL APPROACH FOR THE STUDY OF LARGE SODIUM SPRAY FIRES

The numerical approach which has been developed to study the consequences of large sodium spray
fires includes the following stages :
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• firstly, the PULSAR code (Ref. [1]) is used to evaluate the physical behaviour of a spray of sodium
droplets for different conditions of spray formation and then to calculate the sodium burning rates,

• these values are used as data in the FEUMIX code (Refs [2-3]) to evaluate the pressure and
temperatures transients in the cells taking into account their pressure relief vents.

The original version of PULSAR and the version 2.1 of FEUMIX have been used.

This approach has been verified with experimental data, for low sodium ejection flowrates to the
highest ever performed, in the IGNA 3602 and IGNA 3604 tests, and then used in the conditions of sodium leak
flowrates and cell geometries of SUPER-PHENIX. This is presented in more details hereafter.

3.1. The PULSAR code

3.1.1. Motivation in the use of PULSAR

PULSAR aims to modelize quite precisely the influence on the sodium combustion of the space-time
evolution of the two-phase medium constituted by the sodium droplets and the gas atmosphere with aerosols.
The governing hydrodynamic equations are solved in the context of a finite difference approach ; a two-
dimensional model in cylindrical coordinates is used to represent sodium droplets motion and air circulation
within a containment cell. The sodium combustion model uses one average size droplet of spherical shape in
each mesh of the cell. The spraying of a sodium jet is not modelled in the code ; the sodium jet is assumed to be
completely pulverized.

PULSAR has been developed and used in the past to estimate the consequences of a primary sodium
spray fire under the dome of SUPER-PHENIX in the case of the highly hypothetical energetic whole core
disruptive accident. Mainly because of the limits in computer performance at this time, this approach has been
given up for the development of global models like FEUMIX, in which the burning rate of the sodium jet is not
calculated but deduced from experiments or arbitrarily or pessimistically choosen by the user of the code. So in
the case of large sodium ejection flowrates the PULSAR approach appears to be of main interest in order to
compensate for the lack of experimental results.

3.1.2. Illustration of the potential of PULSAR

As explained above, PULSAR estimates the quantities of sodium droplets and oxygen present in each
mesh of the cell by taking into account:

• the combustion of the sodium droplets, which depends on the area of the sodium droplets, the local
temperature and the local oxygen concentration

• the motion of the sodium droplets under the gravitational and droplet drag effects
• the gas motion under the effects of thermal buoyancy, droplet drag and flow friction

The two maps of figure 1 which represent the velocity field of the gas and the repartition of burning
sodium give a nice illustration of PULSAR results : the first map shows the interaction between gas and droplets,
and the second map shows the effect of the gas circulation on the combustion of the sodium spray. The evolution
of the total burning rate on all the meshes of the cell is shown on the following figure :

(
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This evolution is coherent with the maps of figure 1 : in the first second the burning rate is high because
the sodium droplets propagate in atmosphere with high concentration of oxygen. Afterwards the sodium is still
ejected in the same zone, where oxygen disappears ; then the burning rate is decreasing in this zone, but the
periphery of the ejection zone is still fed with fresh air due to the interaction with the sodium jet ; globally the
burning rate is still increasing but with a slighter slope.

3.1.3. Parametric studies

Numerous parameters characterized the sodium spray : the droplet diameter, the time varying flowrate
of liquid sodium droplets, the droplets ejection area, the temperature of the ejected sodium droplets, the
magnitude of the velocity of the ejected sodium droplets and the direction of the ejected sodium droplets.

To these six parameters must be added two parameters which characterize the cell in which the sodium
is spraying : the volume of the cell and the characteristic length of the cell with regard to the droplets motion.

At last one parameter relative to the calculation method must be added : the size of the meshes.

Numerous calculations have been performed by NOVATOME in order to test the effect of each of these
parameters. The general result is that the burning rate is not only strongly dependent on the size of the droplets,
but also on the quantity of oxygen intercepted by the spray of sodium droplets: this quantity increases when

• the free path of the sodium droplets, and consequently the residence time of the droplets in the
atmosphere of the cell, increases : this means that the droplets have more time to burn

• the ejection area increases
• the density of the sodium spray decreases
• the ejection velocity varies with time : in this way the sodium jet "sweeps" a larger part of the cell

according to the following figure which presents the balistic parabola of the sodium droplets :

Several parametric calculations have been performed for increasing ejected sodium flowrates by
increasing

• either the velocity of the ejected sodium, the ejection surface being constant
• or the porosity of the ejection surface, the velocity being constant.

