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Abstract

Degraded core processes are a key factor in the progression of a severe accident; they provide the initial conditions

for in- and ex-vessel phenomena, lead to threats to the containment and determine the ®ssion product and hydrogen

source term. The knowledge of in-vessel melt relocation processes is also important with respect to cooling recovery

actions (¯ooding of the core) and reactor pressure vessel (RPV) failure analysis. The core-melt progression is a non-

coherent stepwise process which results in melting and liquefaction of core materials at di�erent temperatures; oxidized

Zircaloy cladding shells may signi®cantly delay or prevent relocation of molten (U, Zr, O) mixtures contained within

them. The various melts solidify on cooldown at di�erent temperatures, i.e. at di�erent axial locations, with ceramic

crusts overlying metallic ones. These crusts may support melt pools; if the accident is unrecovered, the crusts may fail

leading to massive relocation of molten material and debris into the lower plenum. Re¯ooding of an overheated core

can result in a renewed temperature rise with localized melt formation, additional release of ®ssion products, and in an

increased hydrogen production; this increases the threat to the integrity of the reactor pressure vessel and to the

containment as well as potentially misleading the operators regarding their recovery actions. There are principal re-

maining technical uncertainties in predicting late-phase core degradation after the initial intact rod geometry has been

lost and regarding the e�ects of irradiated fuel which still have to be examined. Ó 1999 Elsevier Science B.V. All rights

reserved.

1. Introduction

A joint European research program on `Core De-

gradation' has been performed, which has been spon-

sored by the Commission of the European Communities

[1,2]. The objective has been to improve the under-

standing and analytical description of in-vessel degraded

core phenomena in a LWR through experimental and

modeling studies.

This paper describes the current status of knowledge

concerning in-vessel degraded core phenomena and their

consequences on core damage progression, melt forma-

tion and material relocation processes in severe LWR

accidents. It also describes the principal remaining un-

certainties which have to be resolved to improve safety

assessments.

The experimental results obtained on high-tempera-

ture core material behavior will provide the data base

for the development of more accurate analytical models

[3]. The implementation of the models in existing code

systems should improve predictions of the time- and

temperature-dependent core degradation processes.

2. Accident conditions

Severe accidents may result from failure of systems

designed to cope with accidents. For example, a small

leak in the cooling system of the primary circuit, along

with a temporary failure of the emergency cooling sys-

tem, may lead to core uncovery. The continuous heat-up

of the core by the decay heat of the ®ssion products can

cause substantial damage up to complete meltdown of

the core in unmitigated accident sequences.

With respect to core-melt progression, it is important

to understand and to describe:

· how a severe accident progresses,
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· how to mitigate its consequences, and

· how to terminate it.

A central issue in addressing these questions is the

investigation of the physico-chemical behavior of the

reactor core during a severe accident:

· when and how the core loses is original geometry,

· what con®gurations are formed,

· how much hydrogen is generated by steam oxidation

of core materials,

· what in¯uence of core degradation exists on the re-

lease of ®ssion products (source term),

· by what processes solid and liquid core materials are

transported within the core and to the lower plenum

of the reactor pressure vessel,

· coolability of partially blocked cores, fuel debris

beds, molten pools,

· mechanism, threshold and location of the melt-

through of the ceramic melt pool,

· pathway and mode (gradual, coherent) of melt relo-

cations under `wet-core' and `dry-core' conditions,

and

· in¯uence of ¯ooding (quenching) of degraded cores

on the hydrogen source term.

A better understanding of in-vessel degraded core

phenomena is important for

· the purposes of accident management measures,

· risk assessments, and

· the design of safety-improved reactors of the next

generation.

In general, in-vessel core melt progression provides

an important input for all reactor pressure vessel and

containment failure issues. For example, the quantity,

temperature, physical and chemical composition, release

rate, and pressure of the melt released from the reactor

pressure vessel, the amount of hydrogen generated and

steam available can all a�ect the integrity of the con-

tainment and thus have an impact on the risk [1].

3. Degraded core accident progression

A severe accident sequence involves a large number

of phenomena that can be extended over long periods of

time. The importance of any particular phenomenon will

change as the accident progresses. The time from acci-

dent initiation up to core uncovery varies from very

short times of less than 10 min to very long times of

about 6±10 h. Also the system pressure varies between

about 0.3 and 15 MPa during transients without de-

pressurization. After the core is uncovered the mixture

level is established in the lower core region (`wet' core),

or in case of BWR below the core (`dry' core). The low

mixture level results in very low steam generation and

steam ¯ow into the core. The reduced heat transfer from

the fuel to the steam is low compared with decay heat,

and the fuel temperatures increase. The heat-up phase

extends up to the point where stability limits of some

materials in the core structure are reached, complex

chemical reactions are involved, melting and liquefac-

tion occurs and the accident proceeds through the core

melt and relocation phase.

The temperature transient of the core during the

heat-up phase drives other di�erent phenomena which,

in turn, may in¯uence later core melt progression in a

crucial fashion. Oxidation of Zircaloy cladding materials

by steam becomes a signi®cant heat source which in-

creases with temperature; if the heat removal capability

is lost, it determines a feedback between temperature

increase and cladding oxidation. Relocation of molten

(hot) material into cooler core regions may initiate

temperature escalation there. To predict the material

behavior in severe reactor accidents, a quantitative

description of the di�erent interrelated material

interactions as functions of temperature and time is

needed.

The in-vessel core-melt progression should be divided

in so-called unmitigated and mitigated degraded core

accidents. A few of the material relocation processes will

be di�erent or can even be avoided in mitigated accident

scenarios. However, since this depends strongly on the

individual accident sequence a more general description

of the physico-chemical material behavior in the core

with increasing temperature will be given (Fig. 1) [4]:

· plastic deformation and bursting or collapsing of the

cladding, depending on the di�erential pressure dur-

ing a low- or high-pressure accident scenario,

· melting of the Ag±In±Cd absorber alloy and, after

failure of the stainless steel cladding, chemical inter-

actions with Zircaloy guide and cladding tubes in

PWRs,

· eutectic interactions between boron carbide (B4C)

and stainless steel, Zircaloy±Inconel, and Zircaloy/

stainless steel in BWRs, VVERs and some PWRs,

· oxidation and embrittlement of the Zircaloy cladding

by steam and UO2, which may result in rod fragmen-

tation,

· oxidation of the stainless steel and Inconel by steam,

· melting of stainless steel and Inconel,

· oxidation of B4C by steam,

· melting of the metallic Zircaloy cladding or the me-

tallic oxygen-stabilized a-Zircaloy (a-Zr(O) phase),

· localized, limited oxidation of the fuel by steam in

steam-rich core regions,

· reduction of the UO2 fuel due to interactions with

solid and/or molten metallic Zircaloy, with partial

dissolution and disintegration of UO2, forming a me-

tallic Zr±U±O melt, which may contain ceramic (U,

Zr)O2ÿx precipitations at higher oxygen concentra-

tions,

· formation of an a-Zr(O)±zirconium dioxide (ZrO2)

eutectic,

· melting of B4C,
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· eutectic and monotectic reactions between a-Zr(O)

and UO2,

· melting of ZrO2 and UO2 forming a ceramic Zr±U±O

melt,

· formation of immiscible metallic and ceramic melts

in di�erent parts of the reactor core,

· relocation of the solid and liquid materials into the

lower reactor pressure vessel (RPV) head, and

· thermal, mechanical and chemical attack of the RPV

wall.

