
KAERI/TR-1898/2001

액체금속로에서의 Core Catcher 설계기술 

분석보고서

A Review of the Core Catcher Design

in LMR

한 국 원 자 력 연 구 소

KAERI



제  출  문

한국원자력연구소장 귀하

본 보고서를 2001년도 “액체금속로 안전해석 기술개발”과제의 “액체금속로에서의 

core catcher 설계기술 분석보고서”로 제출합니다.

2001. 8

주 저 자: 이 용 범

공 저 자: 한 도 희



- ii -

요  약  문

원자로 안전의 주요 관점 중의 하나는 어떻게 하면 노심용융을 미연에 방지하

느냐 하는데 있다.  지금까지 전 세계적으로 볼 때 몇 개의 핵연료가 용융되는 

사고들이 있기는 하 지만 노심 붕괴, 원자로 용기 용융, 격납용기 파손 등 일련

의 사건으로 인한 방사능 물질의 환경 유출 사고는 없었다.  그럼에도 불구하고 

이러한 사고를 대비하기 위하여 용융된 노심의 제어 및 사고 확대를 방지하기 

위한 core catcher에 대한 많은 제안이 제시되어 왔다.  이러한 core catcher는 

원자로 내 설치되는 위치와 노심용융 물질의 냉각 및 제어에 사용되는 메카니즘

에 따라 그 구조와 재질이 달라질 수 있다.

본 보고서에서는 이러한 core catcher의 종류와 그에 따른 구조, 특성 등을 살

펴보고 이의 설계기술 및 설계절차에 관하여 기술하 다.  또한 이를 적용한 액

체금속로의 현황을 파악하여 현재 KAERI에서 개발 중에 있는 액체금속로에로의 

적용 가능성을 살펴보았다.
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Summary 

The overwhelming emphasis in reactor safety is on the prevention of core 

meltdown.  Moreover, although there have been several accidents that have 

resulted in some fuel melting, to date there have been no accidents severe 

enough to cause the syndrome of core collapse, reactor vessel melt-through, 

containment penetration, and dispersal into the ground.  Nevertheless, a 

number of proposals have been made for the design of core catcher systems 

to control or stop the motion of the molten core mass should such an 

accident take place.  Core catchers may differ in both their location within 

the reactor system and in the mechanism that is used to cool and control the 

motion of the core debris.

In this report the classification, configuration and main features of the core 

catcher are described.  And also, The core catcher design technologies and 

processes are presented.  Finally the core catcher provisions in constructed 

and planned LMRs (Liquid Metal Reactors) are summarized and the 

preliminary assessment on the core catcher installation in KALIMER is 

presented.
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1. Introduction

The presence of a core catcher carries from the development of the safety 

approach for the LMR, so as to take into account as an envelop case a large 

fuel melting, initiated for example by a unprotected loss of primary flow 

without the dropping of one or more control rods.

Such an accident, even if it is a beyond design event, must be taken into 

account in the frame of the defence in depth, and their consequences must be 

minimized.  One of the safeguards put in place in this order of ideas is to 

implement the reactor design with a core catcher.

Several core catcher concepts have so far been advanced to ensure 

adequate containment of the radioactivity following a hypothetical vessel 

melt-through.  It is possible to group the core retention concepts into two 

categories [M.S. Kazimi, 1978]:

① Concepts that seek to prevent failure of reactor containment by relying 

on somewhat involved engineered core retention systems.  Such systems 

include a multi-tray system cooled by natural convection, a single crucible 

cooled by forced convection, and a sacrificial bed of refractory materials.

② Concepts that allow for failure of reactor containment, but rely on 

either inherent capabilities of the reactor building or simple solutions to 

sufficiently delay containment failure and hence keep radioactivity release 

within the regulated guidelines.  This concept may include a concrete-filled 

reactor cavity and/or special venting and filtering measures for the 

containment.

In this review, the core catcher key design technologies and processes 

applicable to KALIMER design and the state-of-the-art of the core catcher 

concepts are presented.  And the core catching device design in EFR called 

"Core Debris Tray" is presented.  Finally preliminary assessment on the core 

catcher installation in KALIMER is presented.
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2. Core catcher design technology and process

In the pool type LMR case, the melted core can be cooled by sodium in 

natural convection and all the radioactive products stay confirmed inside the 

containment made by the reactor vessel and the roof slab.  So, to have the 

core catcher inside the reactor vessel allows to make sure the cooling of the 

core debris and the containment of the radioactive products.

In case of a core catcher outside the reactor vessel, there is the need to 

put in place a dedicated cooling circuit under the collecting crucible.  The 

cooling performance of this system may be affected by the existence or not 

of a thermal bridge between the melted core and the cooling circuit.  Finally, 

in this case, the containment made by the main reactor vessel and by the 

safety vessel is lost.

From this point of view, in KALIMER design, which consists on an 

integrated reactor block (pool type) design, it is preferred to have the core 

catcher inside the reactor vessel.  Therefore, in this section, in-vessel core 

catcher design technology and procedure are focussed.

2.1 Functional requirements

In a short term the core catcher must allow:

◦to collect,

◦to support,

◦to maintain in subcritical configuration,

◦and to cool the core.

From a long term point of view, the core catcher must allow to retain, 

support and cool the fuel debris.

2.2 Main options for design

◦Installation in the bottom of the reactor block, in order to dispose most 

of the sodium volume for the cooling of the fuel debris.

◦The installation should not give any interference with the core support 

structure in the case of an accident.

◦The surface of the core catcher plates must be large enough to allow a 
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maximum spreading of the core debris, and it should improve the cooling 

and limiting the criticality risk.

◦The core catcher must be equipped with a roof having an adequate slope 

not only to spread the core debris upon the core catcher plates, but also 

to make the core debris spread easily.

◦The core catcher roof and plates should have thermal shields allowing 

the protection of the core catcher structure.

◦The geometry of the core catcher must avoid any stagnant sodium 

vapor zone under the plates and must also avoid any stagnant sodium 

zone; a general sodium circulation must be provided around the core 

catcher structure.

◦The fuel debris must be cooled by a natural sodium convection around 

the core catcher.

2.3 Design processes

The procedure of the core catcher design is given as follows;

① Determination of the postulated accident scenario.

② Basic design of the core catcher. (geometry, location and normal 

operating condition, etc.)

③ Damage evaluation.

④ Post-accident fuel distribution.

⑤ Evaluation of recriticality potential.

⑥ Thermohydraulic analyses.

⑦ Structural and mechanical analyses.

⑧ Reflect the analyses data to the design.

