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ABSTRACT

This paper firstly classify the principles in the reactor safety area in future liquid-
metal-cooled fast reactors (LMFRs) in order to clarify fundamental objectives of the reactor
safety research. Further reduction of the occurrence frequency and also reduction of the
consequences of core disruptive accidents should be recognized as the fundamental
objectives. Secondary objectives and key R&D issues are developed under these fundamental
objectives. This structure of the objectives and R&D issues is proposed as a fundamental
framework of the safety researches aiming at development of commercialized large-scale
LMFRs. Secondly, we will summarize future experimental research needs in the reactor
safety area referring to the fundamental framework mentioned above. Our interest is focused
rather on in-pile experiments. Finally, another objective is proposed, that is how to reduce or
eliminate the recriticality event by design, utilizing the current knowledge on material motion
and interaction which has been accumulated thus far. In this report, we will show an basic
approach by means of discharging fuel out of the core. We also propose a measure for
discharging fuel to eliminate the recriticality concerns. Experimental needs are also
addressed.

1. INTRODUCTION

In the history of the safety research of liquid-metal-cooled fast reactors (LMFRs),
material interaction and relocation have been one of the major problem areas and thus
enormous research effort has been devoted to. This is because of the characteristics of
LMFR's core, such as dense arrangement of fuel pins, high power density, sodium utilization
as coolant, and that a core is not in the maximum reactivity configuration. There have been
fruitful results of the safety research in this area, however, further research needs would still
be high, if one considers aiming at a higher level of safety, or to dealing with impacts which
arise from economics requirements. Taking these circumstances into account, and also
considering the world-wide status around LMFR projects, we believe that it is a good
opportunity to re-formulate the fundamental objectives of the safety research of LMFRs. An
extrapolation-type research through the conventional method might also be necessary
especially in the area of high-performance fuel development. Some elemental experiments
might also be needed in order to clarify essential phenomena such as fuel-coolant-interaction
in certain conditions. However, these researches should also be justified in the re-
classification of the objectives.

Because our classification might not be sufficient yet, thus a new needs of a research,
if any, could always be included in the fundamental framework proposed in the next chapter.

In the proposed fundamental framework of the future safety research needs,
elimination of recriticality concerns is clearly stated. In chapter 4, we propose a formulation
of safety research for elimination of recriticality events in the transition phase.
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2. FUNDAMENTAL OBJECTIVES OF REACTOR SAFETY RESEARCH IN THE
FUTURE

It is quite natural that a fundamental approach of safety research should be objective-
oriented. To perform safety research itself cannot be an objective. A research on safety is
justified provided that its objectives are clear and reasonable. Because we are in the time of
restructuring or readjustment of LMFR development toward its commercialization, we
believe that it is worthwhile to re-classify fundamental objectives of safety research on a
long-term basis.

2.1 Principles in Formulating Fundamental Objectives

Upon consideration of fundamental objectives, enough attention is paid basically to
the following principles.

- A defense-in-depth concept must be retained in the future as a basic philosophy in
safety assurance of nuclear power plant (NPP) *).

- Three fundamental tenets in nuclear safety, namely, maintaining cooling capability,
controlling the power level, and confining radioactive materials, must be retained in
the future, as well 1).

- Characteristics of LMFR plant, either advantages and disadvantages, should be taken
into account, for example:

+ low pressure system,
+ high coolant subcooling in the normal operating condition, and
+ potential of recriticality event.

Some of further proposals in the IAEA/INSAG-5 report 1), which is stating about safety
features to be retained in the future NPPs, are taken into account such as:

- consideration of severe accidents in designing a containment system,
- dealing with a risk dominant sequence by design, that is, reduction of occurrence

frequency and/or consequence,
- utilization of passive safety features provided that their validity is proved through both

experimental demonstration and analysis,
- PSA-oriented design: reduction of either the results (frequency and consequence) and

their uncertainty.

