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Abstract

The paper reviews self-actuated shutdown systems (SASSs) for liquid metal-cooled
fast reactors (LMFRs). Principles of operation are described, advantages and drawbacks
analyzed, and prospects for application in advanced fast reactors examined.

Ways to improve reactor self-protection via reactivity feedback amplification and
related problems are discussed.

1. INTRODUCTION

A major task to be achieved in advanced reactors is to ensure reactor self-protection
in the case of the most severe accidents, i.e., unscrammed loss-of-flow (ULOF), unscrammed
loss-of-heat sink (ULOHS) and unscrammed transient-over-power (UTOP).

Hence, reactor safety is to be ensured in the case of any accident, even under
conditions of total active system failure, i.e., by means of inherent safety features and
specific self-actuated systems and elements.

Reactor shutdown is a key safety function that should be effective in any accidental
event.

Reactor power can be lowered to the safety level under the conditions of active
reactor protection system failure via effective negative reactivity feedback, self-actuated
shutdown systems or simultaneous application of both.

Interest in self-actuated shutdown systems has never ceased. However, it was
advanced reactor concepts as well as high modern safety standards that led to SASS
development. A wide range of experiments to prove self-actuated shutdown systems
feasibility are being conducted in parallel with theoretical studies. For instance, SASSs
application in LMFRs is currently under study.

Simultaneously, the full potential of inherent LMFR safety features is being
investigated. Here most comprehensive way of attaining reactor self-protection is negative
reactivity feedback amplification.

The present paper discusses the requirements of self-actuated shutdown systems and
LMFR characteristics, and analyzes advantages and disadvantages of some of the means as
well as their prospects.

2. GENERAL REQUIREMENTS OF PASSIVE SHUTDOWN SYSTEMS

The general requirements of passive shutdown systems in sodium-cooled fast reactors
are determined taking into account the following pre-requisites. The system should ensure
termination of the accident and transition of the reactor to a safe condition. In practical
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terms, this implies the impossibility of fuel element melting and coolant boiling.
Requirements for a self-actuated shutdown system of this kind for the BN-800 fast reactor
are as follows:

It should be efficient enough to shut down the reactor (about -0.8 % Ak/k).
It should be activated by a core outlet sodium temperature of 650°C or by an in-core
coolant flowrate drop below 0.6 of the nominal value.
The delay between reacting the trip point and operation of the passive system should
not be long enough to lead to multiple fuel pin cladding failure (delay not exceeding,
2 sec), nor to sodium boiling in the core (delay not exceeding 5 sec).
It should differ in design from the standard shutdown system.
It should be insensitive to displacements due to temperature in the upper part of the
reactor.
The absorber position in self-actuated shutdown system devices should be under
control.
Unloading of self-actuated shutdown system devices by the standard transfer machine
should be practicable.

3. CLASSIFICATION OF SELF-ACTUATED SHUTDOWN SYSTEMS

Self-actuated shutdown systems can be classified according to their methods of
influencing neutron flux, according to their principles of operation and the range of accidents
the system is intended for, or according to the form of the absorber.

Solid absorber insertion into the core is used to influence neutron flux in virtually all
backup passive reactivity shutdown systems for fast reactors except for gas expansion
modules (GEMs), whose operation is based on varying the neutron leakage.

The actuation principles employed in the devices differ greatly. They are as follows:

absorber rods or balls suspended in the coolant flow which go down into the core
when the coolant flowrate drops,
coolant expulsion from the core in the event of pump turn-off,
temperature-induced changes in magnetic properties of the materials used in the
control rod latches, which result in the rods being released;
temperature-induced changes in the form of the materials used in the latches which
result in the rods being released;
elongation of special elements caused by coolant temperature increase and resulting
in absorber rod release and insertion into the core;
direct connection of the latch to a standard power supply.

4. BACKUP PASSIVE SHUTDOWN SYSTEMS FOR FAST REACTORS

4.1. SADE system

The EFR project employs the so-called "third shutdown level" based on passive
principles in order to bring the reliability of the shutdown system to the required level. The
SADE system is a part of this system. It employs passive means to block the power supply
to electric magnets of some groups of DSD (diverse shutdown rods) after loss of power in
the primary circuit pumps.
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SADE is a passive system. The fact that it uses the rods of the standard shutdown
system may be considered its major drawback. The system is applicable to ULOF and
ULOHS types of accidents. A similar system is provided for the U.S. Advanced Liquid
Metal Reactor (ALMR).

4.2. Control rod enhanced expansion device (CREED)

CREED is the second component of the "third shutdown level" for the EFR. It is a
self-actuated shutdown system with absorber rod insertion into the core resulting from an
increase in the core outlet temperature. The purpose of the device is to prevent sodium from
boiling in the core.