2.4 R&D Items

1) Core catcher detailed description

(1) Functional sizing

(2) Justification of the design features

① Geometry

② Cooling

③ Recriticality
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④ Material selection

2) Thermal-hydraulic analysis

(1) Normal operating conditions

(2) Beyond design basis

(3) Parametric analysis

3) Structural analysis

(1) Pressure load due to gas bubbles

(2) Debris mechanic loading and thermal loading

4) Methods of manufacture

2.4.1 Fuel Dispersion and Relocation

To define the pattern of fuel dispersal following an HCDA in an LMFBR, 

a semi-mechanistic approach is currently being pursued.  Two types of 

HCDA accidents have been considered in recent years. The first is identified 

as unprotected loss-of-flow (LOF) accident. This accident assumes that the 

plant protective system fails to scram the reactor. The second accident is 

initiated by assuming a fixed rate of reactivity insertion in the reactor with 

failure to scram. This type of HCDA is called transient overpower (TOP) 

accident. Because of the large number of physical parameters involved in 

analyses of both accidents, a substantial degree of uncertainly is associated 

with the results of such analyses. This reflects itself in an uncertainty in fuel 

dispersion patterns. The PAHR analyses should therefore be prepared to cover 

a range of possible fuel distribution patterns.

Analysis of the TOP accidents show that early sweepout of fragmented 

fuel may limit the damage in the core to few subassemblies. However, 

current accident scenarios indicate that a hypothetical LOF accident may 

result in gross core meltdown. In such a hypothetical core meltdown case, 

sufficient steel and or fuel vapor may be generated in the core to result in 

fuel removal from the core, within a two-phase mixture of fuel and steel, 

thus leading to neutronic shutdown. The exact amount of fuel that will be 

driven into the outlet and inlet plena of the reactor vessel cannot be 

predicted.
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Upward relocation of fuel and steel will depend on the case with which 

the mixture can penetrate through the 5 ft or so of pin-bundle axial length. 

The rate of potential fuel penetration through the steel structures has had 

relatively recent attention. Such studies are usually reported as part of the 

"transition" phase of LMFBR accident analysis. Ostensen was first to consider 

the fuel penetration behavior in the steel cladding structures. He assumed 

that fuel freezing will depend on reducing the average enthalpy in the leading 

edge of the flow to the enthalpy of solid fuel at its melting point. This 

condition for freezing has become known as "bulk freezing". His analysis 

seemed to be supported by experiments utilizing thermite-generated molten 

fuel. Epstein proposed that the bulk freezing is in fact due to steel melting, 

ablation, and mixing with the flowing fuel. It is important to realize that all 

fuel penetration experiments employed thermite-generated molten fuel. This 

process leads to thermite-generated molten fuel. This process leads to 

generation of a highly voided molten fuel and metal mixture. Yet all models 

reported to date to explain these experiments considered molten liquid fuel as 

the penetrating fluid. Current effort at Brookhaven National Laboratory (BNL), 

using simulant experiments, addresses itself to the effect of voids in the 

penetrating fluid on the freezing behavior. Preliminary results, shown in 

Fig.2-1, indicate the rate of fluid flow (and hence the total mass displaced) 

as well as the time to completely plug a channel are significantly reduced 

when the void fraction in the penetrating fluid is increased up to 40%. Earlier 

work with simulant materials had demonstrated the validity of radial freezing 

progression, rather than bulk freezing, when no wall melting occurs.

Downward relocation of fuel and steel may occurs by two mechanisms: (a) 

axial melting through the lower assembly structure and (b) streaming through 

the coolant channels in the lower assembly structure. Streaming is a much 

more repaid mechanism for relocation. Molten fuel may not penetrate far in 

the pin-cladding structure without plugging, because of the relatively small 

channel flow area/cladding surface area and due to significant potential for 

steel melting. However, in the shield block below the core large coolant, 

paths may exist, which will facilitate the streaming process. As an example, 

Gasser and Kazimi predict that single-phase  molten fuel may stream through 

a single coolant channel in the Clinch River Breeder Reactor (CRBR) axial 

shield within a few seconds. As shown in Fig.2-2, the streaming rate 

depends on the initial fuel temperature and driving pressure. 
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Fig. 2-1  Molten woods metal displaced versus 

time

Fig. 2-2  Mass of fuel displaced through a 

single channel in the shield block for CRBR
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In summary, a significant portion of core materials may be redistributed to 

the inlet and outlet plena in a short time following a hypothetical LOF 

accident.

The molten fuel/steel mixture ejected in the outlet plenum will be 

quenched in the subcooled sodium and converted into particles. The debris 

particles will then settle on the upper horizontal surface. Part of the particles 

may be swept out into the primary piping system if sodium is flowing out of 

the reactor vessel.

Simplified modes have been developed to predict the rate of particle 

sweepout into the primary piping. Such models assume that sweepout is 

proportional to both the sodium velocity as it enters the piping and the 

concentration of particles in the upper plenum. The rate of particle settlement 

is assumed to be proportional to the velocity of the falling particle, which is 

size dependent, relative to the sodium flow velocity. Because particles in a 

cluster will have a higher settlement velocity than individual particles, a 

higher settlement velocity than individual particles, a significantly reduced 

potential for sweepout has been calculated by Tsai and Kazimi. (See Table 

2-1). Because of many simplifications in the sweepout models, experimental 

verification of their accuracy is needed to support their predictions when 

applied to a particular reactor condition.

Table 2-1  Comparison of settlement and sweepout potential of debris 

reaching the outlet plenum

FFTF CRBR

◦Percent of fuel and blanket reaching plenum, %

◦Total amount of ejected debris, kg

◦Sodium flow rate, kg/s

◦Horizontal surface area of settlement, ㎡

◦Calculated settled fraction: 

  - Baker and Bingle model

  - Tsai and Kazimi model

◦Calculated sweepout fraction: 

  - Baker and Bingle model

  - Tsai and Kazimi model

60

1509

142.8

26.2

0.909

0.929

0.099

0.071

60

7950

522.3

29.9

0.645

0.812

0.355

0.188
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2.4.2 Recriticality potential

The criticality information is required, in core catcher design, to evaluate 

the dimensions corresponding to criticality in geometries that are likely to be 

encountered as a result of fuel relocation following the accident.  It is well 

known that the LMR core material, in the intact core geometry, is not in its 

most reactive configuration.  Thus, a configuration that leads to a compact 

fuel density will attain criticality with only a portion of the LMR fuel.

Boudreau and Jackson [Boudreau, 1974] considered various configuration 

below the Fast Flux Test Facility (FFTF) in the core-support dome (see Fig. 

2-3) with an overlaying steel reflector, ∼40% of the core fuel led to a critical 

geometry.  If the reflector was changed from steel to sodium, the critical 

mass increased to 50% of the fuel inventory.

