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Abstract

This paper presents a review of decay heat removal systems (DHRSs) used in liquid
metal-cooled fast reactors (LMFRs). Advantages and the disadvantages of these DHRSs,
extent of their passivity and prospects for their use in advanced fast reactor projects are
analyzed. Methods of extending the limitations on the employment of individual systems,
allowing enhancement in their effectiveness as safety systems and assuring their total
passivity are described.

1. INTRODUCTION

Decay heat removal after a reactor shutdown is one of the most important safety
functions. The degree of reliability of fulfillment of this function affects decisively the
safety level of a nuclear power plant (NPP) as a whole. One of the main points in the
concept of designing new-generation advanced nuclear power plants of any type is to aim at
a maximum use of the inherent safety properties characteristic of this reactor type.
Therefore, design workers tend, to an ever-increasing degree, to use as safety systems those
based on passive principles. As applied to decay heat removal systems it means using natural
convection of coolant as a motive force.

This paper deals mainly with the problem of technical feasibility of passive decay heat
removal systems for fast reactors.

It should be noted that in the field of fast reactors, considerable experience has been
already gained of using natural-convection coolant systems for decay heat removal. Not all
of these systems can be formally classified as fully passive ones in compliance with the terms
and recommendations adopted in [1] because many of them are based on a combination of
passive and active principles for starting up the system and for heat removal. However,
available experience of the operation of these systems and experimental studies can be of
value for designing fully passive DHRSs for advanced fast reactors. And this experience can
be useful for other types of advanced reactors as well.

2. GENERAL ASPECTS OF THE TECHNICAL FEASIBILITY OF PASSIVE DHRSs

Let us try to formulate general criteria for what should be understood by technical
feasibility of passive DHRSs?

In the technical feasibility problem of passive decay heat removal systems there can
be noted the following general points:

A. To show the basic possibility for realization of a particular passive heat removal
method. The problem is divided into two tasks: assurance of passive start-up of the
system and of its subsequent passive operation.
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B. The limits of applicability of a particular passive heat removal method should be
shown both as to the applicable reactor types and for their power range. Note, that
a reactor type determines the possible range of main reactor plant parameter variation
during operation of the system under consideration.

C. A spectrum of accidental events in which the use of the considered heat removal
method is possible should be defined. This aspect also is dependent on reactor type.

D. The stability of passive heat removal system characteristics should be validated
relative to the possible effect of external and internal factors, including relative to the
initial state of the reactor and system, and relative to single failures and common
mode failures as well.

3. MAIN TYPES OF DHRSs USED IN LMFRs

In most accidental events in fast reactors a system of normal heat removal to the third
circuit through steam generators is used for decay heat removal. Usually these systems are
not safety-grade systems.

As a rule, in LMFRs, for decay heat removal in the most severe accidents, special
systems are provided based on heat removal to air as a final heat sink. Heat removal in them
is accomplished through forced or natural convection of coolant and air, or by a combination
of driving forces. These systems can be classified in different ways:

by the degree of their dependence on power supply sources, i.e. on the principle of
their operation, either passive or active;
by the location of these systems in the nuclear power plant layout;
by the method of heat transfer to air: the use of sodium-air heat exchangers (AHXs)
based on convection or heat removal through the reactor vessel - a combined use of
convective and radiative means for heat removal, etc,.

At present the most widespread method of classification of these systems is by their
position in the nuclear plant layout (Fig.l).

So there can be decay heat removal systems which remove heat directly from the
reactor vessel - direct reactor auxiliary cooling systems (DRACS). Such systems are used
in pool-type reactors (SPX-1 in France, the European Fast Reactor Project (EFR) (Fig.2),
the BN-1600 project in Russia, etc.), or in so-called top-entry loop-type fast reactors (the
DFBR project in Japan). In DRACS specially provided loops with immersed sodium-sodium
heat exchangers are used for heat removal from the reactor vessel. These systems are fully
independent of the normal heat removal systems.