In every case the result is the same : the burning efficiency is decreasing for increasing sodium ejected
flowrates. The explanation of this result lies mainly in the fact that a sodium jet with a very high flowrate
corresponding to a complete rupture of a main pipe stays very dense during its development in the cell ; the
combustion of such a sodium jet only occurs at the periphery of the jet and in front of the jet. On the opposite a
jet with a smaller flowrate can be more easily dispersed, this dispersion increasing then as a consequence of the
combustion in the jet; the volume of the cell concerned by the sodium propagation and consequently the
quantity of oxygen available for the combustion of the droplets is higher in this case than in the preceding one.
This phenomenon is shown on the maps of figure 2. Consequently in the case of a sodium jet resulting from a
complete rupture of a main pipe the burning efficiency is smaller than for a smaller leak flowrate ; the effect
which reduces the burning efficiency in case of high flowrate leaks is the quantity of oxygen available for the
combustion ; on the opposite in the case of sodium leaks with smaller flowrate the quantity of oxygen is
sufficient to ensure the combustion of the sodium droplets, and the limiting effect is the surface available for
exchanges between sodium and oxygen, that is the size of the droplets.
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3.2. The FEUMIX code

3.2.1. General presentation

FEUMIX is a point-dimensional code, that means that the geometry is modelled by a volume (or a
series of volumes) characterized by a single value of gas temperature and pressure. The mass and energy
balances are solved globally for a set of systems, each one representing totally the considered physical
component:

• the liquid sodium
• the burning zone
• gas (nitrogen, oxygen, hydrogen)
• aerosols (monoxide, peroxyde, hydroxide)
• walls, which can be fitted with openings or discharge valves

FEUMIX modelizes radiative exchanges from the flame to the other systems in a semi-transparent
medium taking into account the aerosol concentration.

The FEUMIX models are based on a global interfacial area between the atmosphere of the cell and the
sodium jet; heat and mass transfers from the flame and the burning rate are expressed with this global interfacial
area. The values of this essential parameter are determined from post-calculations of a large set of experiments,
taking into account different ejection conditions (direction, velocity...) but in the same range of flowrates (up to
almost 70 kg s'1).

3.2.2. Motivation in the use of FEUMIX

The preceding discussion has shown that PULSAR describes in a satisfactory way the behaviour of a
sodium spray fire from the combustion side, and can then palliate the lack of experimental results for very large
sodium flowrates. In fact the PULSAR models are not sufficient to give a good evaluation of the pressure
transient induced by a sodium spray fire, mainly because the heat of combustion is mainly transfered to the gas,
there is no radiative exchanges between the burning droplets and the wall ; this leads to overestimate the gas
temperature; and then the pressure increase in the cell.

The overestimation of the gas temperatures doesn't call into question the burning rate calculations (this
can lead to a pessimistic evaluation of the burning rate) ; these values can then be used as input in FEUMIX, in
which the heat balances are expressed in a global form but in a more precise way; particularly the temperature of
the gas and then the pressure in the cell are determined more realistically than in the PULSAR code.

Moreover FEUMIX modelizes the dynamic behaviour of the pressure relief systems ; this is of the main
interest in the case of sodium spray fire in relatively small cells, because the pressure increase can then be very
fast, and the mechanical inertia of the valves can then limite the pressure relief.

Consequently FEUMIX has been modified in order to be able to use as data the burning rates
determined by PULSAR calculations.

3.3. Experimental validation of the approach

In order to validate this approach, calculations have been performed for past and recent tests ; the
experiments which have been used for this validation phase are the following : FCA 3.2, FCA 6.2, IGNA 2002,
IGNA 3602 and IGNA 3604.

The IGNA 2002, IGNA 3602 and IGNA 3604 tests have been performed recently by CEA in the
GALAXIE facility at Cadarache in the framework of the study of large sodium spray fires in SUPER-PHENIX
(Refs [3-4]), while the FCA tests have been performed previously in the FAUNA test facility by FZK (Ref. [2]).

3.3.1. FCA 3.2 and FCA 6.2

The theoretical ejected sodium flowrate was almost 5 kgs" in both tests.
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The best fit has been obtained with a radius of sodium ejected droplets between 1 mm (for the first
seconds) and 1.5 mm ; the following figure shows the comparison for the pressure evolution in the FCA 6.2 test
between the experimental values and the results of a PULSAR calculation performed with a droplet radius of 1.5
mm ; this comparison is all the more satisfactory since the real ejected sodium flowrate is not known.
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3.3.2. IGNA 2002

The IGNA 2002 test was devoted to validate the solution adopted for the secondary pipework chambers
("secondary gallery") which consists in dividing the whole volume in almost ten compartments (see § 2) ; its
objective was particularly to contribute to the analysis of the risk of sodium fire propagation through the
openings between the compartments. The ejected sodium flowrate was not kept steady during the test ; its
maximum value was 135 kg s" ; the volume of the fire room was 24 m\

The particular features of the IGNA 2002 test are :
• the obstacle, which was a H-shaped iron rod which was not large enough to cover the whole section

of the sodium jet : consequently a part of the sodium jet impinged on the rod while the other part
impinged on the ceiling of the cell,

• the fire test room, which was connected to another similar room by an opening located in the lower
part of the separating wall ; this layout was representative of the compartments in the secondary
galleries of SUPER-PHENIX.

Water tests have been performed before the test with sodium in order to optimize the form and the
location of the obstacle ; these tests have strikingly shown that the sodium flow pattern after impact on obstacles
is parabola-shaped and not cone-shaped, as assumed in previous PULSAR calculations or in NABRAND
calculations (Ref. [1]). Consequently the PULSAR code has been modified in order to allow the modelisation of
sodium ejection in lateral direction and not only in axial, upwards or downwards, direction.