Fig. 2-3  The core support dome configuration 

         used in criticality calculations
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Buslik found that the degree of mixing of blanket material with core 

materials to significantly affect the potential for recriticality at the bottom of 

the CRBR vessel [Buslik, 1975].  If a molten mass of fuel consisting of all 

the fuel in the core and the lower axial blanket collected in the bottom of the  

reactor vessel and was covered by the steel in the core and lower axial 

blankets, the resulting configuration was subcritical, with keff=0.925.  When 

the core, without the lower axial blanket, was assumed to collect in the 

reactor vessel bottom and be covered by steel and an additional 40cm of 

sodium, the resulting configuration was supercritical, with keff=1.073.  When 

∼75% of the core was assumed to collect in the bottom of the reactor vessel 

and be covered by a layer of steel and sodium, the value of keff was 0.991.

Other geometries have also been considered using mostly "diffusion" rather 

than "transport" neutronic calculations.  The fissile isotope density was 

representative of CRBR reactor core design value.  The results summarized in 

Table 2-2 [Gluekler, 1977].

The above discussion of critical geometries does not imply that such 

amounts of the disrupted core debris can accumulate after the accident.  The 

accumulation of large quantities of molten fuel will be retarded by internal 

vaporization of the fuel layer, if the level of internal heat generation was 

sufficiently high.  The void fraction of stable internally vaporizing pool is 

predicted to be higher than 50% if >1% of the nominal power in CRBR 

molten fuel was consumed in vaporization.
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Table 2-2  Critical fuel geometries

geometry Configuration Boundary Condition

Critical 

Dimension 

(mm)

Layer L

Na

Fuel debris

Bottom surface:

  ① UO2 (natural)

  ② MgO

  ③ Graphite

① 140

② 60

③ 43

Cylinder D
① Dry

② Na

Bottom surface: UO2

① 340

② 300

Cone

D
① Na

Bottom surface: UO2

① 500

Sphere

D

① 1m Na reflector

② 0.2m UO2 refelector

① 428

② 349

Spherical 

segment

L

R

R=1500mm

Stainless-steel, vessel steel, 

and sodium layers above fuel 

concrete wall of reactor cell

① Fuel only

② Fuel and blankets

① 140

② 300
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3. Core catcher design concepts in constructed and planned LMR

The overwhelming emphasis in reactor safety is on the prevention of core 

meltdown.  Moreover, although there have been several accidents that have 

resulted in some fuel melting, to date there have been no accidents severe 

enough to cause the syndrome of core collapse, reactor vessel melt-through, 

containment penetration, and dispersal into the ground.  Nevertheless, a 

number of proposals have been made for the design of core catcher systems 

to control or stop the motion of the molten core mass should such an 

accident take place.  Core catchers may differ in both their location within 

the reactor system and in the mechanism that is used to cool and control the 

motion of the core debris.

As indicated in Fig. 3-1, a core catcher can be located in one of three 

locations: within the reactor vessel, as an integral part of the reactor vessel, 

or in a sump below the reactor vessel.  The core catcher generally may be 

classified as catcher trays, cooled crucibles, or sacrificial beds.  The choice of 

one of these core catcher concepts depends strongly on its location within the 

system, the reactor coolant, and the class of postulated accidents against 

which it is supposed to protect.

In this report the classification, configuration and main features of the core 

catcher are described.  And also, the core catcher provisions in constructed 

and planned LMRs (Liquid Metal Reactors) are summarized.

Fig. 3-1  Schematic core catcher configurations

CORECORE CORE

(a) Within reactor vessel (b) Reinforced reactor vessel (c) Below reactor vessel
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3.1 Classification and Concepts of the Core catcher

Several concepts have so far been advanced to ensure adequate 

containment of the radioactivity following a hypothetical vessel melt-through.  

It is possible to group the core retention concepts into two categories [M.S. 

Kazimi, 1978]:

① Concepts that seek to prevent failure of reactor containment by relying 

on somewhat involved engineered core retention systems.  Such systems 

include a multi-tray system cooled by natural convection, a single crucible 

cooled by forced convection, and a sacrificial bed of refractory materials.

② Concepts that allow for failure of reactor containment, but rely on 

either inherent capabilities of the reactor building or simple solutions to 

sufficiently delay containment failure and hence keep radioactivity release 

within the regulated guidelines.  This concept may include a concrete-filled 

reactor cavity and/or special venting and filtering measures for the 

containment.

In Table 3-1, a summary of these concepts is given with a list of their 

main features and advantages.  In this report engineered features design 

concepts are considered.

3.1.1 Core Catching Tray

Core catchers may consist of one or an array of trays into which the core 

can fall and be cooled by the surrounding fluid.  The tray must have 

sufficient area that the molten part of the core will spread out over a large 

area and not increase to a sufficient thickness that thermal instabilities 

violent enough to damage the tray or their supports will result.  A conceptual 

design for such a tray array in a sodium-cooled LMR (liquid metal reactor) 

is shown in Fig. 3-2 [M.H. Fontana, 1971].  Other geometries are possible; 

the sodium-cooled FFTF (Fast Flux Test Facility) has a domed structure 

beneath the core that serves a similar purpose in being able to catch and 

hold a substantial amount of core rubble that can then be cooled by the 

surrounding sodium coolant.

The core catching trays within the reactor vessels are proposed for use in 

sodium-cooled system, where it is expected that even if core meltdown 
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Table 3-1  Post-accident core retainer design concepts

Multi-tray concept with 
small volume 
containers submerged 
in sodium
Preferably in-vessel 
system

Low-temperature 
system
Dispersal of 
fragmented core debris

Active cooling system 
required for sodium 
pool
Uncertain core debris 
dispersal

Distribution of 
fragmented particles in 
trays (mass flow)
Structural feasibility

Flat stainless-steel 
crucible with UO , 
graphite, or copper 
coating at inner surface
In- or ex-vessel system

2

Defined containment of 
molten core debris
Limited upward heat 
flux

Active cooling system 
required 

Effect of initial transient 
conditions on structural 
stability
Dispersion of debris 
and debris size

Large volume 
cylindrical bed with 
smaller size 
containment hole for 
debris at upper surface
Ex-vessel system

Potentially passive 
system

High cost if UO  or 
ThO  are used

Large cavity size 
required

2

2

Mixing
Distribution of heat 
fluxes
End of melting process

Concrete may be lined 
with steel
Ventilation of 
containment may be 
used

Low cost Higher probability of 
containment failure and 
radioactivity dispersion

Materials interaction, 
evolution rate of gases, 
hydrogen behavior in 
containment

Tray 
concepts

Crucible 
concepts

Sacrificial 
bed

Concrete 
cavity

Engineered
Features

Inherent
Feature

Design Concept Features Advantages Disadvantages Uncertainties

should take place, the sodium inventory would remain in the vessel, allowing 

heat removal by natural convection.  Such systems would not be applicable 

to gas-cooled reactors, since the convective heat transfer would be completely 

inadequate for decay heat removal.  Neither is the within-vessel system very 

promising for water-cooled reactors, since the design basis accident stems 

from a loss of coolant and therefore the vessel would not be expected to 

remain filled with water.  Even in sodium systems where within-vessel core 

catchers appear to be most resonable, structural difficulty may arise from the 

blast loading of the nuclear excursion of from thermal shock as the hot core 

debris falls suddenly into the trays.