At temperatures above 1200°C the rapid oxidation of

Zircaloy and of stainless steel by steam results in local

uncontrolled temperature escalations within the core

with peak temperatures >2000°C. As soon as the Zir-

caloy cladding starts to melt (>1760°C), the solid UO2

fuel may be chemically dissolved and thus lique®ed

about 1000 K below its melting point. As a result, li-

que®ed fuel relocations can already take place at about

2000°C.

Many of these physical and chemical processes have

been identi®ed in separate-e�ects tests, out-of-pile and

in-pile integral severe fuel damage (SFD) experiments,

and Three Mile Island Unit 2 (TMI-2) core material

examinations [5±10,33]. All of these interactions are of

concern in a severe accident, because relocation and/or

solidi®cation of the resulting fragments or melts may

result in local cooling channel blockages of di�erent

sizes and may cause further heatup of these core regions

Fig. 1. LWR severe accident-relevant melting and chemical interaction temperatures which result in the formation of liquid phases.
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because cooling still can be inadequate, causing further

melt progression and material relocations into lower

regions of the RPV.

Another phenomenon is the formation of rubble

beds. The collapse of solid material onto the blockages

(solidi®ed materials and grid spacers) can form debris

beds on top of the blockages. Continuous heatup of

these debris beds can form molten pools, held in place

by a solid crust, which acts as a crucible (as evidenced by

TMI-2 [8]), with later crust collapse possibly in¯uencing

the late melt relocation stage.

The liquid phases are formed at di�erent tempera-

tures during in-vessel core melt progression; they are

formed in a complex pattern involving both spatial and

temporal variations. As a result, the melt progression

begins at di�erent times at di�erent places in the core.

The various molten phases will solidify on cooldown at

di�erent temperatures and will therefore form blockages

at di�erent axial locations. All these processes have a

strong in¯uence on hydrogen generation, natural circu-

lation, the chemical composition of the melt in the lower

RPV head, and its temperatures. For this reason, the

material relocation processes have to be modeled and

considered as precisely as possible in the code systems.

The presence of water and/or the injection of water

due to safety devices or operator interactions have an

important e�ect on the in-vessel core-melt progression.

For example, if emergency core cooling water enters the

reactor vessel early during the melt-down process (early

re¯ood), there will be only limited fragmentation and

collapse of solid but embrittled material. The longer the

delay is in establishing this water ¯ow (late re¯ood), the

more there will be of both molten and embrittled ma-

terials. Ultimately, in-core con®gurations could be

formed by this water ¯ow that are not coolable in place.

This is thought to have caused the collapse of molten

material into the RPV lower head in TMI-2. During the

process of melt relocation the grid structures can provide

a major impediment to the downward movement of

melts.

4. Chemical interactions between the various core mate-

rials

4.1. UO2 fuel/Zircaloy cladding interactions

Besides oxidation of the cladding from the outside by

steam, oxidation of the cladding from the inside by UO2

fuel occurs, especially at higher temperatures.

The results of the UO2 fuel/solid Zircaloy reaction

experiments under isothermal and transient temperature

conditions were extensively described in Refs. [11,12].

The results show that, due to oxygen uptake by the

Zircaloy cladding from reaction with gaseous oxygen or

steam on the outside and from reaction with UO2 on the

inside, oxygen-stabilized a-Zr(O) phases, ZrO2, and a

metallic U±Zr alloy form. The sequence of the various

phases or reaction layers, starting from the inside sur-

face, for isothermal and transient temperature experi-

ments at all temperatures examined (800±1700°C) is

�UO2�U� ! �a-Zr�O�a � �U;Zr�� ! �U;Zr�alloy;

! a-Zr�O�b ! b-Zircaloy;! a-Zr�O�c
! ZrO2:

Fig. 2 shows the sequence of the external and internal

interaction layers. The U±Zr alloy within the a-Zr(O)a

layer is concentrated mainly at the grain boundaries, but

also exists within the matrix. The a-Zr(O)a;b layers

forming on the inside of the cladding and the a-Zr(O)c

layer forming on the outside of the cladding grow at

roughly the same rates. Moreover, due to the elevated

oxygen potential (oxygen partial pressure) of the gas

mixture or steam compared to stoichiometric UO2, a

ZrO2 layer also forms on the external cladding surface.

Initially, the growth of the reaction layers obeys para-

bolic rate laws. However, because the wall thickness of

the cladding is small (typically 0.57±0.72 mm), the tub-

ing must be considered as a ®nite system. Therefore, the

external and internal oxygen uptakes in¯uence each

other and an accelerated growth of the reaction layers is

observed at longer reaction times, especially after the b-

Zircaloy phase has disappeared.

With increasing time, the b-phase of the cladding

disappears due to oxygen uptake and transformation

into a-Zr(O). After the disappearance of the b-Zircaloy

phase, the oxidized cladding tube is completely em-

brittled and is no longer mechanically stable. The

slightest force exerted during cooling, quenching, or

subsequent handling causes the fuel rod sections to

break apart. Because embrittlement of the cladding oc-

curs as a result of the formation of oxygen-stabilized a-

Zr(O), the internal oxidation makes approximately the

same contribution as the external oxidation. Therefore,

embrittlement of the cladding occurs about four times

faster than by single-sided oxidation alone. Further

oxidation of the cladding results in a complete trans-

formation of the a-Zr(O) into ZrO2.