The EFR project studied two variants of the CREED concept. One is based on
thermal expansion of a fixed mass of liquid sodium (Fig. 1), while the other depends on the
elongation of a stack of bimetallic washers (Fig. 2) 121. These variants have a common
principle for absorber rod delatching. A temperature rise results in displacement of one
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FIG. 1. Enhanced thermal expansion hydraulic ring concept.
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FIG.2. Enhanced thermal expansion bimetallic ring concept.

element of the socket in a ball and socket joint resulting in release of the balls and allowing
the absorber rod to drop into the core.

CREED is an effective remedy for ULOF and ULOHS accidents. It ensures that the
maximum permissible sodium temperature, 900cC, is not exceeded.

Among the advantages of CREED we can note its complete independence from the
main reactor shutdown systems and its compact form.

Application of the principle of solid absorber rod insertion which is employed in the
standard shutdown systems, constitutes the main drawback of CREED. In addition, the latch
is not immune to failure, e.g., as a result of coolant impurity deposition on it, or when two
elements in contact with each other get stuck together. The actuation temperature threshold
for these devices may vary widely. The devices cannot be reset.

4.3. Gas expansion modules (GEMs)

These devices are based on variations in neutron leakage from the core due to changes
in coolant volume (Fig.3). The device in question is intended for reactor protection in ULOF
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accidents /3/ . A cut in primary pump power leads to a drop of core inlet pressure which in
turn results in a drop in the sodium level in the GEM.

FIG. 3. Gas expansion module.

A device of this type has been tested in the FFTF reactor and has proved to be
operational. At present GEMs are planned to be used in the PRISM reactor design. They
are intended to provide negative reactivity insertion of about -$0.5 - $0.8.

This method of negative reactivity insertion is characterized by fast response, does
not employ moving parts, can be used many times without special operations to reset it, and
is easy to control.

It has the following drawbacks:

It is not multipurpose: it is practicable in the case of only one accident, i.e.,
loss-of-flow through the reactor core (ULOF).
GEMS are most efficient in small-power reactors in which neutron leakage
plays a major role; their efficiency in more powerful reactors is much lower.
The efficiency of a GEM decreases at low coolant flowrate.
Special procedures must be developed and employed for installation of a GEM
into the reactor.
Coolant can trap the gas from GEM, especially in transient regimes (pump
startup, flowrate change, accidental transient), which may lead to a decrease
in its efficiency.

4.4. Flow suspended rods

The principle of operation of hydraulically suspended rods is as follows. Under the
normal conditions of reactor power operation absorber rods are suspended in the coolant
flow, their absorbing part being above the core. In ULOF accidents when the coolant
flowrate through the core ceases, the rods go down into the core under their own weight
(Fig.4) /4, 5/.

Some time ago these rods were studied as a passive safety device within the British
CDFR project. They had an independent circulation loop with a special pump that turned
off simultaneously with the primary circuit pumps in the case of a power cut.

Development of such devices is now under way in Russia.

The Russian variant is based on the flow-suspended rods containing boron carbide,
which are placed in a standard shutdown system subassembly. The subassembly is placed
in the core and its actuation is induced by the changes of coolant flowrate in the core.
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FIG. 4. Passive secondary shutdown system
with flow-suspended rods for BN-800.

In order to prevent absorber rods from rising during reactor shutdown in the event
of unauthorised increase in flowrate above the allowable level, provisions are made for the
hydraulic relief of the actuating part. The rods are returned to the upper working position
with the help of grips before power increase takes place.

Devices of this kind are being developed for BN-600 and BN-800 reactors /4/. Their
flowrate actuation threshold has been set at 0.6 of the nominal value. Thus, reactors can be
also run on two out of three working loops.

Numerous in-core and simulation experiments have been made in order to confirm
the correct operation of these flow-suspended rods.

The actuation mode of the rods has been tested in the BR-10 reactor, inclusive of on-
power operation. Design characteristics including the time of insertion into the core (0.7 sec
and 1.2-sec for different variants) were substantiated. Longevity tests are underway in the
BR-10 reactor; the devices in question are actually being used as the standard reactor
protection system.

84



A full-scale simulation of such a device for the BN-600 reactor is being tested in a
hydraulic (water) mock-up. Results concerning the characteristics of such devices when
employed in power reactors were obtained. These include the time of insertion of the rods
into the core which were 4.7 and 6.1 sec for two variants. These characteristics ensure
reactor shutdown with a temperature margin to sodium boiling exceeding 200 °C.

These devices have the following advantages:

simple actuation principle employed;
rather fast response providing a considerable temperature margin to sodium
boiling;
can be used many times with only a simple inspection and resetting procedure
to restore the operational configuration of the device.