In contrast to DRACS, systems also removing decay heat from the primary circuit -
so-called primary reactor auxiliary cooling systems (PRACS) - use a heat exchanger in the
IHX and so in the normal flow path for primary sodium. Heat is then removed to air
through special loops, as in DRACS (PFR in Great Britain).

For loop-type LMFRs (Monju in Japan) and in some pool-type reactors (SPX- I in
France, the BN-800 project in Russia (Fig.3)) there are decay heat removal systems
connected to the secondary circuit - intermediate reactor auxiliary cooling systems (IRACS).
This version of DHRS is characterized by integration some equipment of the safety system
with the normal operational system functions.
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Fig. 1. Principle scheme of different types of DHRS.
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Fig. 3. DHR Safety Related System (BN-800).

All the above DHRSs use sodium-air heat exchangers for heat transfer to air. In
some reactors, the systems for air cooling, of the external surfaces of steam generators (SGs)
are used as IRACS (Phenix in France, BN-350 reactor in Kazakhstan, FBTR in India).

Within the framework of the American modular liquid metal-cooled fast reactor
PRISM project, a qualitatively different way of heat removal from the reactor was proposed
through the reactor and guard vessels to air passing in the gap between the guard vessel and
the reactor silo lining or supply header (Fig.4).

It should be noted that systems for heat removal through the reactor vessel exist in
the Phenix and SPX-1 reactors. In these, heat is removed not to air but to the water cooling
system placed within the reactor silo concrete. The water cooling system is an active one.
As it is difficult in practice to make these systems passive, we shall not analyze them below.

However, from the viewpoint of safety requirements, the classification of the systems
under consideration by their degree of passivity is an important approach.

Thus the system for heat removal through the reactor vessel - reactor vessel auxiliary
cooling system (RVACS) - is a fully passive one and is classified according to the degree of
passivity of classification adopted in [1] as category B.

In many DHRSs with AHX, forced circulation of coolant in some circuits is provided
for normal operation and the natural convection conditions provide stand-by cooling for the
case of forced circulation failure. However, such systems were always designed on the basis
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Principle scheme of traditional system
of emergency decay heat removal through
reactor vessel wall

Proposals to improve the traditional system

1 -main vessel, 2-gap between main vessel and guard
vessel, 3-guard vessel, 4-gap between guard vessel and
air supply header, 5-air supply header, 6-gap between air
supply header and reactor silo lining, 7-reactor silo lining,
8-air inlet, 9-air outlet, 1O-outlet part of air path (exhaust
stack), 11-plates, 12-fins, 13-perforated screens, 14-holes in
the screens

-* Arrows indicate air flow direction
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that the DHRS should also ensure decay heat removal with the required efficiency under
natural convection conditions. Nevertheless DHRSs with AHX cannot be classified as wholly
passive systems, because some active components (air dampers and, perhaps, sodium valves)
are used in their start-up. At best the degree of passivity of these systems can be brought
to category D, being intermediate between the passive and active systems.

The degree of passivity of DHRSs with AHX can be enhanced up to category B by
designing for a permanent heat loss through the DHRS at a level which would ensure reactor
plant safety even in the event of total failure of all active heat removal systems. Such a
solution has been adopted in the EFR project. On three of six DRACS loops the dampers are
in a fixed open position during normal power operation ensuring a permanent heat loss of
about 30 MW.

It should be noted that natural convection cooling is also used in fast reactors for
ensuring core debris confinement, within the reactor vessel. A so-called core catcher at the
bottom of the reactor vessel specially provided for this purpose (SPX-1, the BN-800 project)
is designed so as to assure efficient decay heat removal from the destroyed core using natural
convection of the coolant.

4. PROSPECTIVE DHRSs FOR ADVANCED LMFRs

Let us analyze some advantages and disadvantages of various DHRS designs revealed
as a result of experimental and calculational studies aimed at the determination of the
prospects of their use in advanced LMFR projects. An analysis of the maximum attainable
degree of passivity for a particular DHRS design and of its applicability limits is presented.