The IGNA 2002 test calculations have shown the strong influence of the sodium combustion in the
upper part of the cell on the combustion of the sodium jet in the lower part (see figure 3) : the combustion in the
upper part of the cell leads to a higher difference in pressure between the two cells than in the case of a
combustion in the lower part only ; the displacement of air induced by this overpressure leads then to a higher
burning rate in the lower sodium jet.

The pre-calculation of the IGNA 2002 test with the PULSAR code has shown that this configuration in
the specific layout of the compartments is more severe than the one where the jet totally impinges on the iron
rod ; advantage has been taken of this teaching to perform calculations in the reactor case.

The calculations performed with a droplet radius of 1 mm demonstrate that this assumption is
pessimistic, as shown by the comparison between the pressure evolutions drawn on the following figure ; the
calculated maximum overpressure is higher than the experimental one but it is reached with a delay, the slope of
the experimental pressure increase is much higher than the calculated one ; the available version of the PULSAR
code didn't allow us to fit the experimental pressure evolution precisely ; some modifications in the PULSAR
code decided after this comparison, such as the injection of sodium droplets in the cell with time varying radius
(Ref. [5]), must improve this comparison.
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3.3.3. IGNA 3602 and IGNA 3604

The objective for the IGNA 3602 and 3604 tests, in which a jet of sodium impinges on a horizontal
impact plate, was to perform sodium spray fire experiments with the highest ejected sodium flowrate possible in
the IPSN fire facilities at Cadarache and to estimate the evolution of the burning efficiency for increasing
sodium ejected flowrates.

The main interest of the IGNA 3602 and 3604 tests is that they have been performed in similar
conditions except for the sodium ejected flowrate ; the value of the ejected sodium flowrate at the steady level
was respectively 90 kg s"' and 225 kg s"1. Also they are very usefull to confirm the main result obtained from the
parametric calculations with the PULSAR code relative to high sodium ejected flowrates, which is that the
burning efficiency decreases when the ejected sodium flowrate increases.

The best fit for the pressure transient has been obtained with a droplet radius of 2 mm and of 3.2 mm in
the case of IGNA 3602 and IGNA 3604 respectively, the other parameters which characterizes the sodium
ejection being the same, particularly the thickness of the paraboloid representative of the sodium jet after the
impact on the plate :
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Consequently the interpretation of the IGNA 3602 and 3604 tests shows that it is necessary to use a
higher mean droplet radius to fit the pressure transient induced by a sodium fire with higher ejected sodium
flowrate. This is the PULSAR way to represent the decrease of the burning efficiency when the ejected sodium
flowrate increases, the other conditions being constant.
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4. APPLICATION OF THE NUMERICAL APPROACH FOR SUPER-PHENIX

A parametric study aiming to find the most penalizing conditions for the sodium jet combustion has
been undertaken ; the results of the calculations performed for the tests and described above have been taken
into account.

The following hypotheses for the ejected sodium flow pattern have been tested :
• rain-down from the impact plate : this modelizes the sodium jet behaviour after impact on the

ceiling, in case of an ejected sodium flowrate of mild energy,
• single parabola ("umbrella shaped") : this modelizes the sodium jet behaviour after impact on the

ceiling, in case of an energetic ejected sodium flowrate,
• double parabola : this modelizes the impact of an energetic sodium jet on an obstacle like small

pipes or iron girder supports, which separate the initial sodium flowrate in two parts.

The evolution of the burning rate is given by PULSAR calculations. One must notice that:
• for small ejected sodium flowrates the burning efficiency is quite high, but the absolute value of

burning rate is quite small,
• for high ejected sodium flowrates the absolute value of burning rate can be higher than the

preceding ones, but the burning efficiency is quite small and then heat exchanges between the flame
and the unburnt sodium absorb an important part of the heat of sodium combustion,

• because of the mechanical inertia of the mechanical release valves and of the low value of their
opening threshold (almost 10 mbar) the maximum overpressure in the compartments of the
secondary galleries can be reached while the maximum value of the burning rate is still not reached.
Consequently not only the absolute values of burning rate but also the slopes of the burning rate
evolution play an important role in the pressure increase in the cells.

Consequently it is impossible to determine a priori which of the burning rate evolutions is the most
penalizing with regard to overpressure in the cell ; it is then necessary to perform FEUMIX calculations with
numerous values of ejected sodium flowrate. One must also notice that in case of a partial rupture on a main
secondary pipe the sodium velocity at the breach is higher than in case of a complete rupture ; this leads to a
higher slope of burning rate because the sodium jet reaches then faster some zones of the cell with a higher
oxygen concentration.

Parametric calculations were also necessary to take into account the differences between the cells,
which concern mainly their volume, the pressure-drop from the cell to the pressure relief systems, the area of the
openings between the cells.

The following figures show the burning rate evolution in case of a single parabola flow pattern for
different values of ejected sodium flowrate and the maximum overpressure obtained in each case ; the PULSAR
calculations were performed with a mean droplet radius of 1 mm, which is certainly a pessimistic value
according to the IGNA 3602 and IGNA 3604 calculations.
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The maximum value of burning rate is obtained when the sodium jet impacts on the walls of the cell. In
the FEUMIX calculations the burning rate is taken constant and equal to this maximum value once it has been
reached ; this hypothesis is penalizing according to IGNA 2002 post-calculations.