The drawbacks are as follows:

it is not multipurpose, i.e., it can only be used in loss-of-flow accidents
(ULOF).
it employs the same principle of solid absorber rod insertion as the standard
shutdown system.
it has a limited range of allowable coolant flowrate values in the core.
operational parameters may change due to changes in hydraulic characteristics,
i.e., due to the deposition of impurities or oxides on the flow part of the
device and its elements.

4.5. Absorber balls shutdown system

The self-actuated shutdown system proposed in 161 is similar in its principle to the
flow suspended rods. The difference is that it employs flow suspended absorber balls instead
of rods. In addition, in order to widen the range of accidents by which the device is actuated,
it contains a shutoff valve actuated by a thermal device based on a Curie point magnet. The
latter is actuated by the increase of the coolant temperature and blocks the passage of coolant
through the shutdown device, which also results in the insertion of absorber balls into the
core (fig.5).

Due to the above, the device has some advantages over the flow suspended rods:

it is more versatile and ensures safety not only in ULOF, but also in UTOP
and ULOHS accidents;
it uses a different principle of absorber insertion into the core as compared to
the standard shutdown systems, which enhances its immunity to common
mode failure;
significant deformation of the core cannot prevent the insertion of the
absorber.

We can also list the following drawbacks:

Absorber balls can leak from the device if it loses integrity;
The possibility of the absorber balls jamming in the upper or lower position
cannot be excluded;
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FIG. 5.

The possibility of self-welding of the absorber ball cannot be ruled out.

4.6. SASS based on curie point magnets (CPM)

Development of SASSs based on Curie point magnets is underway in Russia 14, 5/
and Japan 111.

Magnetic materials are used in the latch that holds the absorber rods above the core.
The materials lose their magnetism at a definite temperature. Thus, in accidents involving
temperature increase the absorber rod is released and dropped into the core.

In Japan, research on such devices is based on electromagnets, while in Russia
devices of this kind are developed as fully autonomous.

A most important task is to fmd materials that significantly change their magnetic
properties within the desired temperature range. For the device under development in
Russia, the actuation temperature, i.e., the temperature of the coolant, is taken to be 650-
670°C with the condition that the actuation time should not exceed 5 sec. A very important
feature of the magnetic material for the autonomous variant is the weight it can hold.

In order to ensure the desired rated load the following configuration of the CPM is
used. It consists of a permanent magnet made of magnetic alloy with axial magnetization,
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FIG. 6. Mock-up design of magnetic actuating device.

a surrounding screen made of ferrous-nickel alloy with a Curie point of 620 °C, and the
armature made of Armco iron which is connected to the absorber rod.

Fig.6 shows a mock-up design of the CPM device for an experiment in a sodium rig.
The experiment tested its rated load in a flow of sodium in the temperature range of 300 -
680°C, with a rate of temperature increase in the device of about 12°C. The rated load of
the device in a gaseous atmosphere is about 8.2kg at room temperature and 2.8kg at 680°C.
To study the effects of irradiation, magnetic material specimens have been placed in the BR-
IO reactor.

These S ASS devices have the advantage of versatility and can be used to prevent any
type of accident.

Their drawbacks are as follows:

They employ the same principle of solid absorber insertion into the core as the
standard shutdown system;
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The device may fail to demagnetize due to either insufficient temperature
increase in the temperature-sensitive material or increase in its sensitive
temperature. The former may result from changes in thermohydraulic features
of the device and the basic, thermo-physical properties of the thermosensitive
material. The latter may be due to changes in temperature / magnetic
properties as a result of gap reduction, e.g., due to accumulation of some
magnetic material from the coolant, swelling of the material, etc., or Curie
point rise and changes in magnetic permeability.
The latch may fail to release despite demagnetization of the material, e.g., due
to adhesion of the magnet and the rod.

4.7. SASS based on shape memory alloys

Such devices are currently under development in Russia /4, 5/ and in Japan.

The absorber rod is held above the core with the help of a SASS device based on
shape memory alloys. When the temperature of the latch reaches a certain level it changes
its form and releases the absorber rod which falls down into the core. A method for shaping
the material as applied to different rod designs is being developed.

Ti-Ta and Ti-Ta-Hf alloys with a shape recovery temperature of 650° C were selected
for the purpose. Currently corrosion studies and mechanical tests are underway.
Investigations of titanium alloy in the form of a disk spring pack show that these elements
can provide the following characteristics - an actuation time of Is, a stroke of 6-8 mm, and
a force developed of 700 N. Also tested is a titanium-based alloy with addition of rhodium
which would have the required level of shape memory temperature.

The device can be used in different types of accidents. The drawbacks are as follows:

principle of solid absorber insertion common with the standard systems;
possible irradiation-induced changes of the properties of the material.