Both British and French LMR designs have included the tray concept.  A 

schematic diagram of an internal core catching tray for a large pool LMR is 

shown in Fig. 3-3 [C. Le Rigoleur, 1979].  A large pool LMR offers important 

advantages from the standpoint of post-accident heat removal conditions:

- a large sodium volume with high heat capacity,

- a large diameter allowing dispersal of debris.
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These potential advantages were taken into account in the design of the 

internal core catching tray.  This core catching tray, a large diameter 

stainless steel plate with a central chimney, is set up in the bottom plenum 

of the reactor vessel.  The plate is slightly inclined, with the lowest point on 

the outside diameter, to prevent entrapment of sodium vapor or gas.  A 

stainless steel heat shield has been set up on the core catching tray as a 

protection against possible thermal shocks.

The chimney includes a circulation to the convective sodium.  The core 

catching tray and its shield are terminated with inclined lips and extend 

below the core support structure.  Hence it is expected that most of the 

debris would be collected by the core catching tray.  However to prevent 

settling of small particles on the main vessel an additional structure has been 

set up between the main vessel and the core catching tray.  This structure 

supports the core catching tray and covers the entire surface of the bottom 

vessel.

Fig. 3-2  Catcher trays in sodium pool

CORE

Emergency heat exchanger

Primary vessel

Guard vessel

Catcher trays
Sodium flow

Min. Sodium level
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Fig. 3-3  Schematic diagram of a pool-type LMR and an internal core 

catching tray
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3.1.2 Crucible

Another possible core catcher configuration consists of a low thermal 

conductivity crucible capable of withstanding very high temperatures.  

Depleted uranium dioxide and graphite are the materials most often 

considered.  The crucible catches the core and heat is removed by a variety 

of mechanism, depending on the system.  Graphite or other materials have 

been suggested to line the vessel of sodium-cooled LMR in order to decrease 

thermal loading on the vessel walls.  Crucible core catchers have also been 

proposed for gas-cooled reactors.  Here the crucible consists of a heavy 

lining to protect the prestressed concrete vessel from direct contact with the 

molten fuel.  The heat is removed from the molten fuel debris downward 

heat conduction through the crucible to a forced convection cooling system.  

Heat is also transferred upward by radiation to the steel liner of the vessel, 

where it is removed by the linear cooling system.

Crucible core catchers have been proposed for sodium- and water-cooled 

systems located beneath the reactor vessel under a pool of coolant in the 

reactor sump.  In these systems the molten core debris would melt through 

the vessel and fall into the crucible, where the heat would be removed by the 

overlying coolant pool to a system of heat exchangers.  Such systems have 

been proposed for the German SNR-300 reactor.

The German licensing authorities require the installation of a special core 

retention device for the SNR-300.  To fulfill these requirements a special, 

supplementary retention device will be installed underneath the reactor vessel.  

Due to this design any core material penetrating the reactor vessel bottom in 

case of an accident will reach a catch tray cooled from below by a special 

NaK cooling system.  The cat tray is coated by a protective layer.  This 

protective layer has a double buffer effect: It reduces and smoothes out the 

heat flux downwards by its big heat capacity and it prevents the propagation 

of the molten core debris.  The protective coating is of the so-called 

sacrificial layer type.  The reference concept is a liner for the catch tray 

consisting of depleted dense UO2 or ThO2.  As an attractive alternative to 

this undoubtedly highly expensive arrangement a graphite liner is considered.  

Figure 4 illustrates the SNR-300 ex-vessel core retainer.
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Fig. 3-4  SNR-300 ex-vessel core retainer

3.1.3 Sacrificial Bed

Several EVCC design concepts are discussed in this section including 

completely passive, passive with natural circulation, and forced circulation 

system.  A completely passive system is one which does not utilize 

circulating coolant.  Heat is removed by conduction into the ground or 

atmosphere.  A passive system is one which utilizes naturally circulating 

coolant and requires no power supply.  An active system uses forced 

circulation cooling requiring a power supply

3.1.3.1 Completely Passive Sacrificial Beds

  3.1.3.1.1 Depleted Urania Bed

This concept involves the use of a sacrificial bed of a material of a high 

thermal capacity and low thermal conductivity. which would retard the 

advancement of a melting front in the bed.  Zivi [S.M. Zivi, 1968] has 

suggested the use of a ceramic bed, such as depleted UO2, to absorb the 

heat.  
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The analysis considers that the rate of penetration of the barrier by the 

fuel mass would be very low because:

⑴ The molten fuel containing the heat-generating fission products would 

tend to float on top of the molten layer of the barrier because of the higher 

temperature and dissolved lighter elements in the fuel.

⑵ For the melting front to advance through the barrier, the heat required 

to melt the barrier UO2 makes this a slow process, relative to the case in 

which a dense heat source displaces the melt and continually moves into 

contact with fresh unmolten substrate material.

⑶ The large enthalpy change required to raise cavity temperature UO2 

through melting also makes the melt-through process a slow one.

Approximating the barrier by a semi-infinite slab initially at uniform 

temperature To, Eq.(1) gives the position of the melting front as a result of 

imposing a temperature Ts at the slab surface. Zivi obtained Eq.(1) by 

assuming that the thermal properties of the slab are not changed by melting.

X=m⋅t
1/2  (1)

where

X is the displacement of the melting front

t is the time after imposing surface temperature Ts 

m is a coefficient given implicitly by

Ts-Tm
erf(Z)

-
Tm-To
1-erf(Z)

=
λρm
2
⋅
(πα)

1/2

k
exp(Z

2
)  (2)

where

Tm = melting temperature of slab (2800℃)

α = thermal diffusivity of slab (5.3×10
-3
 ㎠/sec)

Z = ½mα
-½

λ = latent heat of fusion (60 cal/g)

ρ = density (9.4 g/㎤)

k = thermal conductivity (5.3×10
-3
 cal/㎝℃sec)

erf(Z)= 2π- 1/2⌠⌡

Z

0
( exp (- y 2)dy
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With assumed numerical values as given parenthetically in the above notation 

and with T0=20℃ and Ts=3300℃, Eq.(2) yields

m = 0.02 ㎝ sec
-½

The assigned value of Ts (3300℃) is an estimate of the boiling point of 

UO2 and, hence, the approximate maximum temperature that might be 

imposed by a molten mass of fuel.  With the value of m = 0.02 ㎝ sec
-½
, 

Eq.(1) indicates that ∼12 days would be required for the melting front to 

advance 20㎝.  The latent heat of fusion of UO2 is small enough that the 

heat-conduction process in the slab is not much different from what it would 

be if melting did not occur.  Therefore, a good approximation to Eqs.(1) and 

(2) would be the solution of the conventional transient heat-conduction 

equation to determine the rate of advance of the 2800℃ temperature front.