A comparison of the parabolic growth rate equations

of the entire reaction zones for the UO2/Zircaloy, O2/

Zircaloy, and H2O/Zircaloy chemical interactions is

shown in Fig. 3. Note that the total UO2/Zircaloy

growth rate curve overlaps the steam/Zircaloy region

(result of six investigations [11] above �1100°C). This

means that the UO2/Zircaloy reaction occurs as rapidly

as the steam/Zircaloy reaction above �1100°C. The

change in slope of the O2/Zircaloy reaction curve at

1100°C does not indicate a change in the reaction

mechanism; it only re¯ects the best ®t of the experi-

mental data.
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The modeling of the combined internal and external

cladding interactions resulted in the PECLOX numerical

model, which solves the Fick and Stefan equations. It

predicts the formation, growth, and disappearance of

the various interaction layers and the corresponding

oxygen pro®les as a function of temperature and time up

to complete Zircaloy cladding oxidation [13]. In this

respect, the PECLOX model has major advantages over

other models [12], which attempt only to simulate the

kinetics of the system in the ®rst stages of the process,

when all interface movements obey parabolic rate laws

(in®nite systems).

4.2. UO2 dissolution by molten Zircaloy

The meltdown behavior of Zircaloy cladding depends

decisively on the extent of the cladding oxidation and on

the possible formation of a ZrO2 oxide layer during the

heating period. However, the oxygen uptake by Zircaloy

depends not only on the oxygen potential of the envi-

ronment, but also on the chemical interaction with the

UO2 fuel, which is determined by the fuel/cladding

contact conditions, i.e., the external overpressure [11].

Under oxidizing conditions, an oxide layer forms on the

outer cladding surface during heating before the melting

Fig. 2. Sequence of external oxygen/Zircaloy and internal UO2/Zircaloy interaction layers in fuel rod cladding tube at 1200°C after

180 s.
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point of Zircaloy or a-Zr(O) has been reached. There-

fore, the relocation of molten material is prevented as

long as the ZrO2 layer remains intact. The molten Zir-

caloy cladding then interacts simultaneously with UO2

and the ZrO2 shell. Fig. 4 shows the conditions for

temperatures below and above the melting point of

Zircaloy (�1760°C).

UO2 and ZrO2 are dissolved chemically by the mol-

ten metallic Zircaloy cladding material; i.e., they are

lique®ed. This may result in a failure of the ZrO2 shell

and the Zr±U±O melt will be released and causes relo-

cation of UO2 and ZrO2 well below their melting points

(by about 1000 K). In the cooler lower part of the re-

actor core, the solidi®ed melts can give rise to cooling

channel blockages of di�erent sizes. The relocation of

molten cladding terminates its interactions with the fuel

and steam.

While UO2 is dissolved by liquid Zircaloy, a Zr±U±O

melt is formed that decomposes into two metallic phases

(a-Zr(O) +(U±Zr) alloy) and one ceramic phase ((U,

Zr)O2) during cooldown. When ZrO2 is dissolved, the

Zr±O melt formed decomposes into a metallic (a-Zr(O))

and a ceramic phase (ZrO2). The ceramic phases are

formed only above a critical oxygen concentration in the

melts and depend on the amount of dissolved UO2 and/

or ZrO2.

The kinetics of chemical UO2 and ZrO2 dissolution

by molten Zircaloy follow parabolic rate laws. In gen-

eral, the dissolution of solid fuel by molten Zircaloy is

very fast; at 2250°C, after 5 min the solidi®ed Zr±U±O

melt consists of �80 wt% of dissolved UO2 (Fig. 5;

initial molten Zircaloy weight of 9.77 g, melt/solid UO2

contact area of 5.8 cm [14]). The amount of UO2 that

can be dissolved depends on the quantity, initial oxygen

content, and temperature of the Zircaloy melt [14].

Fig. 6 shows an Arrhenius plot of UO2 dissolution rates

and ceramic phase portions in initially oxygen-free

molten Zircaloy-4 after the saturation period [14].

Under oxidizing reactor conditions, the Zircaloy also

picks up oxygen from the steam. The chemical interac-

tion between Zircaloy and UO2 will therefore not be as

extensive as in an inert environment. As the initial ox-

ygen content of the metallic Zircaloy melt increases, the

amount of UO2 that can be dissolved by the melt de-

creases; this was experimentally demonstrated in Refs.

[15,16].

Despite joint e�orts of experimentalists and theore-

ticians, no common point of view on the physics of the

complicated dissolution phenomenon has been devel-

oped. The UO2 and ZrO2 dissolution kinetics by molten

Zircaloy are therefore still under investigation [17,18].

What are needed additionally are experimental data on

Fig. 4. Formation of various reaction layers and oxygen dis-

tribution for simultaneous interactions of solid or liquid Zir-

caloy with UO2 and steam.

Fig. 3. Reaction zone growth rates for Zircaloy cladding oxi-

dation reactions by UO2 fuel, steam and oxygen.

P. Hofmann / Journal of Nuclear Materials 270 (1999) 194±211 199



the simultaneous dissolution of UO2 and ZrO2 by mol-

ten Zircaloy.

4.3. U±Zr±O high-temperature phase relations

To understand and to describe the various phase

relations in the complex systems Zircaloy/UO2 and

Zircaloy/H2O, extensive investigations of the phase sta-

bility relations in the ternary U±Zr±O-system have been

performed up to about 2000°C [4]. The most important

features of this ternary system are the existence of an

extended central three-phase region (UO2 + a-

Zr(O) + U±Zr melt) as shown in Fig. 7. UO2 fuel is

stable with oxygen-saturated a-Zr(O) (Fig. 8), but not

with b-Zr or b-Zr(O) [11]. With regard to the UO2±Zr

interaction, this result explains the observed chemical

interaction by which UO2 is partially reduced to urani-

um metal as long as zirconium is not saturated with

oxygen. The complex reaction layer sequence which

forms under solid state conditions is shown in Figs. 2

and 4 and it is explained in detail in Ref. [11]. Since at

temperatures >1525°C cubic ZrO2ÿx coexists with a-

Zr(O), a complete range of miscibility between UO2ÿx

and ZrO2ÿx exists (Fig. 9), resulting in a large two-phase

®eld ((U, Zr)O2ÿx + a-Zr(O)) instead of a three-phase

®eld (UO2ÿx + ZrO2ÿx + a-Zr(O)) that exists below

1525°C (Fig. 7) [4].

Fig. 7. Equilibrium phase diagrams of the ternary Zr±U±O system at 1500°C, 1800°C and about 2000°C [4].

Fig. 5. UO2/molten Zircaloy dissolution, ceramic phase port-

ions in solidi®ed (Zr, U, O) melts and UO2 content in molten

Zircaloy at di�erent reaction temperatures.