It appears from this parametric study that the most penalizing condition is obtained in a configuration
near the IGNA 2002 one, where the sodium jet spreads into a double umbrella-like shape. The following figure
shows the evolution of burning rate obtained in such cases :

This most penalizing calculation among the whole set of PULSAR and FEUMIX calculations
performed gives a margin factor of 1.5 at least with regard to overpressure resistance of the cells ; this concerns
the absolute value of the pressure and the relative value of pressure between the fire cell and the other adjacent
compartments.

5. OTHER ASPECTS OF THE STUDY OF LARGE SODIUM SPRAY FIRES IN SUPER-PHENIX

This paper doesn't aim to present all the studies that have been performed and all the modifications of
the plant that have been implemented to deal with large sodium spray fire. For example :

• the risk of sodium fire propagation between the compartments has been analyzed with the
FEUMIX-CONTAIN code

• the hydrogen risk induced by water evaporation from the heated concrete has been eliminated
thanks to the thermal insulation and protection of all the concrete walls in the secondary galleries

• the risk of sodium fires in the steam generator building has also been studied with the FEUMIX and
PULSAR codes; because of the geographical separation between the four steam generator buildings
and of the distance between the steam generator buidings and the reactor block, the risks induced by
a sodium fire in the steam generator building are lower than in the secondary galleries ; on the
opposite the presence of water circuits and the large openings of these buildings to the outside
induce specific risks (sodium-air-water reaction and discharge of large amounts of aerosols in the
atmosphere respectively). The PULSAR code has been used to estimate the burning rates in the
steam generator building for high ejected sodium flowrates ; realistic assumptions have been made
for the droplets radius, taking into account the results of IGNA 3604 test post-calculation, instead of
the pessimistic value of 1 mm chosen for the secondary galleries ; this is due to the differences in
the risk for the plant safety between both cases.

The protective measures described above, which consist in compartmentaliz;ng the secondary galleries
and fitting the wall of the secondary building in the secondary galleries with pressure relief systems, have been
complemented by other devices improving either the leak detection, for example :

• sandwich type detectors which cover the whole length of the weld,
• video control of the secondary galleries,
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or the protection against sodium leak and fire, for example :
• improvement of the draining system of the catch pans in the secondary galleries,
• modification of the ventilation system in the secondary galleries,
• thermal protection of the draining valves and other components important for safety,
• reinforcement of the separating walls between the sodium zones and the water zones in the steam

generator buildings,
• compartmentalization of part of the circuits outside the secondary containment in order to limit the

burning efficiency.

Figure 5 presents a secondary gallery of SUPER-PHENIX after modifications to take into account large
sodium spray fires.

6. CONCLUSION

The PULSAR and FEUMIX codes have been successfully used in order to estimate the burning rate and
thus the induced pressure increase in case of high ejected sodium flowrates, for which experimental values are
missing.

This approach has been validated by comparison with the recent IGNA tests in which relatively high
ejected sodium flowrates have been used ; the PULSAR calculations have given interesting lessons confirmed
by experiments for the sodium fire behaviour particularly in case of the small opened cells.

PULSAR calculations are usefull to evaluate realistic burning rates in case of ejected flowrates higher
than the experimental ones, or for geometrical or ejection conditions different from the experimental ones.

New developments are in progress for the PULSAR and FEUMIX codes (Refs [5-6]) ; the studies
presented above will be pursued with the new versions of the code.
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Abstract

Sodium Ere is one of the important safety issues for the liquid metal cooled fast reactor
system. In order to achieve the reasonable plant cost performance, the rational countermeasures
for sodium fire should be provided and the influence of sodium fireshould be evaluated properly.
This paper describes the principle of the safety design against sodium leak in the Demonstration
Fast Breeder Reactor in Japan (DFBR). In addition, Research and Development (R&D) needs for
the design of rational countermeasures against sodium fire and aerosol release are described
which include the clarification of behaviors or phenomena, the accumulation of the data base of
the experimental parameters for the analysis codes, and the improvement of evaluation
technique and method.

1. INTRODUCTION

For the design of Fast Breeder Reactor, careful design considerations

should be paid for prevention of sodium leak from coolant boundaries. Besides,

measures for early leak detection should be provided to prevent enlargement of

the leak and its consequences. Mitigation measures are required to prevent the

leak and resultant fire from affecting nuclear power plant safety and the general

public health. In order to establish the reasonable plant design, all these design

features should be provided rationally by taking account of the characteristics of

sodium leak and fire. For this purpose, it is important to evaluate the rational

break size as design basis event based on quantitative data obtained by

experiments of crack propagation and fracture behavior. And provision of

mitigation measures for sodium fire is also important.

The combustion of leaked sodium would cause the pressure and

temperature rise in the building and generate sodium aerosols. Against these
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impacts, the safety functions such as reactor shutdown, core cooling and

containment should be secured to maintain the plant in a safe state. Then the

release of sodium aerosol to the atmosphere should be limited to prevent it from

affecting the public health and environment.

This paper focuses mainly on the mitigation of sodium fire influences in the

design of DFBR. The safety design principle against sodium fire, the current

design concept, the evaluation status and R&D needs are presented in the

following sections.