The results of a level-2 probabilistic safety assessment (PSA) of a model plant with
medium-sized core2>3) are a i s o reflected in considering the future R&D issues.

Another factor to be reminded is an impact from economic point of view. In order to
compete with advanced LWRs, further reduction of the plant construction cost will be
pursued in the future LMFRs. There are two aspects in coping with this trend from safety
research side:

- "cost-effectiveness" should be even more considered in the safety research area, and
- to prepare clear statements against such design proposals that could lead to reduction

of safety margin.

The above requirements are not easy to be satisfied, but if one considers the reason of
the present status of LMFRs in the world, paying high attention to economics even from
safety research side is a quite important matter.

Considering these statements or circumstances mentioned above, fundamental
objectives of reactor safety research are proposed, and they are developed to secondary
objectives and R&D issues as shown in Table 1 for fuel safety and Table 2 for reactor safety.
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The fundamental objectives in both the fuel safety and reactor safety are not extraordinary;
however, some explanations for Table 2 are given below for clarification. With regard to fuel
safety (Table 1), it should be emphasized that increasing of fuel performance always requires
confirmation of fuel pin integrity assurance in transient or abnormality which could only be
realized with in-pile safety experiment, to say nothing of development of new fuel types.

2.2 Fundamental Objectives: Reduction of Core Damage Frequency

As a quantitative safety goal for core damage frequency, the report of IAEA/INSAG
4) proposes a value of 1 .OE-5/y for future NPPs taking either internal and external events into
account. Until the commercialization stage of LMFRs when a number of plants will be
constructed, there is still possibility that this goal would be diminished somewhat. In an
LMFR plant, however, this goal could be achieved by taking advantages of LMFR's safe
characteristics such as low-pressure and high-subcooling system, and introduction of anti-
seismic or seismic-isolation mechanisms, for instance. So-called passive safety measures to
shut down the reactor without active measures are hopefully expected^) for the former
approaches provided that they have tolerance against external events, but those are out of the
scope of this paper.

2.3 Fundamental Objectives: Reduction of Radiological Consequences to the
Environment

The description of the second fundamental objective, "reduction of radiological
consequences to the environment which are originated from CDAs" is a generic one. The
author's intention exists rather in the secondary objectives in Table 2 which are:

(1) elimination of recriticality event from the course of CDA,
(2) in-vessel retention,
(3) mitigation of the loadings to containment, and
(4) reduction of radiological source terms.

Here we had better summarize the results of level-2 PSA for an LMFR model plant^
3). Based on the level-2 PSA, two sequences have been identified which could threaten the
integrity of the containment, that is, energetic sequence and melt-through sequence. A typical
energetic sequence resulting in potential threatening to containment is as follows:

[Energetic Sequence]
a severe recriticality event mainly in the transition phase in anticipated transient without

scram (ATWS) accidents; expansion of the core, acceleration of the sodium slug in the
reactor vessel upward direction,;slag impact on the vessel head; sodium leakage in a spray
mode; sodium burn on the operating floor; pressurization in the containment vessel.

A typical melt-through sequence resulting in potential threatening to containment is as
follows:

[Melt-through Sequence]
mild power transient in both the initiating and transition phase; melt-down of the core debris

to the bottom of the reactor vessel due to failure of post-accident heat removal; melt-through
of the reactor vessel; interaction between high-temperature sodium and concrete; generation
of hydrogen gas; transportation of hydrogen to the operating floor; burning of hydrogen in
deflagration mode; pressurization in the containment.

There are promising measures existing or being developed to deal with the melt-
through sequence by design such as:
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- improvement of in-vessel retention and cooling capability,
- utilizing special concrete which generates less hydrogen, and
- introduction of hydrogen ignitors.

These issues have been investigated thus far and are included in Table 2.