Fig. 6. UO2 dissolution rates and ceramic phase portions in

molten Zircaloy after the saturation period.
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The measured eutectic temperature of the quasi bi-

nary a-Zr(O)±UO2 system is in accordance with the a-

Zr(O)±ZrO2 eutectic temperature of the binary Zr±O

system. Very often, the phase relation in the a-Zr(O)±

UO2 system is used and interpreted incorrectly. It can

only be used when oxygen-saturated a-Zr(O) is in con-

tact with UO2. Small deviations in the oxygen concen-

tration of the zirconium result in di�erent phase

formations and stabilities [4]. This is especially true with

respect to the eutectic temperature and the eutectic

point. The eutectic point in the quasi-binary a-Zr(O)±

UO2 system lies at �27 mol% UO2, Fig. 8. The maxi-

mum amount of UO2 that can be completely dissolved

at �2000°C is �28 mol% UO2, forming a homogeneous

Zr±O±U melt. However, about 85 mol% UO2 can be

dissolved at �2000°C under the formation of a hetero-

geneous melt consisting of a U±Zr±O liquid and solid

(U, Zr)O2ÿx particles.

4.4. Chemical interactions between the (Ag, In, Cd)

absorber rod alloy and Zircaloy

The absorber rod alloy (80 wt% silver, 15% indium,

5% cadmium) is thermodynamically stable with its

stainless steel cladding, even in the liquid state (>800°C).

However, the absorber rod guide tube is made from

Zircaloy, which will chemically interact with the stain-

less steel cladding of the absorber rod. During a severe

reactor accident, localized contact between stainless steel

and Zircaloy exists at many places. This solid-state

contact results in chemical interactions with the forma-

tion of liquid phases around 1150°C. After failure of the

absorber rod cladding, the molten Ag±In±Cd alloy

(melting point �800°C) comes into contact with the

Zircaloy guide tube and chemically destroys it. Then, the

molten Ag±In±Cd can even attack and chemically dis-

solve the Zircaloy cladding of the fuel rods well below

the melting point of Zircaloy (�1760°C). The relocating

Ag±In±Cd alloy is therefore able to propagate and ac-

celerate the core-melt progression at rather low tem-

peratures.

The chemical interactions between Ag±In±Cd and

Zircaloy were studied in separate-e�ects tests which are

described in Ref. [19]. The reaction zone growth rate

(decrease in Zircaloy wall thickness) is plotted in an

Arrhenius diagram against the reciprocal temperature in

Fig. 10. At temperatures >1200°C, the chemical inter-

actions result in a sudden and complete liquefaction of

the compatibility specimens. As a consequence, the

Fig. 10. Total reaction zone growth rates of various reaction

couples of fuel element components. In most cases liquefaction

of the materials occurs below their melting points.

Fig. 8. Phase diagram of the quasi-binary system oxygen-sta-

bilized a-Zr(O) and UO2 [4].

Fig. 9. Phase diagram of the quasi-binary system UO2 and

ZrO2 [4].
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Zircaloy cladding can be chemically dissolved �600 K

below its melting point and may even result in a low-

temperature UO2 fuel dissolution. For phase consider-

ations of melting reactions, the quaternary U±Zr±Fe±O

system may be regarded as a model system for the

complicated multi-component system of a beginning

core melt; iron represents the stainless steel. A detailed

description of the phase relations is given in Ref. [4].

The chemical interaction between the Ag±In±Cd al-

loy and Zircaloy is theoretically described by a model

under conditions of convective mixing in the (Zr, Ag, In)

liquid phase in Ref. [20]. Homogeneous bulk saturation

of the liquid phase with Zr takes place in the course of

the Zircaloy dissolution by the absorber melt resulting in

a gradual decrease of the interaction process. Two main

parameters of the model are calculated: Zr concentra-

tion in the saturated melt and convective mass transfer

coe�cient in the liquid phase [20].

4.5. Chemical interactions between Zircaloy and stainless

steel or Inconel

The Zircaloy/stainless steel (1.4919; corresponds to ss

Type 316 with 18 wt% Ni and 8 wt% Cr) interactions are

important with respect to the contact between the ab-

sorber rod cladding and the Zircaloy guide tube and

between the Inconel spacer grid and the Zircaloy fuel

rod cladding. In both cases, the iron±zirconium and the

nickel±zirconium phase diagrams show that due to eu-

tectic interactions, early melt formation has to be ex-

pected, which initiates the melt progression within the

fuel assembly at low temperatures. Liquid phases form

at temperatures <1000°C; however, the reaction kinetics

become signi®cant only above 1100°C. This was seen in

the CORA tests, where fuel rod bundles were heated up

to complete meltdown. In all cases, the damage of the

bundle was initiated due to Zircaloy/stainless steel and

Zircaloy/Inconel interactions. Localized liquefaction of

these components started around 1200°C [6].

The reaction kinetics between Zircaloy and stainless

steel can be divided into a reaction zone growth rate in

Zircaloy and one in stainless steel, as shown in Fig. 11.

One can see that the Zircaloy is attacked more strongly

than the stainless steel. Oxide layers on the Zircaloy

cladding outside diameter delay the chemical interac-

tions between Zircaloy and steel, but they cannot pre-

vent them. The in¯uence of oxide layers becomes less

important at temperatures >1100°C, since the dissolu-

tion of the protecting ZrO2 layers occurs rather fast and

the stainless steel is then in contact with metallic Zir-

caloy or oxygen-stabilized a-Zr(O) [21].

In a ®rst approach, the reaction behavior of Zircaloy

with Inconel 718 is comparable to that with Type 316

stainless steel [22]. At temperatures <1100°C, Inconel

attacks the Zircaloy faster than stainless steel; above

1100°C, the situation is the reverse. In both cases, the

melting of a relatively large quantity of Zircaloy with

limited melting of the adjacent stainless steel or Inconel

takes place. During heat-up of the stainless steel/Zirca-

loy and Inconel/Zircaloy reaction systems, a sudden and

complete liquefaction of the specimens occurs at tem-

peratures slightly above 1250°C. This may be the reason

that melt progression in a fuel rod bundle initiates at

absorber rod cladding (stainless steel)/Zircaloy guide

tube contact areas and Inconel spacer grid/Zircaloy fuel

rod contact locations [6].

4.6. Reaction behavior of B4C absorber material with

stainless steel or Zircaloy

The absorber rods in boiling water reactors (BWRs),

Russian VVER-1000 type reactors and some pressure

water reactors (PWR) consist of boron carbide (B4C)

pellets or powder in stainless steel tubes. In BWRs, the

absorber rods are contained in a four-blade stainless

steel assembly. Four fuel rod bundles are each sur-

rounded by a Zircaloy channel box arranged around the

cross-shaped control element. The B4C/stainless steel

system is not thermodynamically stable; i.e., chemical

interactions are expected at temperatures above 800°C.