2. SAFETY DESIGN PRINCIPLE AGAINST SODIUM FIRE

2.1 GENERAL PRINCIPLE

In the safety design of the nuclear power plant, two approaches should be

considered i.e. prevention of the occurrence of abnormal events and mitigation

of the consequences of the events. This general principle is applied for the

sodium fire issue. For the prevention of sodium leak, sodium components and

pipes should be designed firmly to ensure its integrity during plant life. For the

mitigation of sodium fire, the plant should be designed to be able to minimize

the influence of the leak and resultant fire in order to satisfy the following

requirements.

-The function of shutdown, core cooling and containment should be kept to

maintain the plant in safe states.

- The concentration of released aerosol should be limited not to put

significant damage on environment and public health.

The primary sodium circuits are installed inside the containment vessel (CV)

because they enclose radioactive materials. On the other hand, sodium in the

secondary sodium circuits is non-radioactive. Therefore main parts of the

secondary circuits are installed outside CV. The safety design against sodium

fire should be done considering these plant design characteristics. The

consequences caused by sodium fire inside CV are the following:

- Pressure and temperature rise inside the containment.

- Radioactive sodium aerosol release.

The containment should be designed to keep its leak tightness against the

pressure and thermal loadings caused by sodium leak. The release of

radioactive sodium aerosol should be prevent. On the other hand, the

consequences caused by sodium fire outside CV is the following:

- Indirect influence on the function of safety systems such as core cooling
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and containment.

- Sodium aerosol release.

In this case the leak tightness of the building is not necessarily required as far

as the above influences could be mitigated within certain conditions.

2.2 Principle of countermeasure

The safety design against sodium fire consists of four fundamental

approaches as shown in figure 1 , i.e. (1) prevention and limitation of sodium

leak , (2) mitigation of sodium burning , (3) mitigation of pressure and

temperature rise , (4) limitation of aerosol release. The design concept would be

established by rational combination of these approaches taking account of its

effectiveness against various range of sodium leak events , impacts on the

manufacturing cost and maintenance and so on.

2.2.1 Prevention and limitation of sodium leak

For prevention of sodium leak, suitable design based on a established

design standard and manufacture assured by quality assurance activityand pre-

service inspection are very important in order to provide a highly reliable design

as the sodium boundary. In addition, reducing the potential causes of the

sodium leak as low as possible is also important as the design consideration.

For example, reducing the sodium boundary area or the pipe length and

reducing the junctions of pipes might be effective.

For limitation of sodium leak, the break size postulated as design base is

a major factor which define the sodium leak rate. Generally sodium cooled FBR

has the following features which facilitate the applicability of the Leak Before

Break (LBB) concept:

1) The low pressure of the coolant causes less stress on the boundary.

2) Materials used have sufficient ductility and a penetrating crack is prevented

from causing an unstable fracture for main pipes of the loops.

3) The leakage of chemically active sodium is easily detectable.

To pursue the rational plant design, it is important to apply a rational break

size based on LBB concept to the design, and to assure the early leak detection.

The early leak detection and emergency drain of the sodium inside the

loop might be effective for limiting the amount of leaked sodium in case of small

leak events. Providing the double walled structure for the boundary is also

considered as the countermeasure for limiting the amount.
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2.2.2 Limitation of sodium burning

Limiting sodium dispersion, limiting oxygen supply, and preventing

sodium-concrete reaction are needed. Examples of the countermeasures are

shown as follows.

(1) Limiting sodium burning.

- Limiting sodium dispersion.

• To reinforce the insulation structure.

• To limit the spray height and dispersion on the floor.

• To provide double walls.

- Limiting oxygen supply.
• To transport and storage of spilled sodium.

• To limit volumes of the rooms that have sodium loops.

• To shut off the air convection path.

• To provide double walls.

• To provide inert gas(N2) atmosphere.

• To dust extinguishing powder on spilled sodium.

(2) Preventing sodium - concrete reaction.
• Provide carbon steel cover on the concrete wall.

• Provide double walls.

2.2.3 Mitigation of pressure and temperature rise

Limiting sodium leak and mitigating sodium burning which are mention

above are also effective for this purpose. In addition, providing the space for

pressure relief and mitigating temperature rise of the concrete are also effective

as building side measures. The former is provided by enlarging volume of

adjacent rooms and the latter by thermal insulation or cooling system.

2. 4 Limitation of aerosol release

In case of sodium fire, generated sodium aerosol is sodium monoxide

(Na2O) or peroxide (Na2O2) which is corrodible and may influence the

environment, so that it is important to limit suitably for preventing the aerosol

from affecting the safety-related components and the general public health.

Therefore, in case of large amount of aerosol generated, migration of the

aerosol in the building and release into the environment are restricted by

shutdown of the ventilation system and closing a damper. The aerosol filter

installed at the outlet of the air convection path might be effective.

In addition, the safety features and system are separated independently,
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so that the aerosol generated in the accident loop will not affect other loops. And

limiting suitably the leak of the aerosol from the building is also important.