  3.1.3.1.2 Basalt Bed

A completely passive system with a basalt sacrificial barrier is described 

by Jansen and Stepnewski [G. Jansen, 1973]. The molten fuel was assumed 

to rapidly dissolve basalt to form a homogeneous molten solution. Upward 

and downward heat transfer coefficients are estimated which determine the 

degree of superheat in the pool and the fraction of the heat which flows 

downward. The pool is assumed to grow hemispherically, and equations are 

given which approximate the temperature gradients in the basalt underlying 

the pool. 

The model leads to the following conclusions:

① A molten pool formed by reactor fuel debris can be shown to reach a 

manageable limiting size rather than penetrating to an infinite distance in an 

uncontrolled manner.

② The size of a molten pool of core materials can be controlled by the 

use of suitable sacrificial fluxing material and by refractory insulation at the 

pool boundaries.

③ The use of sacrificial materials in which fuel is soluble reduces pool 

temperatures by diluting fission product decay heat generators and increasing 

heat transfer surface.

④ During the first 100 to 200 hour after meltdown the storage of heat in 

the molten pool can reduce the fission product heat that appears in the 
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overlying sodium pool by 50 to 75%.

⑤ Temperatures beyond the refractory boundaries can be maintained at 

temperatures compatible with ordinary containment structural materials.

⑥ Core sizes ranging from 3,000 to 20,000kg were investigated.  The 

foregoing conclusions apply essentially over the entire range of core sizes.

  3.1.3.1.3 Nonsoluble Liner

A third concept of completely passive EVCC utilizes a nonsoluble liner to 

separate the fuel from the insulating bed.  The use of a tungsten liner has 

been investigated by Freidland and Tilbrook [A.T. Freidland, 1974].  Such a 

concept has the advantage of imposing lower temperatures on the structure 

surrounding the bed material than the temperature encountered in the 

sacrificial bed concept.  However, the material used as a liner should have an 

assured integrity at the high temperature levels that may need to be 

sustained in the fuel pool.  While tungsten has a sufficiently higher melting 

point, it is easily attacked by molten steel.  Graphite, another high melting 

point material, also dissolves in steel, forming a eutectic of a low melting 

point.  The (U,Pu)O2 fuel reacts with graphite at high temperatures leading to 

considerable generation of CO [M. Peehs, 1976].

3.1.3.2 Passively cooled sacrificial bed

In this concept, natural convection may be used to provide a heat removal 

mechanism from the outer surface of a sacrificial bed.  The concept was 

investigated by Freidland and Tilbrook [A.T. Freidland, 1974].  They proposed 

to use NaK in a cooling system, which will be composed of a large number 

of independent loops.  The advantages of this concept over the completely 

passive system lie in ⒜ improving the ability to limit the growth of the 

molten region in the bed, and ⒝ enhancing the capability of maintaining the 

concrete walls of the EVCC cavity at adequately low temperatures.

3.1.3.3 Actively cooled sacrificial bed

An alternative approach to heat removal from the EVCC bed is the use of 

forced circulation cooling of the bed.  NaK has also been suggested as a 
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coolant by Freidland and Tilbrook [A.T. Freidland, 1974], as well as by 

Karbowski et al. [J.S. Karbowski, 1975].  The forced convection cooling may 

be used with a sacrificial bed, as well as a bed protected by a non-melting 

nonsoluble liner.  In the latter case, the integrity of the liner has to be 

assured.  A conceptual design for this system is shown in Fig. 3-5.

Fig. 3-5  Ex-vessel core catcher reactor cavity sacrificial design bed

3.2 Status of the core catcher Application in the LMRs

The tray concepts usually combine a number of catch trays each of which 

is to retain a fraction of the core debris.  The trays are immersed in a pool 

of sodium, which may be externally cooled.  Both British and French LMR 

designs have included the tray concept.  The crucible concepts consist of a 

steel container coated at the inner surface with a sacrificial material and 

cooled at the outside surface.  The external cooling is provided by a coolant 

independent of the reactor coolant itself.  Such systems have been proposed 

for the German SNR-300 reactor.  In Table 3-2, the debris accommodation 

provisions in LMR are given.
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Table 3-2  Debris accommodation provisions in LMR's

Reactor

Provisions

Core Catcher
Redundant 
System Description

EBR-Ⅰ NO None

EBR-Ⅱ NO None

FERMI YES

In-vessel Zirconium meltdown pan

Ex-vessel
Graphite crucible below vessel with the 
primary shield tank

SEFOR YES Ex-vessel
Sodium catch tank 45ft below vessel. 
Fuel dispersion cones below vessel and 
in catch tank

FFTF YES
In-vessel

Debris cooling in core support structure 
dome and above thermal baffle, but no 
special provision

Ex-vessel Steel lined cavity

CRBRP YES

In-vessel
Some small amount of debris cooling on 
reactor internal structures, but not 
special design provisions

Ex-vessel
Lined and insulated reactor cavity, 
vented pipe chase and ex-containment 
cooling-venting purge system

PRISM YES In-vessel A redundant structure (back-up plate) 
under the inlet plenum

ALMR YES Provisions for collecting and cooling core debris 
following core meltdown

DFR YES Fuel dispersion cone and melt tubes to bedrock

PFR YES
Single layer of trays within a tank: capable of 
retaining seven assemblies

CDFR YES
Three layers of trays within q tank: retention 
capacity for the entire core

Rapsodie NO None

Phenix YES External cooled outer vessel

Super-
Phenix

YES
(imposed by 
licensing body)

In-vessel catch trays, external cooling of safety 
vessel

EFR
YES

(imposed by 
licensing body)

In-vessel catch trays, external cooling of safety 
vessel

SNR-300
YES

(imposed by 
licensing body)

In-vessel Catch trays in the lower plenum

Ex-vessel High-temperature crucible with NaK 
cooling

BN-1600 NO None

BN-800 YES Provisions for collecting and cooling core debris 
following core meltdown

CEFR
YES

(imposed by 
licensing body)

Provisions for collecting and cooling core debris 
following core meltdown

KALIMER TBD
Recommend the installation provisions for 
collecting and cooling core debris following core 
meltdown
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4. Core debris tray design in EFR

Above all Novatome has pointed out that in the frame of the EFR project 

the "Core Catcher" has been called "Core Debris Tray".  So in the following 

of this report we refer to the debris tray.

4.1 Generalities

The high level of EFR preventive safety results in the absence of credible 

events inducing a whole core accident.  Such an accident is nevertheless 

considered in the beyond design basis.  Damage limitation measures are 

provided, among them the implementation of a debris tray structure whose 

function is to ensure the containment within the main vessel of the core 

debris associated to a core melting, the keeping of these debris n subcritical 

configuration and their cooling in natural convection.