After failure of the absorber rods the B4C may then also

interact with the Zircaloy ¯ow channel box and the

adjacent UO2/Zircaloy fuel rods. For this reason, the

Fig. 11. Reaction zone growth rates in the reaction couple

Zircaloy/stainless steel; comparison of the reaction zone growth

rates in Zircaloy and stainless steel (AISI 316).
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chemical interactions between B4C and Zircaloy have

also to be known.

The reaction kinetics for the B4C/stainless steel and

B4C/Zircaloy systems can be described by parabolic rate

laws [23]. The experimental results show that the com-

plete failure of the B4C/Zircaloy reaction couple as a

result of liquefaction occurs at �1650°C, which is 400 K

higher than that of the B4C/stainless steel reaction sys-

tem at �1250°C (Fig. 10). In both reaction systems, the

liquefaction occurs below the melting points of the

components due to eutectic interactions. If Zircaloy is

used for the cruciform absorber element instead of

stainless steel, the onset of liquid phase formation could

be shifted to much higher temperatures. Besides, at

temperatures <1200°C, the B4C/Zircaloy reaction rate is

much lower than that of B4C/stainless steel. Therefore,

more time would be available during a severe accident

for accident management measures.

The chemical interaction kinetics between B4C and

stainless steel and Zircaloy have been described by an-

alytical models [24,25]. The proposed models can be

applied not only for modeling of isothermal tests (on

which basis they are developed), but also for more

complicated non-stationary transient temperature con-

ditions which are typical for integral experiments like the

CORA fuel bundle meltdown tests [6] as well as for

anticipated real severe accident conditions in nuclear

power plants.

The premature low-temperature failure of the BWR

absorber element and its relocation may result in an

early localized relocation of the B4C absorber material

within the reactor core and may cause local criticality

problems in a severe reactor accident if the core is

¯ooded by unborated water. In the CORA 16 experi-

ment, in which a BWR fuel rod bundle was heated out-

of-pile up to 2000°C, the failure of the absorber element

and its relocation between 1200°C and 1300°C was

con®rmed long before the fuel rods failed.

5. Integral experiments on fuel element behavior

In the previous sections the high-temperature mate-

rial behavior of various material combinations is de-

scribed. However, what is of interest is the integral

behavior of the di�erent fuel element materials with in-

creasing temperatures under realistic boundary condi-

tions. Therefore, in the framework of the CORA

Program out-of-pile integral experiments with 2 m long

PWR, BWR and VVER-1000 fuel rod bundle simulators

(with 1 m heated length), containing a maximum of 57

rods, were performed [6]. Altogether 19 bundle experi-

ments were performed under ¯owing steam up to about

2400°C. Of particular importance has been the deter-

mination of critical temperatures, above which liquid

phases form as a result of chemical interactions between

the fuel element components or by reaching a melting

point and their in¯uence on damage propagation. On

the basis of the experimental results and thermodynamic

consideration, three distinct temperature regimes can be

de®ned where liquid phases that form in the reactor give

rise to substantial material relocations and di�erent de-

grees of core damage [6].

5.1. Temperature regimes for liquid-phase formation

5.1.1. Temperature regime between 1200°C and 1400°C

At temperatures between 1200°C and 1400°C

(Fig. 12), the Ag±In±Cd control rods may possibly start

to fail directly as a result of chemical interactions be-

tween the stainless steel cladding of the absorber rods

and the Zircaloy guide tube or by simple mechanical

rupture of the cladding (low system pressure case).

However, in some situations, failure could be delayed

until stainless steel melts at �1400°C (high system

pressure case). The failed absorber rod releases the li-

quid Ag±In±Cd alloy, which melts at �800°C. This alloy

interacts eutectically with Zircaloy, but not with stain-

less steel, and can liquefy the Zircaloy much below its

melting point (�1760°C). This enables the damage to

propagate to neighboring Zircaloy-clad fuel pins. The

associated liquefaction and relocation can open axial

and radial ¯ow pathways through the whole core. Since

Fig. 12. Temperature regimes for extended liquid phase for-

mation in a severe reactor accident.
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the solidi®cation temperatures of these material mix-

tures are extremely low, they should reach the lower core

structures ®rst, or they may fall into the water below the

core, and ultimately into the lower head of the RPV, and

cause additional steam generation, which may tempo-

rarily overcome steam starvation in some of the upper

portions of the core. Due to the low-temperature failure

of the control rods and fast relocation to colder parts of

the core, cadmium vaporization is reduced.

Boron carbide (B4C), which is used as absorber ma-

terial in BWRs, VVERs and some PWRs may also be

lique®ed above 1200°C, due to eutectic interactions with

the stainless steel cladding tubes. The B4C control rod

material separates from fuel rod materials by relocation

processes in the liquid state. Therefore, re¯ood water

must be su�ciently borated to avoid recriticality and

power generation during early phase core degradation,

which means prior to the disintegration of the core into

a rubble bed.

Other low-temperature eutectic interactions can oc-

cur between the Zircaloy of the guide tube and the In-

conel of the spacer grids. At �1250°C, these interactions

result in a localized failure of the fuel rods, the forma-

tion of molten phases, and the relocation of lique®ed

Zircaloy cladding material far below its melting point.

This type of fuel rod failure mode causes early ®ssion

product release in a high-pressure accident scenario. In a

low-pressure scenario, the cladding will balloon and

rupture even at much lower temperatures, with release of

the gap ®ssion product inventory.

5.1.2. Temperature regime between 1800°C and 2000°C

Between 1800°C and 2000°C, the unoxidized portions

of the Zircaloy cladding of the fuel rods, which are still

metallic, start to melt and can chemically dissolve the

solid UO2 fuel and the ZrO2 surface layer that oxidation

is producing on the cladding outside diameter. The

amount of unoxidized cladding depends on the heat-up

rate and steam availability. The molten metallic Zircaloy

then relocates downward along the individual rods in a

slow `candling' process or by a fast `dropping' process

and is so removed from the higher temperature regions

of the core where quicker oxidation prevails. These

processes can notably limit the uncontrolled tempera-

ture escalation and the corresponding rapid hydrogen

generation caused by Zircaloy oxidation.

Molten metallic Zircaloy can chemically dissolve

large quantities of solid UO2 fuel and `liquefy' it at

�1800°C, that is �1000 K below the melting point of

UO2 (�2850°C). Due to this liquefaction process,

starting at �1800°C, low-temperature melt relocations

of Zr±U±O mixtures containing decay heat sources takes

place. This relocation is also part of the so-called

candling process. Solidi®cation and melting occur re-

peatedly as water boils o� and core melt progression

proceeds. At the same time, molten metallic Zircaloy can

also chemically dissolve ZrO2 and breach the ZrO2 shell

on the cladding surface.