The summary of the above is shown in table 1.
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Limiting
aerosol release

Mitigating
pressure and
temperature rise

Limiting "
sodium leak

Mitigating sodium burning

Figure 1 Design principle of countermeasures

Table 1 Countermeasures for mitigating consequences of sodium fire

ITEMS

Limiting
sodium leak

Mitigating
sodium
burning

Mitigating
pressure and
temperature
rise

Limiting
aerosol
release

(1) Mitigating
sodium burning.

- Limiting sodium
dispersion.

- Limiting oxygen
supply.

(2) Preventing sodium
-concrete reaction.

(1)Providing the space
for pressure relief.

(2)Mitigating
temperature rise of
the wall.

(1)Limiting aerosol
release

Countermeasures

- Ensure the LBB concept.
- Provide early leak detection and drain.
- Provide double walls (for the boundaries).

- Reinforce the insulation structure.
- Limit the spray height and dispersion on

the floor.
- Provide double walls.

- Transport and storage of spiiied sodium.
- Limit volumes of the rooms that have sodium

components.
- Shut off the air convection path.
- Provide double walls.
- Provide inert gas(N2) atmosphere.
- Dust extinguishing powder on spilled sodium.

- Provide carbon steel cover on the wall.
- Provide double walls.

- Enlarge volume of adjacent rooms.

- Provide insulation.
- Provide cooling equipment.

- Shut off the air convection path.
- Limit the leak rate of building.
- Provide aerosol filter.
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3. CURRENT DESIGN CONCEPT AGAINST SODIUM FIRE FOR DFBR

3. 1 Inside the containment (Figure 2)

The rectangular concrete CVis designed for DFBR aiming at reducing the

construction cost. The double wall structure is adopted as the countermeasure

inside CV in order to mitigate the impact of sodium burning on CV. For the

primary cooling system, each vessel that is reactor vessel, intermediate heat

exchanger vessel and primary pump vessel is surrounded by the guard vessel.

And the pipes connecting the vessels are covered by outer pipes. The gaps

between the double wall structure are filled with nitrogen gas to mitigate sodium

burning. For the intermediate heat transport system(IHTS) piping within the

containment and the confinement, double-enveloped pipes are adopted in a

similar way. In addition, the upper structure of each IHX is provided with a cover

built over it.(This double-envelope structure is called an "enclosure" in the IHTS.)

The enclosure is designed to restrict the consequences of sodium leakage and

resultant fire to the local space. Thus, these double wall structures prevent any

consequences of sodium fire on the safety-related components and facility such

as the containment.

In order to assure the LBB concept, gas sampling type leak detectors are

installed in the gaps between the double wall structure. Its sensitivity

corresponds to 100 g/hr within 24hours.

By means of the double wall structures, sodium fire events inside CV are

prevented. However, CV should have sufficient margin as final barrier to protect

the radioactive material release. Therefore it should be confirmed to maintain its

function against a hypothetical sodium ejection into CV is evaluated.

3. 2 Outside the containment

Sodium leakage in the IHTS piping could not directly affect the function of

the reactor shutdown, core cooling and containment, because the core cooling

capability is less affected than in the case of primary cooling system and the

sodium in the IHTS is non-radioactive. Accordingly, the evaluation of sodium

leakage should show that the influence of sodium burning suitably mitigated to

keep the integrity of the building and that the influence of generated aerosols is

also mitigated to maintain the heat removal capability of the air cooler of the

decay heat removal system as the point of long time coolability.

In addition these safety design based consideration, the measures for

possible small leak should be considered. Through the world wide operation
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experiences of fast reactors up to now, a hundred order sodium leak events

have been reported. Most of these are small leak events in which the amount of

leaked sodium is less than 1000kg. Against such possible small leak events, to

minimize the consequences and to restore the plant for early restart are required.

The design study is under way taking account of these considerations.

The IHTS outside CVis currently designed in accordance with the following

plan. The outlines is shown in figure 3.

(1) Early detection and limitation of sodium leakage

In order to assure the LBB concept, the performance of the sodium detector

should satisfy the following requirements:

- The detector should be able to detect 100g/hr leakage within 24 hours.

A microscopic leak detector is developed to satisfy this requirement.

The rate and volume of leakage would be suitably controlled by a

emergency operating procedure such as pump trip and drainage of sodium

remaining inside the loop in case of small leak events. The drain lines are

connected to the main pipes and dump tanks (These are not shown in figure 3).

(2) Mitigation of the consequences of sodium fire

- Prevention of spray type ejection

The spray type sodium ejection from failure site on the pipe is

expected to prevent by piping insulation structures comprising inner cover,

thermal insulation and outer cover shown in figure 4.

- Enlarging the cell volume of adjacent rooms

The atmosphere in the SG room in which the accident occurs is

connected to the other two SG rooms through the room for sodium pipes

in order to mitigate the pressure rise on the safety evaluation

-Limiting the height of leaked sodium flow

Catch pans are installed at the height of every 5 to 10 m to restrict the

height of leaked sodium flow.

- Insulation and steel cover plate on the concrete walls

In order to mitigate concrete temperature rise, the insulation and the

steel cover is installed. The insulation and cover also prevent the contact

between spilled sodium and concrete.
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(3) Prevention of aerosol release

For the purpose of preventing the release of a large amount of aerosol, the

pressure increase caused by sodium fire should be kept under the actuation

pressure of the blow-out panels so as to prevent the panels from opening.