4.2 General description and specifications

The following description presents the EFR debris tray design.  The debris 

tray is a structure located in the lowest part of the reactor.  Its main 

features and its environment are presented in Fig. 4-1.  According to its 

specifications, the debris tray must allow, at short term:

◦To collect,

◦ To support,

◦To maintain in subcritical configuration,

◦To cool,

a whole molten core.

In case of other reactors, these specifications could be applied only to a 

part of the core (case of a partial melting); it depends on the safety analysis 

and on the safety approach.  The debris tray must prevent any deposition of 

fuel debris on the bottom of the main vessel.  From a long term point of 

view, the debris tray must allow to retain, support and cool the fuel debris.
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Fig. 4-1  EFR debris tray
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4.3 Safety and seismic classification

◦Safety classification: The debris tray is considered as significant 

contribution to safety.

◦Seismic requirement: The debris tray has to keep its integrity during 

and after a safe shut-down earthquake (SSE).

4.4 Debris tray detailed description

The debris tray is a box type structure presented in Fig. 4-1.  The main 

design features of the debris tray are:

◦a shell support structure,

◦a recovery tray protected by a heat shield,

◦a central, dual “chimney”, topped by a pitched roof with heat shield.

◦a central, dual "chimney", topped by a pitched roof with heat shield.

① The shell support structure comprises:

◦A bottom shell parallel to the main vessel bottom, covering the major 

part of its surface.

◦Radial and vertical ribs on which the tray lay and which transmit the 

load from the tray to the bottom shell.

◦Spacing feet to ensure the global horizontal holding of the tray in case 

of Whole Core Accident(WCA) or rupture of the debris tray hooking 

device.

② The recovery tray is a circular plate with a conical edge to prevent 

core debris overspill.

It is supported b the shell support structure. Direct contact between the 

tray and the core debris is prevented by a secondary upper circular plate 

(heat shield), welded on the central chimney and supported at the periphery.

This design provides thermal protection of the supporting structure by 

generation of sodium vapour between the two plates which reduces 

downward heat transfer.

The heat shield plate is slightly inclined from chimney to periphery 

(conical slope 1%) to enhance debris distribution towards periphery. The 
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recovery tray is also slightly conical (2 % slope) to prevent sodium vapour 

accumulation under it and thus to allow the tray cooling by sodium 

circulation inside the annular structure.

③ A central chimney allows sodium circulation to take place through the 

annular structure from the cold zone at the periphery to the hotter zone 

above the chimney.

The chimney consists of an assembly of tow chimneys: the smallest 

extends the central opening in the shell support, the other is welded to the 

inner edge of the tray and includes vertical ribs to support a roof. A two 

slopes roof prevents debris fall into the chimney and guides them on the tray 

plate. The roof is protected from thermal effect by a double shield design.

4.5 Sodium circulation

During normal operation, the most of the sodium issued from the leak of 

the subassemblies feet goes directly to the chimney through the supporting 

ribs of the roof.  The rest goes between the tray and the shell support from 

the periphery toe the centre, to join the main flow into the central chimney.  

In the presence of molten fuel spread out on the tray, it has been 

demonstrated by thermal-hydraulic tests carried out for Superphenix, that a 

natural circulation is established in the bottom collector (see Fig. 4-2).  The 

slope of the tray (2%) leads to a sodium circulation around the tray.  In this 

case it has been demonstrated that no flow goes through the central chimney 

to the main vessel bottom.

4.6 Functional sizing

The debris tray dimensions and characteristics are:

◦Total height of the structure about 1.6m.

◦Thickness of the plates: 15mm.

◦Plate external diameter: 7.8m (mean external diameter about 7.3m), plate 

internal diameter: 1.97m, resulting in a support area about 39m2.

◦Height of the plate edge
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Fig. 4-2  Sodium circulation through the EFR debris tray
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The containment of the whole debris bed inventory, given in Table 4-1, 

uniformly distributed upon the support area, requires an available height of 

the recovery tray edge of about 560 mm.  As the debris tray function is only 

needed in the beyond design base, for the design and the manufacturing, the 

class 3(RCC-MR French mechanical design code) has been selected.  

Table 4-1  Debris bed inventory

Mass(kg)

Fuel

Core 41,626

Axial blanket 17,962

Total 59,588

Steel

Core 23,727

Axial blanket 27,829

Total without upper 
axial blanket steel

33,138

Total 51,556

only lower axial 
blanket

9,411

Total 111,144

Total without upper axial 
blanket steel

92,726

Material: stainless steel Z2 CND 17-12 having a controlled Nitrogen 

contents, which corresponds to and AISI 316L (low carbon) SS.  The 

estimated weight of the structure: about 30 t.

4.7 Justification of the Design features

4.7.1 Debris tray geometry

The debris tray is located in the lowest part of the reactor block in order:

◦To increase the height of the fuel debris fall that favours the fuel debris 

cooling by increasing the fall duration of the fuel debris,

◦To increase the available sodium volume as coolant and the spread out 

of fuel debris which also reduces the risk of criticality.



- 29 -

The central chimney allows the decay heat removal by sodium in natural 

convection from the colder zone (at the debris tray periphery) toward the 

hotter zone above the chimney.  The debris tray conical geometry (2% slope) 

is designed to enhance sodium circulation beneath the debris tray in order to 

avoid any sodium vapour film in case of local boiling.  Any contact between 

the main vessel and the debris tray support structure must be precluded in 

operating conditions. For that, adequate clearance has been established by 

using the holding feet.

4.7.2 Debris tray cooling

Thermal and mechanical studies have shown that the feasibility of cooling 

and containment of active core debris after a core melting accident is 

reasonably well assessed when DHRs cooling circuits remain in operation. In 

this case the inter-vessel gap between the main and the safety vessel can be 

filled with sodium or not (main vessel leakage or leak-tightness).

4.7.3 Debris bed criticality

The criticality of the debris bed should be avoided because in this case 

the cooling and the mechanical resistance of the debris tray can not be 

ensured at long term.  The criticality of the debris bed located upon the 

debris tray has been evaluated by parametric studies for the sensitive 

parameters around the reference case, in order to assess the risk for slightly 

different configuration: debris tray height/diameter ration, debris bed steel 

fraction and porosity variations, Pu enrichment variation.

Calculations have been performed using a 2 dimensional model.  The 

debris bed is assumed to be homogeneous and equally distributed over the 

debris tray. This assumption, the reference case, should be assessed in a 

further stage.

The reference case characteristics are the following:

◦Height of the melted bed: 0.47m,

◦Keff: 0.82427,

◦Steel fraction: 100% of the steel content of the table 4-1 (without the 

axial blanket steel),
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◦Pu enrichment: 14.5%.