As for the energetic sequence, an occurrence of a severe recriticality event has been
one of the key issues since the analysis by Bethe and Tait in 1956. The current approach of
safety assessment for energetic sequence is to evaluate the generated energy of recriticality
event and proving that the mechanical energy and the consequences can be confined within
the reactor vessel and containment. Our objective is to aim at a higher level of safety, that is,
to eliminate recriticality events from the course of CDAs.

There are two R&D objectives developed under this secondary objective as shown in
Table 2, namely, early termination either in the initiating phase or the transition phase. Since
the initiating phase event progression is strongly dependent on the initiating event, some early
termination measures could be investigated by event-oriented base. On the other hand, the
effect of the initiating event is weakened in the transition phase therefore phenomenological
investigation is required to consider termination measures of the event progression in this
phase. The secondary objective is expected to be achieved by taking these two different
approaches.

Examples of these approaches are described below.
If coolant boiling occurs in the initiating phase, positive void reactivity acts to

accelerate the event progression through positive reactivity feedback process. Therefore,
there is a chance to terminate the event progression before coolant boiling or after fuel
melting/failure. The former chance is often utilized by so-called passive safety measures
which have been reviewed and assessed in our paper^X The latter chance is owing to fuel
dispersal since its negative reactivity is much higher than the positive void reactivity. For
example, intra-pin fuel motion in annular fuel pellet is one of the candidate to reduce the core
reactivity.

In the transition phase, starting from partially voided and damaged core, there are
basically two approaches to reduce the recriticality potential, that is , introduction of neutron
absorber materials into the core or discharge of core fuel out of the core. The latter is touched
in chapter 4.

Below the secondary objectives of "in-vessel retention," there are two R&D
objectives listed in Table 2, that is:

- reduction of the mechanical energy generation, and
- cooling and retention of the core debris in the reactor vessel.

Generally speaking, most of the current investigations on reactor safety are included in this
box. Describing the event evolution in the initiating and transition phases, evaluating the
power excursion due to a postulated recriticality event and the resultant mechanical energy,
and structural responses of the primary boundary, all have been important issues to be
investigated. Presently it could be judged that the current level of knowledge is sufficient to
conservatively assess the generated energy of postulated recriticality event and to prove that
the mechanical energy and the consequences can be confined within the reactor vessel and
containment. Therefore the present direction would be changed somewhat in the future so as
to decrease the uncertainty, to demonstrate a new and more favorable scenario depending on
design, and to obtain database for validation of new analytical code. In any case, assessment
of retainability and coolability in the reactor vessel would always be required.
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It should be noted about new fuel types or new LMFR concepts. Upon considering
long-term development of LMFRs, we must take the possibility of new fuel types or new
LMFR concepts into account. In the recent decades a variety of LMFR types have been
proposed such as medium-sized core with metallic fuel, plutonium and minor actinide
burning core, nitride fuel aiming at passive safety features, and so on. This means that we
have to cover the wider scope of safety research in the future. However, even if the
characteristics of those cores are different from conventional mixed-oxide core, fundamental
objectives and their development to some extent shown in Table 2 could be also adopted. In
that sense, we believe that the present knowledge on material motion and interaction mainly
of large-scale mixed-oxide fuel core should be synthesized, integrated or generalized into a
form which could be utilized by people of design, regulation, and decision making. This type
of activity for the initiating phase consequences are introduced in reference 6.

3. PROPOSALS OF FUTURE RESEARCH NEEDS

Table 3 summarize R&D issues for a couple of secondary objectives for in-vessel
phase listed in Table 2. From the view-point of material interaction and relocation, the
followings could be extracted from Table 1, 2 and 3 as important R&D issues.