5.1.3. Temperature regime between 2600°C and 2850°C

In regions of the core where temperatures between

2600°C and 2850°C may be reached, the (U, Zr)O2 solid

solution, which may form in the fuel pin during a slow

core heat-up or as a result of UO2 dissolution by molten

Zircaloy, starts to melt and relocate. At temperatures

>2850°C, all components of the reactor core and

chemically formed phases are molten, including UO2

itself, which has the highest melting point (�2850°C).

The melting point of ZrO2 is about 2700°C.

The di�erent temperature regimes result in di�erent

core damages (Fig. 12). Regime 1 causes localized core

damage and the blockages formed will be probably

coolable. In temperature regime 2, much stronger melt

formation occurs with extended core damage and the

generation of core regions that can no longer be cooled.

Regime 3 ®nally results in the complete meltdown of all

materials and a total destruction of these high-temper-

ature core regions.

Evidence for all these molten phases and relocation

processes has been seen in the various in-pile (ACRR,

PBF, LOFT, NRW FLHT, PHEBUS) and out-of-pile

(CORA) experiments and in TMI-2 [5±10]. The various

molten phases solidify on cool-down at di�erent tem-

peratures and may therefore form blockages at di�erent

axial locations, although the undestroyed spacer grids

may de®ne the limit of axial slumping. It is not yet

clari®ed to what extent the ¯ow channel blockages a�ect

the boil-o� steam ¯ow rate, and as a consequence, the

Zircaloy oxidation and hydrogen generation, although

the disruption of core geometry and ¯ow paths caused

by the core slumping probably would decrease Zircaloy

oxidation e�ciency within the core.

5.2. In¯uence of heat-up rates on liquefaction of materials

In addition to the temperature of the core, the local

heat-up rates also have an important in¯uence on the in-

vessel core melt progression. These local heat-up rates

can be largely controlled by local steam availability be-

cause of the importance of the exothermic Zircaloy/

steam reaction. At initial low heat-up rates <0.5 K/s, the

fuel cladding is completely oxidized to ZrO2 under

steam-rich conditions before reaching the melting point

of metallic Zircaloy. As a result, fuel rod melting will not

occur until 2600°C. At initial heat-up rates above 1 K/s,

temperatures are reached that permit the Zircaloy metal

to melt and dissolve UO2 before all the Zircaloy be-

comes oxidized. The melt may not relocate because it

can be held in place by the solid ZrO2 layer that is

formed during heat-up on the surface of the Zircaloy

cladding. Zircaloy oxidation may also be limited by
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steam starvation. At high heat-up rates >5 K/s, the ZrO2

layer will probably be too thin to hold the metallic melt

in place and relocation will occur after mechanical and/

or chemical breach of the ZrO2 shell (Fig. 13).

It is evident from the foregoing discussion that the in-

vessel melt progression process is very complex. It can

only be understood by a combination of experiments

and computer modeling and careful veri®cation and

validation of such codes. This requires detailed and

thorough analysis of the out-of-pile and in-pile tests, the

large-sized LOFT LP-FP2 experiment, and the TMI-2

accident. Both TMI-2 and LOFT LP-FP2 can be linked

to smaller scale separate-e�ects tests to look at particu-

lar phenomena. The computer models, when validated

against these smaller scale experiments, must allow ap-

plication to reactor plant conditions where scaling e�ects

become important.

5.3. Material distribution in integral experiments

The materials redistribution within the various types

of fuel elements examined in the integral test program

CORA showed interesting results [26]. The absorber

materials initiate melt formation and melt relocation

and shift the temperature escalation as a result of the

zirconium±steam reaction to the lower end of the bundle

by the relocation, i.e., by movement of molten (hot)

material. The relocation of melts occurs by rivulet and

droplet ¯ow. The various melts solidify on cool-down at

di�erent temperatures, i.e., at di�erent axial locations.

The viscosity of the molten material has an impact on

the relocation behavior and has to be considered in

modeling of these phenomena [37]. Material relocations

induce a temperature escalation at about 1200°C. The

release of chemical energy results in renewed melt for-

mation and relocation. Therefore, the processes are

closely coupled. Pre-oxidation of the cladding results in

reduced melt formation and shifts the onset of temper-

ature escalation to higher temperatures. Inconel and

stainless steel spacers relocate above 1250°C as a result

of chemical interactions and do not act as materials

catchers. Pre-oxidized Zircaloy spacers still exist at

temperatures >1700°C and therefore have a signi®cant

impact on the relocation processes at lower temperatures

[26].

The CORA-10 test simulated the behavior of a rod

bundle with additional cooling at its lower end (TMI-2

conditions) [34]. Fig. 14 depicts the axial bundle tem-

perature pro®le at di�erent times and the material re-

location. One can recognize the in¯uence of the higher

heat losses at the lower end (30 cm) of the bundle in the

axial temperature pro®les. Two steep axial temperature

gradients form at 4400 s, one at 45 cm and one at the 30

cm bundle elevation. Corresponding to the steep axial

temperature gradients, the main blockage formed at the

40 cm bundle elevation. The absorber rods cannot be

found in the cross sections as a result of liquefaction and

relocation. A part of the UO2 was dissolved by molten

Zircaloy and relocated [26].

The axial material distributions of CORA-W1 [35]

and CORA-W2 [36] are compared in Fig. 15, together

with the boundary conditions of the experiments. The

two tests were performed with fuel-element components

typical of Russian type VVER-1000 reactors, Zr 1% Nb

fuel rod cladding, and B4C absorber material in stainless

steel cladding. Fig. 15 underlines the extraordinary in-

¯uence of the low-temperature eutectic interaction be-

tween B4C and stainless steel on melt relocation, damage

progression, and blockage formation. The absorber

material interactions initiate the formation of liquid

phases. Relocating melts transport heat to lower bundle

positions and initiate the exothermic zirconium±steam

reaction, which leads to a renewed temperature increase,

melt formation, and relocation. Compared with the

CORA-W1 bundle, the axial region of fuel rod damage

in the CORA-W2 bundle extended to the very lowest

end of the bundle, despite the fact that the input of

electrical energy was smaller [26].

Fig. 13. Dependence of the temperature regimes on liquid phase

formation on the initial heat-up rate of the core. Small heat-up

rates drastically reduce the amount of molten Zircaloy (1800±

2000°C) and give more time for possible accident management

measures.
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6. Molten material relocation into the lower plenum

As emphasized in the TMI-2 accident, the transfer

mode of molten material from the degraded core to the

lower head of the vessel is an important factor in the

evaluation of the in-vessel progression of a severe acci-

dent in nuclear reactors. The understanding of this

phenomenon is very important with respect to the in-

vessel debris cooling and vessel failure analyses.