1) RVACS

This system has been designed for advanced PRISM project and is a fully passive one
(category B). The system is extremely simple and considerably reduces the number of
elements which must meet safety requirements [2,3].

Its main disadvantage is its restricted applicability. At present this system has been
adopted and investigated as applied to low-power reactors. The determining parameter for
RVACS is not the absolute value of reactor power but its ratio to the heat capacity of the
reactor vessel (or to the reactor vessel volume) and to the reactor vessel-to-air flow heat -
transfer surface.

The calculational studies conducted confirm this. Reactors such as BN-1600 and
SPX-1 prove to be more suitable for using these systems than, e.g., the BN-800 reactor. For
the BN-1600 reactor during RVACS operation, the maximum level of average sodium
temperature in the reactor vessel will not exceed ~ 730-820°C, whereas for the BN-800
reactor it will be ~ 770-870°C, all other things being equal.

Studies on RVACS efficiency enhancement are currently under way. The following
are possible:

an increase of the exhaust stack height;
the use of special radiation collectors with modified heat transfer surface located in
the gap between the guard vessel and reactor silo lining (Fig.4);
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optimization of the gap width between the guard vessel and reactor silo lining;
abandoning of the guard vessel and passing its functions to the reactor silo lining
(such abandonment was studied for the French SPX-2 reactor project);
filling the gap between the reactor main and guard vessels with sodium.

Methods of surface modification for the heat radiation collector have been proposed
as follows:

the use of porous material [4];
the use of longitudinal fins [5];
the use of plates placed at an angle to the guard vessel surface [6];
the use of a pack of semipermeable screens which can be made in the form of grids,
perforated screens or semipermeable films [6].

In Figs.5-9 the calculation results of the use of the RVACS applied to the BN-800
reactor are presented. In Fig.5 the results of optimization of the width of the gap between
the guard vessel and the reactor silo lining for conventional RVACS (as in PRISM) are
presented.

In Figs.6-7 the results of optimization of the gap width and the number of screens for
an advanced RVACS with semi-permeable screens are shown. Fig.8 illustrates the
dependence of the maximum level of the average mixed coolant temperature in the BN-800
reactor vessel on the initial power level. In Fig.9 the results of gap width optimization for
a version without the guard vessel are presented.

In these figures the following symbols are used:

H - height of air path exhaust stack,
e - emissivity of reactor vessels and reactor silo lining materials,
N - the number of semipermeable screens in the heat radiation collector,
INA=O - a system operation mode when the gap between the reactor vessel and the
guard vessel contains no sodium.
INA= I - a system operation mode when the gap between the reactor vessel and the
guard vessel is filled with sodium.

These figures illustrate possibilities of improving RVACS characteristics and of
extending their applicability limits. Investigations have shown that RVACS can also be used
for larger power reactors but the relationship between power, vessel size and sodium
temperature under RVACS operation leads to a limitation or reactor power.

In connection with the above, there arises a problem of experimental, and
calculational study of RVACS for larger power reactors, in particular, the problem of an
investigation of natural coolant convection in large vessels during RVACS operation.

2) IRACS

Air heat exchangers have considerable hydraulic resistance so that there is only one
practical possibility for their attachment to the secondary circuit, i.e. on a by-pass to the
main normal heat removal line pipework. This can be a by-pass of the main pipe section
with a check valve on it (SPX-1), or a by-pass relative to the steam generator (BN-800). In
any case, their will be active components such as sodium valves and air dampers within the
DHRS.

273



Maximum coolant temperature in the reactor vessel as function of width of the gap between guard
vessel and reactor silo lining
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FIG. 7. Maximum coolant temperature in the reactor vessel as function of number of
perforated screens (improved RVACS with screens)
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FIG. 9. Maximum coolant temperature in the reactor vessel as function of width of the gap
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The use of air cooling system on the outside of a steam generator as an IRACS has
the following advantages:

such active components as sodium valves are eliminated;
the coolant circulation circuit has a more simple arrangement, there are no by-passes.