1) Failure threshold under slow-TOP condition for high performance fuel (including high-
burnup, high linear heat rate, and new type fuel)

2) Coolability or failure propagation of several failed pins in bundle geometry under slow-
TOP condition

3) Coolability and/or failure propagation starting from various size of local fault conditions
for high-performance fuel

4) Fuel squirting phenomena in annular fuel pin under slow-TOP and LOF-TOP conditions

5) Coolability or failure propagation in a single fuel pin and pin-bundle geometry under
conditions with low power and high coolant temperature assuming functioning of some
passive safety features

6) Fuel dispersal velocity in bundle geometry under LOF-TOP condition

7) Molten fuel penetration into upper pin bundle region

8) Fuel discharge behavior via control rod guide tube (CRGT)

9) Fuel discharge behavior via intra-S/A fuel discharge structure

10) Fuel/steel boiling pool stability

11) Interaction and coolability of discharged material from the core

to 3.
The objectives of these issues might be apparent if one compares them with Tables 1

It can be noticed, in most of these issues, that in-pile experiments are essential to
clarify each phenomena. Some of them could be studied with out-of-pile experiments
coupled with analytical works, however, considering requirements of prototypical! ty or
objectives of demonstration, we concluded that the necessity of a new in-pile experimental
facility must be growing in the early of the next century. Therefore, Power Reactor and
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Nuclear Fuel Development Corporation started a study of an in-pile experimental facility
some years ago^X

4. FORMULATION OF AN APPROACH TO ELIMINATE RECRITICALITY
EVENT IN THE TRANSITION PHASE

In this chapter, we would summarize the existing knowledge and propose a basic
approach to eliminate recriticality concerns in the transition phase.

After a molten material pool is formed in the transition phase, the molten material is in
motion driven by steel vapor pressure and gravity. If the molten material is gathered at a
point, a possibility of criticality increases. Under such a situation, how much fuel is
necessary to be discharged from the core pool to achieve a neutronically inactive state and
thereby threat of a super-prompt criticality caused by dynamic motion of the pool is avoided?
Figure 1 gives an answer to this question. The results of parametric calculations using
SIMMER-II shows, if more than 30 % of the fuel inventory is discharged from the core, that
no power burst could be expected any more even assuming a sloshing motion in a whole core
pool. On the other hand, it is known that a severe recriticality event in a pool condition could
occur only by assuming a large-scale pool with fuel inventory more than about 70%. It could
be explained by the fact that such value just corresponds to inclusion of the outer core fuel
whose enrichment is higher than that of the inner core, and also sufficiently exceeding the
effective minimum critical mass.

Although more detailed argument is necessary to present a more precise condition, it
can tentatively be said that, in order to avoid recriticality event in a pool condition, sufficient
conditions to be shown are:

(a) more than 30 % of core fuel inventory can be discharged from the core region before
a large-scale pool is formed, and

(b) other reactivity-inserting phenomena before large-scale pool formation are benign or
can be phenomenologically excluded.

Here, let us tentatively define that a large-scale pool means an inclusion of the outer
core fuel into the central pool.

(a) Fuel Discharge Problem
With regard to escape paths from the core, control rod guide tubes (CRGTs), channel

flow areas in the pin bundle and inter-subassembly (inter S/A) gaps are considered. The fuel
removal potential from each path is estimated based on analysis and mainly out-of-pile
experiments. The results are shown below:

escape path fuel removal potential (% of inventory)
flow areas in the bundle 10 ~ 15 %
inter S/A gaps 5 %
CRGTs 5 ~ 20 %
total 20 ~ 40 %

The CRGTs are promising but there still remain some uncertainties in design
dependence and fuel discharge phenomena. This is because there is a path with a large
hydraulic diameter in a CRGT; on the other hand experimental data base is very limited 7).

This competitive process between fuel discharge from CRGT and a large-scale pool
formation is schematically shown in Fig. 2. Several assumptions are made in this schematics
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such as the power level in this time period, the threshold of melt-through to neighboring S/A
and CRGT. Thus, clarification or quantification of those assumptions are subject to future
research.