4.8. General comments on SASS devices

Analysis of the SASS devices under development shows that;

a) Solid absorbers are mostly used (except for GEMS), usually in the form of rods (the
only exception is the use of absorber balls).

b) Hence, they all belong to passivity category C (except for GEMS, which belong to
category B) /8/.

c) The principle of solid absorber insertion, which is common to standard shutdown
systems, makes most of the self-actuated devices vulnerable to common mode failure
simultaneously with that of standard shutdown systems. Common mode failure may
be caused by absorber rod jamming due to core deformation resulting from swelling
or transient conditions, etc. (except for absorber balls and GEMS).

d) Only temperature-actuated SASS devices are applicable to different types of accidents.
SASS devices adapted to coolant flowrate changes can be used for a limited range of
accidents (ULOF).

As to application of SASS devices in advanced reactors, temperature-activated
devices, which are applicable to all severe accidents, are considered the most promising.
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SASS devices sensitive to specific types of accidents should be used in combination with
other means so that the whole range of possible accidents is covered.

Development of SASS devices with a liquid absorber is very promising. It will raise
the degree of passivity to category B. At present, preliminary studies of such a device using
cadmium or indium as an absorber are underway. The device is temperature-actuated and,
in addition, functions as a means of reactivity feedback amplification in the initial stage of
the accident.

5. Analysis of the effect of reactivity feedback amplification

Reactivity feedback amplification is an effective and universal means of reactor self-
protection in the case of severe beyond-design-basis accidents.

In sodium-cooled fast reactors, this implies that even in the most severe accidents
sodium boiling and fuel melting do not take place. However, in some cases avoiding sodium
boiling and flow melting can be seen as a conservative measure in avoiding core damage.
For instance, in the case of negative sodium void effect of reactivity (SVER), sodium boiling
and fuel melting in the limited central part of fuel pins does lead to rapid onset of damage
to the core. At present, the SVER value in the core of the BN-800 reactor is close to zero
(-0.1% Ak/k).

Analysis of the relations between reactivity feedback components that provide reactor
self-protection and taking into account the dynamic factor effects, shows that, in order to
ensure reactor safety in the most severe ULOF accident, it is the reactivity feedback
components determined by the temperature of the coolant in the core and in the core outlet
that should be amplified 191.

These components may be as follows:

the effect of radial expansion of the core;
the effect resulting from the insertion of absorber, into the core, e.g., due to
control rod drivers expansion;
thermal expansion of specific sensitive elements placed in the coolant flow.

However, reactivity feedback amplification may lead to reactor instability, instability
boundaries being closer than is called for by self-protection requirements.

As an example, Figs. 7-12 show the calculation results for two transients for a BN-
800 reactor type under ULOF conditions.

In the first transient (Figs. 7-9) an additional reactivity component, besides the usual
ones is introduced. It is caused by changes in the temperature of sodium, at the outlet of fuel
subassemblies in the core with a reactivity coefficient at this temperature being equal
to -2*10"5/°C. This corresponds to an increase of core radial expansion.

It is obvious that the reactivity feedback amplification is insufficient to prevent sodium
boiling in the core. However, it also induces reactor instability. This is due to the fact that
the response of the component in question to the initial disturbance takes place with a
significant phase shift. This fact requires careful analysis of the effects caused by expansion
of control rod drivers and their displacement with respect to the core.
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FIG. 7. Accident ULOF for the reactor BN-800.
Application of negative reactivity feedback depending
on core outlet sodium temperature.
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FIG. 9. Accident ULOF for the reactor BN-800.
Amplification of negative reactivity feedback depending
on core outlet sodium temperature.
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FIG. 10. Accident ULOF for the reactor BN-800.
Amplification of negative reactivity feedback depending
on sodium temperature in the core midplane.
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FIG. 11. Accident ULOF for the reactor BN-800.
Amplification of negative reactivity feedback depending
on sodium temperature in the core midplane.
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In order to ensure reactor stability in the case of reactivity feedback amplification, use
can be made of sensitive elements operating on coolant temperature changes averaged over
the height of the core.

Figures 10-12 show the results of calculations of the variant in which the thermo-
sensitive element is placed in the median plane of the core. The reactivity coefficient
is -6*10"5/°C. The process of lowering reactor power in this case is seen to take place
without self-sustained oscillations. Sodium in the core does not boil.

6. Conclusions

The above SASS devices significantly enhance the reliability of the reactor shutdown
function, making the reactor passively safe and ensuring its self-protection against, some or
all beyond design basis accidents.

It would be expedient to use SASS devices in advanced reactor designs.

Reactivity feedback amplification is an effective means of increasing reactor self-
protection in severe accidents. A thorough analysis of reactor stability is necessary in this
case.
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