It is seen that even in the case of natural circulation in all DHRS circuits there is a
dependence on the serviceability of active components. In addition, the stability of
circulation depends on the initial temperature condition of the DHRS and of the reactor plant
as a whole, on the transient conditions of such active components as the main primary and
secondary pumps and on the procedure for putting the DHRS into operation. Making such
systems fully passive is possible by means of partial opening of sodium valves and air
dampers during NPP normal operation. However, it results in deterioration of NPP
economic factors. In addition, uncertainty in the conditions of passing from forced to natural
circulation, which are accompanied by main primary and secondary pumps coast-down,
cannot be eliminated in principle. Therefore, it cannot be eliminated in principle a chance
of occurrence of conditions impeding the esstablishment of natural convection of coolant in
the DHRS and even its reversability.

In addition IRACS have the following disadvantages. Unclosed sodium valves on the
main pipe line lead to marked deterioration of decay heat removal efficiency. In IRACS a
great number of components must meet the enhanced requirements put on safety grade
systems.
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3) DRACS

DRACS removes heat directly from the reactor vessel with the use of special loops
independent of the main heat removal loops. Such independence allows elimination of
sodium valves performing a switch-over of heat removal from the main equipment to the
emergency circuit. Air dampers are the only active components. However, realization of
a fully passive DHRS is possible in principle at the expense of the provision of a continuous
air leak through AHXs as has been done in the EFR. In this case of the NPP economic
factors have to be optimized and some losses in economy must be borne.

Important problems that exist for such systems are the problems of experimental
investigation of such items as coolant flow pattern in the reactor vessel under natural
convection, coolant stratification, interaction between the upper plenum and the core, and
optimization of the location of immersed heat exchangers. A large number of investigations
in this field have already been carried out in Germany [7,8] and in Japan [9]. This work
should be continued.

In Russia calculation studies on optimization of immersed heat exchanging have been
carried out [10]. It has been shown that at their location in the hot plenum some difficulties
with the development of natural convection in the intermediate loops are possible. At present
the possibility of locating the immersed heat exchangers in the cold plenum is being
analyzed.

In Fig. 10 a version is proposed where heat from the reactor vessel is transported by
coolant to an AHX directly connected on one side to the reactor vessel by two pipes and on
the other side to the expansion tank. During NPP normal operation the loop with the AHX
is filled with argon and there is no heat loss through the AHX. In an accidental event
accompanied by a failure of all heat removal systems, heating-up of coolant in the reactor
vessel results in filling the loop incorporating the AHX due to a pressure rise in the reactor
gas space. Coolant natural convection through the AHX takes place and decay heat is
removed to the outside. Thus the system is fully passive both in its start-up and operation.
The possibility of a system failure in the case of a reactor vessel loss of gas tightness can be
overcome by various means, including by supplementing this system with a similar one but
located lower down and filled only due to a rise of the coolant level in the reactor vessel.

One of the advantages of DRACS is relatively small number of components included
in the safely-grade systems. As compared to RVACS they can remove more power upto a
level which is virtually unlimited.

4) PRACS

PRACS have basically the same solution as DRACS to the heat removal problem and,
accordingly, have the same advantages and disadvantages.

5. CONCLUSIONS

An analysis of the present DHRSs and of the possibilities improving their
characteristics including their degree of passivity reveals the following.

The most preferred systems to be used in advanced LMFR projects are RVACS and
DRACS (or PRACS). These systems permit full realization of passive principles in their
start-up and operation.
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They are sufficiently simple and independent of normal heat removal systems. They
largely eliminate, the effect of transient conditions of normal heat removal active components
upon the stability and efficiency of the operation of the DHRS.

There are feasible ways to enhance RVACS efficiency and to extend the limits of their
applicability from the viewpoint of reactor power range. However, a rather high temperature
level in the reactor vessel during their operation makes attractive the idea of combined use
of RVACS and DRACS in LMFR projects. In this case DRACS would be used as a main
heat removal system and RVACS would be used as an ultimate decay heat removal system
if DRACS fails.
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