(b) Problem of Reactivity-Insertion Phenomena
During the course of pool enlargement, several possible reactivity-insertion

phenomena are presented so far, such as:

1) coherent dropping of the once discharged fuel in the upper blanket region
2) voiding evolution in the low-powered S/As,
3) sloshing motion caused by FCI occurred at the failure of the central CRGT,
4) sloshing motion caused by boiling pool dynamics in a intermediate pool,
5) sloshing motion caused by FCIs occurred at invasion to peripheral S/As or CRGTs of the

pool,
6) sloshing motion caused by local pressurization due to sodium re-entry, and
7) condensation and compaction of the boiling pool caused by dropping of cold materials.

It is necessary to prove that they are benign or can be phenomenologically excluded.
Fortunately, all of these phenomena, except for 4), are those within a S/A or neighboring
S/As, which could be studied with a S/A-scale in-pile experimental facility using real
materials. With regard to the boiling pool dynamics, 4), a direct simulation is not possible in
a S/A-scale experiment. However, it is suggested through a consideration on a boiling pool
dynamics that a boiling induced sloshing motion is difficult to occur if the sizes of the steel
vapor bubbles ejected from the pool surface is sufficiently smaller than the pool depth or
diameter. This is a proposed criterion of boiling pool stability^). As for the size of steel
vapor bubble, an in-pile experiment with S/A-scale is promising to demonstrate such an
elemental phenomenon.

Summarizing these considerations, seven questions below are formulated in order to
eliminate recriticality concern in the transition phase:

Ql Power level in the early transition phase considering fuel reconfiguration and voiding
evolution in the lower-powered S/As.

Q2 Melt-through into neighboring S/A.
- conditions of initiation (temperature, pressure)
- interaction, invasion, and mixing

Q3 Melt-through into CRGT
- conditions of initiation (temperature, pressure)
- interaction, invasion, and mixing
- discharge behavior of fuel from the core via CRGT

Q4 Coherent dropping of fuel blockage at upper core region.

Q5 Sloshing motion caused by boiling pool dynamics in a intermediate pool

Q6 Sloshing motion caused by local pressurization due to sodium re-entry.

Q7 Condensation and compaction of the boiling pool caused by dropping of cold materials.

If the fuel discharge from CRGT is not sufficient or too delayed, then we could
propose additional escape path from the core, that is intra-S/A fuel discharge structure^).
This is a concept of an internal duct with large hydraulic diameter as an escape path for
molten fuel discharge, which is placed in an usual fuel S/A, and filled with inert gas or almost
stagnant sodium. Since this has very simple structure and is placed in fuel S/A, fuel
discharge from the core initiates in very early stage of the transition phase or even in the late
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initiating phase. If several or ten such structures are introduced into a core after proving its
validity, it is considered that elimination of recriticality concern could be achieved more
certainly. Figure 3 schematically shows an expected early termination behavior with
introduction of such structures.

It is natural to keep consistency between the scenario of transition phase and post-
accident phase. If one takes a scenario of fuel discharging from CRGTs or other special S/As
for transition phase, R&Ds of post-accident phase should be concentrated on the same
scenario. That means jet-type fuel relocation to lower part of the core. It could be pointed
out that the quenching, retention, and cooling problem should be treated in a consistent
manner.

5. CONCLUSIONS

1) Fundamental objectives of safety research in the future LMFRs are proposed, and they
are developed to each R&D issues.

2) Elimination of recriticality concerns is stated in the proposed formulation.

3) Major R&D issues are identified which are necessitated in achieving the fundamental
objectives.

4) Necessity of a new in-pile experimental facility is recognized. The necessity must be
growing in the early of the next century.