The parametric calculations performed show that the risk of criticality is 

enhanced by:

◦Increasing the debris bed height, with constant masses and volumes as 

in such configuration the bed surface is minimal leading to minimal 

neutron leakage (see Fig. 4-3).

◦Decreasing the steel fraction, with constant fuel mass (see Fig. 4-4).

◦Reducing the porosity (void fraction), with constant fuel and steel 

masses but this parameter has little influence.

◦Increasing the Pu enrichment, which is the most sensitive parameter 

(see Fig. 4-5).

In conclusion the criticality study have shown that even with extreme 

values of the involved parameters, the risk of criticality may be excluded for 

EFR.  The most sensitive parameter is the breeder fraction (Uranium content) 

within the debris bed. Thus the risk for a burner core is higher than for a 

breeder one.

Fig. 4-3  Criticality coefficient as a function of the debris bed height
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Fig. 4-4  Criticality coefficient as a function of the steel fraction

Fig. 4-5  Criticality coefficient as a function of the UO2 mass

4.7.4 Debris tray material

The choice of a high conductivity material like AISI316SS is justified 

because it allows a better debris bed cooling on both sides.  Also the 

material chosen has satisfactory creep behaviour, takes benefits from existing 

knowledge and leads to use a single material for all reactor internal 

structures.
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4.8 Operating conditions and associated loads

4.8.1 Normal operating conditions

In normal operating conditions the debris tray structure acts as a collector 

gathering the diagrid leakage flow in the chimney, then distributing radially 

this leak flow upon the vessel bottom surface and other surrounding 

equipment.  This allows the main vessel bottom permanent washing, as well 

as a minimization of the thermal gradients between main vessel and the core 

support structure.

Nominal operating sodium temperature is about 395℃ (core inlet 

temperature).  Partial and transient operating conditions can be assessed 

according to the foreseen operating conditions of the plant.

4.8.2 Design basis

An analysis of the structure for categories from 1 to 4 of the foreseen 

operating conditions is required to justify the proposed design in order to 

avoid mechanical or thermal-mechanical damage for the structure itself and 

for the neighbouring structures.  It is performed in the frame of the design 

file of the reactor block structures.

4.8.3 Beyond design basis

The behaviour of the debris tray during, and following, a beyond design 

event (core disruptive accident), should be assessed by a thermal hydraulic 

and a thermal mechanical approach, using a best estimate method, without 

the same conservative calculation factors as in the design basis calculations.  

A whole core accident (WCA) event ma comprise in fast different situations, 

depending on the heat removal systems availability during the cooling phase 

of the accident, and depending on other internal events.

These following states have identified:

① State B1: it relates to a whole core accident (WCA) with availability of 

all DHR circuits or of a part of them.

Since the scenario leading to core melting and migration through the 

reactor structures is complex to analyse, at the stage where the EFR project 
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has been stopped, a parametric study had been done.  According to the 

experience, the influence of the man parameters, which could affect the 

thermal-mechanic behaviour of the structure, has been taken into account, 

that is:

◦molten fuel mass,

◦delay of formation of the debris bed depending on the core configuration,

◦presence or not of holes, due to melting of the core support structure 

during debris migratin process, and size of the holes,

◦heat transfer coefficients at steel plates-sodium interface,

◦number of operating DHR loops,

◦presence (or not) of sodium within the inter-vessel space,

◦mechanical characteristics of the debris tray.

② State B2: It relates to a whole core accident (WCA) carrying the 

unavailability of all DHR loops.

In this case the inter-vessel space is assumed filled with sodium resulting 

from the main vessel leakage due to a severe mechanical loading.  In this 

situation, the reactor vessel is cooled by heat transfer to an ex-vessel  

cooling circuit, that is to the circuit cooling the structures surrounding the 

safety vessel.

4.9 Thermal-hydraulic analysis in order to assess the system behaviour in 

case B1 & B2

4.9.1 State B1

The calculations have been done using several codes.  At each (time) step 

the thermal characteristics of the debris bed are calculated using a given 

debris bed model when the fuel is sold, or using one other bed model when 

the bed is molten.  Then the calculated temperatures evolutions are applied as 

heat generation to a thermal-hydraulic computer code, allowing the calculation 

of the temperature distribution within the reactor block: a one dimension 

thermal hydraulic model is used. This model operates transient calculations, 

taking into account the sodium thermal inertia.

During the transient, following the core disruptive phase, the core debris 

are assumed to generate only the decay heat.  The thermal models employed 
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do not separate the recovery tray and the heat shield. The two plates are 

simulated with a single plate having an equivalent thickness.  The 

calculations are performed until the steady state is reached.

4.9.1.1 Reference case

The reference case for the thermal calculations has been

◦Debris total mass: 92726 kg (core without the upper axial blanket steel, 

see table 4-1), for conservative results, in order to minimize the 

conduction within the debris bed.

◦The debris bed is formed on the diagrid about 700 s after the beginning 

of the accident. It corresponds to the minimum time for the melting of 

the lower breeder blanket.

◦Holes in the diagrid, and in its support structure, are generated by the 

debris migration.

◦The debris fall on the tray.

◦All the debris are assumed to be contained upon the debris tray. The 

risk of criticality is not assessed in this study.

◦During the accident development, the decay heat is removed by the DHR 

systems and the ex-vessel cooling system.

◦The inter-vessel space is considered filled with sodium at 400℃, since 

the beginning of the accident.

◦The convection around the debris tray is considered effective because 

validated by thermal hydraulic tests carried for Superphenix.

◦The initial hot plenum temperature is 700℃ (derived from the 

calculations of an unprotected loss of flow event).

◦The initial hot plenum temperature is 700℃ (derived from calculations of 

an unprotected loss of flow event).

The main results of the cooling transient up to the establishment of the 

steady conditions are:

◦at 4000s the debris bed is formed on the debris tray,

◦the debris bed heat and a dry-out phase (sodium boiling inside the bed) 

occurs between 4000 to 7250,

◦after 7250s the debris bed keeps on heating and then it reaches the 

melting,
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◦at 24280s the debris start melting. Molten pool phase goes on until 

75000s,

◦after 75000s, the molten pool heating begins to reduce, which is a 

prelude to the pool freezing,

◦At 83310s the steady-state conditions are reached within the debris bed.

The temperatures distribution are given of Fig. 4-6 at 7250s and on Fig. 

4-7 at steady state (83310s).  Sodium boiling (962℃ at 2 bar pressure) does 

not occur during this accident except within the debris bed (dry out phase).  

The maximal temperatures of the debris tray plate are reached at about 7000s 

(about 740℃ on the lower surface of the plate and about 880℃ on  the upper 

surface).

4.9.1.2 Parametric analyses

Using the available codes, parametric analyses can be performed.  In the 

following some examples.