Early phase (metallic phase melting) and late phase

(ceramic phase melting) core damage progression a�ect

the initial conditions for material relocation. Metallic

blockage formation in the lower core region, melt pool

growth and crust failure behavior are important factors

in determining the quantities, rate and mode of melt/

material transfer to the lower head. Melt relocation

processes into the lower plenum may also depend on the

di�erences in core damage conditions relevant to the

type of nuclear reactor under examination. Generally,

the TMI-like `wet-core' scenario, typical for PWRs,

contrasts with a BWR-typical `dry-core' scenario. As

demonstrated by the TMI-2 accident, the `wet-core'

conditions enhance large molten pool formation with

coherent molten mass relocation after crust failure;

while gradual melt relocation is more likely under `dry-

core' conditions.

Depending on the considered scenario, molten ma-

terial relocation into the lower plenum may occur from

the lateral periphery of the core or from the core bot-

tom. In both cases, the thermal±mechanical attack of the

melt on the surrounding metallic support structures

(lower core plate, core ba�e, barrel, etc.) should be ta-

ken into account. The degradation of these structures by

ablation and melting may produce an enlarged pathway

towards the lower head that may a�ect the rate of melt

relocation.

Signi®cant amounts of molten material relocated to

the lower head could directly threaten the vessel integrity

by steam explosion due to melt interaction with the water

still present in the vessel, or by jet impingement on the

lower vessel wall. Metals such as Zircaloy in the melt may

enhance the energy release in case of a steam explosion

and the interaction of the melt jet on the vessel wall.

The threshold of failure of the reactor-vessel lower

head determines whether or not the reactor vessel fails

for given melt conditions and vessel pressure. Such

failure is of major signi®cance. The threshold and the

mode of failure under melt attack determine the mass

and the rate of release of the melt into the containment.

Such a melt attack on the internally-¯ooded vessel lower

head did occur in the TMI-2 accident, but the lower

head did not fail.

The consequences of re¯ooding a severely degraded

core at di�erent stages of core degradation are also of

LWR safety signi®cance. Of primary concern is whether

or not, at a given state of core damage, re¯ooding will

promptly terminate the accident, as it did not do at

TMI-2. The large amount of generated hydrogen (with

local core heating) from Zircaloy oxidation by the re-

¯ood steam, the amount of re¯ood steam, and the

possibility of a large steam explosion are also of reactor

safety interest.

Most of our knowledge in severe fuel damage and

core-melt progression is based on observation from

Fig. 14. Axial bundle temperature pro®le and material relocation in the bundle melt down experiment CORA-10; simulating TMI-2

accident conditions with cold lower end [26].
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fresh-fuel experiments. However, the small number of

experiments with irradiated fuel may exhibit lower

temperature thresholds for slumping and melting, and

may under certain conditions foam and swell.

The PHEBUS program currently underway in

France [10] will provide additional experimental evi-

dence in the area of irradiated fuel e�ects (the FPT1 test

has evidenced di�erences between the degradation of

fresh and irradiated fuel rods). Melt progression be-

havior under conditions of air ingression, as would be

associated with a shutdown accident during refueling, is

another little studied area where uncertainties remain.

The fact that the only data available on the physical

process of core material release and transfer to the lower

plenum are from the TMI-2 accident, limits the ability to

assess thoroughly models describing these processes.

While there is a signi®cant number of experiments

which address the early (mainly) and late phase core

degradation (PBF-SFD [5], ACRR DF and ST [7],

CORA [6], LOFT LP-FP-2 [5,7], PHEBUS-SFD [9]),

which allow development and validation of code mod-

eling, no signi®cant experimental work has been done

(except the Sandia XR tests [7]) to investigate molten

material relocation processes to the lower head. The

present knowledge is mainly based on the analysis of the

TMI-2 accident [8]. Therefore severe accident codes,

both mechanistic (e.g., SCDAP/RELAP5, ICARE/

CATHARE, ATHLET-CD/KESS) and integrated (e.g.,

MELCOR, MAAP4, ESCADRE), are more or less able

to calculate the initial conditions for melt relocation

(temperature, composition and amount of melt), but rely

on empirical and simpli®ed (user speci®ed) models for

the evaluation of material relocation into the lower

plenum.

In an OECD/NEA status report [27] the current state

of knowledge of molten material relocation into the

lower plenum, the main severe accident scenarios en-

visaged for both PWRs and BWRs, and boundary

conditions are summarized. Consequences of movement

of material to the lower head are considered with respect

to the potential for reactor pressure vessel failure. The

models available in the above-mentioned computer

codes dealing with molten material relocation into the

lower plenum are described.

7. Investigation on hydrogen generation during ¯ooding

One of the still open problems on early phase core

degradation is the hydrogen generation during quench-

ing [6,28,31]. The most important accident management

measure to terminate a severe accident transient in a

LWR is the injection of water to cool the uncovered

degraded core. Analysis of the TMI-2 accident and the

results of integral out-of-pile (CORA) and in-pile ex-

periments (LOFT, PHEBUS, PBF) have shown that

before the water succeeds in cooling the fuel pins there

will be an enhanced oxidation of the Zircaloy cladding

that in turn causes a sharp increase in temperature, hy-

drogen production and ®ssion product release.

Quenching is considered a worst case accident scenario

regarding hydrogen release rates to the containment.

The increased hydrogen production worries those con-

cerned with reactor safety. For in- and ex-vessel hy-

drogen management measures, one has to prove that the

hydrogen release rates and total amounts do not exceed

safety-critical values for the considered power plant. In

most of the code systems, describing severe fuel damage,

the quench phenomena are either not considered or only

modeled in a simpli®ed empirical manner.

Although nobody suggests not quenching the core, it

is important that the hydrogen generation rate is known

so that accident mitigation measures can be designed

appropriately:

Fig. 15. In¯uence of the B4C/stainless steel absorber rod li-

quefaction on bundle degradation and material distribution in

the VVER tests CORA-W1 and CORA-W2; the melt progres-

sion and relocation behavior of the B4C absorber rod is com-

parable to that in BWRs [26].
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· Passive autocatalytic recombiners work slowly and

their surface area has to be sized.

· The concentration of hydrogen in the containment

may be combustible for only a short time before det-

onation limits are reached. This limits the period dur-

ing which igniters can be used.

No models are yet available to predict correctly the

quenching processes in the CORA and LOFT LP-FP-2

[31] tests. No experiments have been conducted that are

suitable for calibrating the models. Since the increased

hydrogen production during quenching cannot be de-

termined on the basis of the available Zircaloy/steam

oxidation correlations, new experiments are therefore

necessary. An extensive experimental database is needed

as a basis for model development and improvement

[28,29].