These panels are installed to reduce the pressure increase caused by steam or

feed line break.

(4) Long-term storage of leaked sodium

Leaked sodium is transported through the catch pans and connected drain

pipes to the storage area in the dump tank room to mitigate consequences of

sodium fire in the room in which the accident occurs. The storage area is

equipped with steel liners, thermal insulation and a fire-suppression deck. The

storage capability of this area is about 150m3 of sodium which is the maximum

leak volume assumed in the case of the failure at the lowest part of the SG outlet

pipe. Steel-covered thermal insulation is installed on the ceiling and the wall

above the fire-suppression deck in the dump tank room. This prevents a

temperature increase in the ceiling concrete as well as the direct contact

between sodium and concrete.
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Current design concept against sodium leak inside the containment
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Current design concept against sodium leak outside the containment
430



seal material

outer cover

insulation material

secondary pipe

4k dh, seal material

Figure 4 Concept of insulation structure for main pipe in IHTS
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4. EVALUATION OF SODIUM FIRE FOR THE DFBR DESIGN

The followings are identified as main evaluation items and objectives on

the evaluation of sodium fire for the DFBR design.
O Pressure behavior during a large sodium ejection

- Decide the pressure condition of the building as design base event

(DBE) or beyond design base event (BDBE)
O Local temperature rise during a small leak

- Decide local temperature such as that of floor liner as DBE
O Behavior of Aerosols generation and diffusion

- Decide the design condition of safety-related component as DBE

- Evaluate influence on the environment

- Evaluate extent of aerosols diffusion for the possible leak event

In this chapter, the present evaluation technique applied for the DFBR

design and R & D items are described for every evaluation item mentioned

above.

4. 1 Pressure behavior during a large sodium ejection

CONTAIN and ASSCOPS codes are mainly used to the evaluation of the

sodium fire in the DFBR design. Figure 5 shows the concept of analysis model

for the ASSCOPS code. These codes are basically one dimensional analysis

code and their characteristics are as follows:

- One space-point model is used to evaluate the state of each cells

(atmospheric pressure, temperatures of atmosphere, concrete and liner)

- One-cell to multi -cells model

- Burning model: spray, pool, column fires

In order to achieve reasonable plant cost performance, the building is

designed compactly in the DFBR. Then, the pressure increase due to sprayfire

is critical issue in the case of large sodium leak. Therefore, the pressure

increase by sodium fire should be evaluated properly to pursue the rational

design and the following research is needed.

- Selection of appropriate parameters for spray fire model

- Evaluation of fire propagation to adjacent cell and the effectiveness of

pressure release to multi-cells
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4.1.1 Selection of appropriate parameters for spray fire model

The pressure during a spray fire depends on the parameter such as

droplet diameter, cone angle and spray height. These parameters depend on

the plant design and need to be selected considering the leak conditions, the

volume and shape of accident room, shape and arrangement of component.

Ascoping analyses have been performed to confirm the influence of spray

height and droplet size.

The main conditions for sodium fire analysis of base case are as follows:

- Spray height: 5 m

- Average diameter of initial droplet: 4.6 m m

- Sodium leak rate: About 10 kg/s(Using the LBB assessment value)
- Temperature of leaked sodium: 520(°C)

- Sodium leakage: 150 m3

-Volume of the accident room: about 2,600 m3

- Volume of the adjacent room(s): about 8,800 m3

Figure 6 shows the influence of spray height on the atmospheric pressure

and temperature. The atmospheric pressure and temperature tend to increase

as spray height increases. However, the influence is relatively small, because

the most of oxygen is exhausted and the amount of burning sodium are not so

different in these cases. This result depends on the modeling of oxygen

concentration. In the one space-point model, the lack of oxygen in local space is

not taken into account, hence it is expected these are conservative results. If the

local oxygen concentration is taken into account , it is thought that the peak

pressure tends to be lower and that the influence of spray height is much larger.

A realistic evaluation of oxygen concentration is also important as well as spray

height to pursue the rational countermeasures for sodium fire.

Figure 7 shows the influence of average diameter of sodium droplet on the

atmospheric pressure and temperature. The atmospheric pressure and

temperature tend to increase as sodium droplet size decreases. This is the

influence of increasing of the surface area for sodium combustion. Sodium

droplet size depends on leak conditions such as break size, direction of sodium

jet and collision with obstacles. The confirmation of sodium droplet size is

important for the accident condition of DFBR to pursue the rational design.

However, the influence of droplet size might be small if the lack of oxygen in local

space had been taken into account in the evaluation.