5) An basic approach is proposed to eliminate recriticality concerns in the transition phase
by means of discharging fuel out of the core.
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Table 1 Proposed fundamental objectives in fuel safety research for future LMFRs

en
CO

fundamental
objectives

assurence of
reliability in normal
operation and
safety in
abnormality/
accident conditions
in higher
performance fuel

+ support their
development

secondary
objectives

assurence of fuel pin
integrity

prevention of propagation
of abnormality

R&D objectives or
issues

reliability assurance
under normal operation
condition

assurance of fuel pin
inetgrity under transient or
abnormal condition

prevention of
propagation of local
abnormality

reliability improvement of
plant protection system
agains local abnormality
(for ex., setting of scram
level for DN signal)

R&D measures

I
0
A

I, A

I
0
A

I
0
A

O: out-of-pile exp., I: in-pile exp., A: analytical code



Table 2 Proposed fundamental objectives in reactor safety research for future LMFRs

i
en
oo
CO

I

fundamental
objectives

reduction of
Core Damage
Frequency
(CDF)

< 1 .OE-5/y or
less considering
both internal and
external events

reduction of
radiological
consequences
to the
environment
originated from
CDAs

by means of in-
vessel retention
and keeping
containment
integrity

level of defence-
in-depth for CDA

prevention of
initiating events
potentially leading
to CDA

prevention of
propagation to
whole core
damage

mitigation of the
consequences
of CDA within
reactor vessel

confinement of
the
consequences
of CDA within
containment
system

secondary
objectives

reliability improvement of
engineered safety
features

reduction of the
probagation possibility to
whole core damage by
means of introduction of
inherent or passive safety
features

elimination of recriticality
event

in-vessel retention

mitigation of mechanical
loadings to containment

reduction of the radiological
source terms

R&D objectives or
issues

- reactor shutdown system
- decay heat removal system
- anti-seismic or seismic-isolation
mechanisms
- development and introduction of

negative reactivity insertion measures
which utilizes inherent or passive
mechanisms

- development and introduction of decay
heat removal measures which utilizes
inherent or passive mechanisms

- early termination in the initiating phase
- early termination in the transition phase

- reduction of the mechanical energy
- cooling and retention of the core

debris

- mitigation measures for hydrogen
burn and sodium burn

- clarification of source term
transportation behavior

- development of reduction measures



Table 3 Development of secondary objectives to R&D issues and measures (1/2)

on
CO
CD

fundamental
objectives

reduction of
radiological
consequences
to the
environment
originated from
CDAs

by means of
in-vessel
retention and
keeping
containment
integrity

secondary
objectives

elimination of
recriticality
event

R&D objectives

- early termination
in the initiating
phase

- early termination
in the transition
phase

R&D issues

1) fuel behavior under low power high
temperature conditions (boiing, failure
propagation, coolability)

2) early fuel dispersal
- squirting
- fuel discharging structure

3) elimination of super-prompt criticality
(fuel dispersal in bundle geometry)

1) discharge potential of existing
escape paths

2) elimination of positive reactivity
insertion mechanisms during pool
enlargemtnt

3) fuel discharging structure

4) melting-in of neutron absorbing
material

R&D
measures

1)1, A

2)1, A
O,A,I

3)1, A

1)0, 1, A

2) 0, 1, A

3) 0, 1, A

4) 0, 1, A

O: out-of-pile exp., I: in-pile exp., A: analytical code



Table 3 Development of secondary objectives to R&D issues and measures (2/2)

en
CD
O

fundamental
objectives

reduction of
radiological
consequences
to the
environment
originated from
CDAs

by means of
in-vessel
retention and
keeping
containment
integrity

secondary
objectives

in-vessel
retention

R&D objectives

- reduction of the
mechanical
energy

- cooling and
retention of the
core debris

R&D issues

1) evaluation of energy generation

2) evaluation of mechanical energy
conversion and transmissin

3) mechanical energy dissipation
structure

1) material relocation
jet / massive mode (depending on

scenario)

2) quenching/ coolable geometry

3) long-term retention structure

4) long-term decay-heat removal

R&D
measures

1)1,0, A

2) 1,0, A

3 )0 , A

1)0, A, I

2) 0, A, I

3 )0 , A

4 )0 , A

O: out-of-pile exp., I: in-pile exp., A: analytical code
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* .: R&D issues

depending on fuel
discharge behavior
via CRG~T
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: R&D issues depending on fuel
discharge behavior
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