◦No hole in the diagrid

The absence of natural convection between the bottom zone and the hot 

pool through diagrid may give a temperature increase, estimated at about +8

0℃ above the debris tray.

◦Heat transfer coefficients influence

Assuming that all heat transfer coefficients between steel plates and 

sodium are 25% lower, gives as result that plates temperatures are not 

significantly affected.

Other parameters where of the influence could be investigated:

◦Main vessel leak-tightness (inter-vessel gap filled with nitrogen).

◦Reduced convection around the debris tray

◦Only 2 DHR loops in operation



- 36 -

Fig. 4-6  Temperatures within the vessel at 7,250 sec
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Fig. 4-7  Temperatures within the main vessel at 83,310 sec
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4.9.2 State B2

The state B2 (un-availability of the DHR loops - only heat transfer 

toward the ex-vessel cooling circuit) has been assessed with a 2 dimensions 

thermal-hydraulic model.  Steady state temperatures corresponding to different 

debris tray decay heat have been established, giving the following main 

result:

Debris tray power (MW) 7.2 8.5 9

Sodium under tray (℃)

Sodium above tray (℃)

784

826

916

964

960

> 964

Considering that the decay heat, 5 days after the accident, is still 12.7 

MW, it appears that under the tray the sodium will be boiling (∼960℃) for a 

long time, before to reach acceptable steady state conditions.  However this 

first calculation does not take into account the radial heat transfer toward the 

reactor block upper part (hot pool zone), neither the sodium inertia effects.

Any way the analysis has shown that only a part of the core inventory 

(reduced debris tray power as regard to the whole decay heat) could be 

cooled using only the ex-vessel cooling system, with sodium in the 

inter-vessel space.

4.10 Structural mechanical analyses

In case of a whole core accident (WCA) the debris tray will be submitted 

to:

◦The pressure load due to the generation of a gas bubble in the core at 

the beginning of the core melting accident.

◦The mechanical load associated to the weight of the debris bed when 

the melted core arrives on the debris tray. This mechanical load 

produces primary bending stresses on the plates of the debris tray. 

◦The thermal load associated to the temperature distribution assessed 

with the thermal-hydraulic calculations seen in the precedent paragraph. 

The thermal gradient through the plate thickness induces secondary 

stresses while the high temperatures, applied for the duration of the 

cooling transient induce creep.



- 39 -

4.10.1 Pressure load due to the gas bubble

The mechanical resistance of the debris tray submitted to the bubble 

pressure effect in case of a whole core accident has been verified to be 

ensured up to a pressure inpulse of 220 bar which is associated to a 700 MJ 

energy release.

4.10.2 Debris mechanic loading and thermal loading

The ability for the debris tray to support the debris at long term (even 

after that a steady configuration for the cooling of the debris is reached), has 

been assessed.  The debris tray is considered as a plate with an internal 

hole, supported at its inner and outer-edges. It is a conservative assumption 

with regard to yield stress because the plate is supported by the ribs.

Only the main support plate (0.015m thickness) has been considered to 

participate to the mechanical resistance.  The mechanical calculations carried 

out for the reference case, as defined in the previous thermal analysis, have 

shown that the plate yielding occurs early during the accident.

Even if the analysis is very pessimistic and the effect of many ribs is not 

taken into account, the design plate thickness (0.015 m) seems to be not 

enough to ensure the plate resistance.  Thus parametric calculations have 

been performed for higher plate thickness.  A plate thickness of 0.025m has 

appeared to be a good compromise.

4.11 Methods of manufacture

The reference debris tray is fabricated in factory by classical process.  

After construction it is transported to the site workshop and integrated in the 

main vessel bottom structures.

4.12 Balance of the review of the EFR debris tray design

The EFR debris tray is an annular, box type, structure, located in the 

lowest part of the main vessel. It make sure the containment, the cooling by 

sodium in natural convection and the sub-criticality of the core debris in case 

of beyond design event leading to a core melting accident.
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Thermal-hydraulic analyses for the debris tray design have shown that:

◦Post accident core cooling is reasonably well assessed when all or part 

of the DHR loops remain available, the inter-vessel gap being flooded 

with sodium (in case of main vessel leakage) or not.

◦The inter-vessel gap filled with sodium is a favourable configuration 

with regard to cooling.

◦With no DHR available, only a part of the core inventory could be 

cooled using the ex-vessel cooling system, the inter-vessel gap being 

filled with sodium.

◦Sodium natural convection through the chimney of the debris tray is 

fundamental to ensure post accident core cooling; this circulation has 

been demonstrated by thermal hydraulic tests.
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5. Preliminary assessment on the core catcher installation in KALIMER

1) Occurrence of a hypothetical core-disruptive accident(HCDA), because of 

both inherent and designed features, is an extremely low probability event,  

However, the consequences of such an accident are analyzed as a part of 

the evaluation of the overall risk posed by an LMR.

2) The concept of a core catcher adapted for the LMR safety approach, so as 

to take into account envelop case of large fuel melting, initiated, for 

example, by a unprotected loss of primary flow without dropping one or 

more control rods.

Such an accident, even if it should be a beyond design event, must be 

taken into account in the frame of the defence in depth, and its 

consequence must be minimized.

3) Table 3-2 shows the status of the core catcher installation imposed by 

licensing body together with the redundant provisions for collecting and 

cooling core debris following core meltdown.  Most of LMRs recently 

developed adopts it except early small experimental reactors.

4) In PRISM reactor, it does not consider a retaining device for HCDA and/or 

core melt accident within the primary system boundary to be a design or 

licensing requirement.  However, there is a redundant structure (back-up 

plate) placed under the inlet plenum to retain a core melt in a coolable 

geometry if the core debris leaks through any openings that may develop 

in the lower inlet plenum plate.

5) Considering the present trend and the high level of safety, the core catcher 

and/or redundant provisions might be installed for collecting and cooling 

core debris following core meltdown in KALIMER design.

Another reson should be a large uncertainty associated with its design 

because the consequence is not fully demonstrated.

6) When it is installed in KALIMER, it is preferred to place the core catcher 

inside the reactor vessel, because KALIMER consists on an integrated 

reactor block (pool type) design.

Indeed, in this case, the molten core can be cooled by sodium in natural 

convection and all the radioactive products retain inside the containment 

made by the reactor vessel and the roof slab.  The main reason is that 
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the core catcher inside the reactor vessel should be advantageous for the 

cooling of the core debris and the retention of the radioactive products.

The installation of the core catcher outside the reactor vessel needs a 

dedicated cooling circuit under the collecting crucible.  The cooling 

performance of this system may be affected by the existence of a thermal 

bridge between the molten core and the cooling circuit.  Thus, in this 

case, the containment function made by the main reactor vessel and by the 

safety vessel would be lost.

From this point of view a pool design, where the reactor block is larger 

than a loop one, may, more easily, be preferable to install a core catcher 

inside the reactor vessel.
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