Research items to select the parameters for spray fire model have been
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identified as follows:

(1) Evaluation of droplet dispersion behavior
• Objective

- Confirmation of geometric shape of the spray
• Research items

-Experiments under the design condition of the plant using a simulated

fluid

- Evaluation for dispersion behavior of droplets by analysis code

(2) Evaluation of droplets burning behavior

• Objective

- Confirmation of conservativeness of the space-point model

- Evaluate the mitigation effect on the sodium burning due to local

exhaustion of oxygen
• Research items

- Sodium fire experiments considering the design condition of the plant

-Evaluation of the results with a multi-dimensional sodium fire analysis

code

4.1.2 Evaluation of fire propagation to adjacent cell and the effectiveness of

pressure release to multi-cells

Mitigation of the peak pressure is expected due to exhaustion of oxygen by

sodium combustion and gas release from the accident room to the adjacent

rooms. On the other hand, simultaneous sodium fire might occur in the adjacent

cell if unbumed sodium is transferred there and it might increase the peak

pressure. Then, scoping analyses for confirmation of the R&D items have been

performed.

The main analytical conditions and models for scoping analyses are

shown in figure 8 and as follows:

- Analysis code : CONTAIN

- Fire type : Spray fire

-Amount of ejected sodium :1OOOkg

Three cases, that are easel.two cell without simultaneous fire, case2.two

cell with simultaneous fire and case3:case2 with additional three adjacent cells,

shown in figure 8 have been calculated. In the simulation analyses of

simultaneous fires (case2 and case3), unbumed sodium is assumed to be

transferred in proportion to gas flow rate of easel result. In these analysis the
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effect ofback pressure due to secondary fire in the adjacent cell is conservatively

ignored. Figure 9 shows the results of the accident cell pressure. From these

analyses, it was confirmed that Simultaneous sodium fire might increase the

peak pressure, however mitigation of the peak pressure might be expected due

to exhaustion of oxygen by sodium combustion and gas release from the

accident room to the adjacent rooms.

To evaluate these effect properly, the following research is needed.

- Development of multi-cell sodium fire analysis code which can calculate

the interaction between intercell gas flow, and unburned sodium transfer

and combustion

- Evaluation of the influence of intercell gas flow on sodium burning

- Evaluation of unburned sodium transfer and burning behavior in the m ulti-

cells system
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CASE-1
• Fire type : Spray fire
• Amount of ejected sodium : 10OOkg
• Analysis code : CONTAIN
• Opening area between roof
slab area and adjacent cell :10m2

CASE-2
• Amount of transported unburned
sodium to adjacent cell is assumed to
be 660kg in proportion to gas flow rate
of CASE-1.

CASE-3
• Multi-cell model including the lower
room
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Fig. 8 Analytical conditions and models for pressure
behavior during a large sodium ejection
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4. 2 R & D for the evaluation of local temperature rise during a small leak

Pressure rise will not be a main issue in case of small leak, because the

burning rate is low. However, the local temperature such as that of floor liner

might reach high due to prolonged burning and chemical reaction. In the case of

small leak, the impact of leaked sodium is limited to a local area. Therefore,

development of the evaluation method which can simulate the spreading of

leaked sodium on the liner and the temperature distribution in the liner will be

required. The convection of gas may affect the burning behavior because

duration of combustion will become longer in a small leak case, then a model

that can properly consider this effect will be needed. Development of evaluation

method featuring the followings is needed.

- Spreading of leaked sodium on the liner and the tern perature distribution

in the liner

- The influence of gas convection including forced convection by air

conditioning system

- Reaction between released water from heated concrete and the reaction

products or sodium

4. 3 R & D for evaluation of aerosols generation and diffusion behavior

For the design limit of sodium aerosol concentration at site boundary there

is no definitive guideline currently. In the DFBR, the criteria 2 mg/m3 suggested

as a threshold limit value for continuous exposure by ACGIH(American

Conference of Governmental Industrial Hygienists) is applied as provisional

value. This value was temporarily determined as the limit of sodium-hydroxide

aerosols (NaOH) for the DFBR, based on the tolerable levels of aerosol

concentration for workers. This limits might be much too conservative and thus

unreasonable as a target for accident criteria, if they are applied to such rare and

ternporary events as sodium fire accidents. Sodium aerosols change to less

toxic sodium-carbonate aerosols (Na2CO3) within a very short period of time.

Therefore, investigation of biological effect of sodium aerosols is needed for

practical application.

As regarding the evaluation of aerosol release, the diffusion analysis

methods of sodium aerosol in the building and atmosphere including the

detailed models such as fallout of sodium aerosols, geographical features and

weather conditions are needed. Furthermore, experimental data of aerosol

generation rate during sprayfire will be needed to evaluate the aerosol influence

properly. The R & D needs for the evaluation of aerosol behavior are as follows:
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- Accumulation of experimental data on aerosol generation rate during

sodium burning

- Development of analysis method for sodium aerosol diffusion in the

building of the plant

- Development of analysis method for atmospheric diffusion of sodium

aerosols

- Investigation of biological effect of sodium aerosols generated in an

accident

5. CONCLUSION

Sodium fire is one of the important safety issues for the liquid metal cooled

fast reactor system. Safety design principles and current design concept against

sodium fire for DFBR have been presented, and main R & D needs have been

identified as follows:

(1) Evaluation of sodium fire

• Selection of the spray fire model parameters (dependency on design )

• Improvement of analysis code

- Development of sodium transfer and burning analysis code in multi-cell

system

- Development of evaluation method for local temperature distribution

during a small leak

(2) Evaluation of sodium aerosol behavior
• Development of diffusion analysis method for sodium aerosol

• Investigation of biological effect of sodium aerosol
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