In the earlier CORA program only a small number of

quench tests could be performed [6,30]. These experi-

ments showed that quenching of the hot bundles by

water resulted in a renewed temperature escalation at

the top of the bundle and additional hydrogen genera-

tion, although the electric power supply was shut o�.

The comparison of the quantitative data on hydrogen

production measured between the CORA-16 BWR-re-

lated test (without quenching) and CORA-17 (with

quenching) in Fig. 16 shows a remarkable hydrogen

peak during the ¯ooding phase of CORA-17. Similar

behavior in the hydrogen response was observed in

PWR-related tests, although it is assumed that in the

BWR tests, additional energy and hydrogen production

was caused by a steam reaction with the remnant B4C

absorber (B4C oxidation in steam is more exothermic

and produces more hydrogen per gram material than

does Zircaloy) [6,30].

The Forschungszentrum Karlsruhe has started a

QUENCH program on the determination of the hy-

drogen source term to investigate the generation of new

metallic surfaces by cracking and fragmentation of the

oxygen-embrittled cladding tubes as a result of the

thermal shock during ¯ooding and their in¯uence on

enhanced oxidation and hydrogen generation [38,39].

A small scale test rig was built in which it is possible

to quench short Zircaloy fuel rod segments by water

(90°C and 1.5 cm/s ¯ooding rate) or to rapidly cool the

rods by injected steam (140°C and 2 g/s). The main ex-

perimental parameters investigated are: the extent of

cladding pre-oxidation (0, 100, 300 lm ZrO2 layer

thickness) and the temperature of the Zircaloy tube at

onset of quenching (1200°C, 1400°C and 1600°C) [29].

The heat losses in these experiments were such that no

temperature escalation was seen. The mechanical be-

havior of the cladding tube depends on the initial oxide

scale thickness and the tube temperature at onset of

quench. Large cracks, penetrating the oxide layer and a-

Zr(O) metal substrate, can be observed in water-quen-

ched and steam-cooled specimens with an initially 300

lm thick oxide layer thickness. The formation of the

crack is more pronounced if the quench is initiated from

low temperatures (1200°C). The surfaces of the cracks

are partially oxidized. This indicates that the cracks are

already formed at high temperatures and that they

therefore contribute to the hydrogen generation [29].

Some of the typical thermohydraulic boundary con-

ditions during quenching of a reactor core can only be

simulated by large-scale bundle tests. An experimental

facility (QUENCH), which allows the quenching of

bundle simulators under nearly adiabatic conditions,

was constructed at the Forschungszentrum Karlsruhe, in

which a bundle of 21 rods of about 2.5 m total length

will be quenched. The main component of the test fa-

cility is the test section with the test bundle simulator.

The rods are arranged on a PWR-type square pitch

within a circular shroud and are heated internally by

tungsten resistance heaters over a length of about 1 m.

The fuel rod simulators are similar to those employed in

the CORA program, with the exception that zirconia

rather than uranium dioxide pellets are used. The

shroud is composed of Zircaloy which is surrounded by

a thick insulating layer of ®brous zirconia surrounded

by an argon cooling jacket (Fig. 17). The hydrogen is

analyzed by two di�erent instruments: (1) a mass spec-

trometer located at the o�-gas pipe, and (2) A `CAL-

DOS' hydrogen detection system located behind the

Fig. 16. Hydrogen generation measured during the CORA-16

and CORA-17 BWR-type tests without and with quenching,

respectively. Quenching (¯ooding) of the hot bundle results in a

temperature increase and remarkable hydrogen peak.
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main stream condenser. Commissioning tests have been

performed in October 1997 [38]; the ®rst bundle quench

experiments QUENCH-01 and QUENCH-02 [39] have

been conducted in February and July 1998, respectively.

8. Conclusions; principal remaining uncertainties

The early-phase of core degradation has been exten-

sively studied by separate-e�ects [4,6,32] and integral

experiments [5±7,9]. Additional representative tests re-

main necessary for model development and validation

on the following degradation aspects [2,7]:

· Simultaneous dissolution of UO2 and ZrO2; failure

conditions of the outer ZrO2 layer on Zircaloy clad-

ding tubes by molten Zircaloy.

· Oxidation of relocating and relocated Zr-rich melts,

which a�ects part of the power distribution during

fuel rod degradation and melt relocation.

· Rapid cooling (quenching) of degraded cores, includ-

ing fuel rod embrittlement, enhanced oxidation and

hydrogen generation.

· Impact of fuel degradation on ®ssion product release,

particularly in case of fuel dissolution by molten Zir-

caloy and during quenching of degraded cores.

· E�ects of irradiated fuel on fuel failure, fuel dissolu-

tion and core degradation.

There exists a large data bank from integral early-

phase experiments (temperatures up to 2500°C, with

limited core material relocation). These data have been

obtained under a large range of conditions and are

complementary. They cover di�erent LWR bundle de-

signs, di�erent heating methods and initial heat-up and

cooling rates, including rapid cooling representative of

®nal quenching. The high-temperature material behav-

ior of the Russian VVER-1000 bundles was found to be

comparable with that observed in the PWR or BWR

tests of Western design. The data bank enables good

understanding of the di�erent severe fuel damage pro-

cesses up to the ®nal cooling. However, quench-related

materials phenomena, such as cracking of ZrO2 oxide

shells which may lead to renewed heat-up and hydrogen

generation, are not well understood and need further

study.

Although the data bank on early-phase core degra-

dation is comprehensive, the close coupling amongst the

di�erent phenomena means that quanti®cation of indi-

vidual e�ects is not always possible. This limits the

usefulness of the data for model development [2].

Late-phase of core degradation involves melt behavior

at temperatures above about 2500°C, and also the pre-

melting behavior of solid ceramic debris, including fuel

swelling and foaming, fuel fragmentation, and fuel

slumping. The mass and the other characteristics of the

ceramic melt released from the core into the lower ple-

num water are determined by late-phase melt progres-

sion processes, in particular the mechanism and

threshold of the melt-through of the ceramic melt pool

from the core and also the location of melt-through

[7,27].

The behavior of late-phase core materials in de®ned

geometries (e.g. debris bed, melt pool) is fairly well un-

derstood. The database on transition processes (e.g.

formation of a debris bed from embrittled and cracked

Fig. 17. Schematic of the test section of the new QUENCH Facility and of the fuel rod simulator bundle cross section. Quenching

occurs either at the bottom or at the top of the bundle by water or by `cold steam' injection.
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rod stacks, melt pool formation, and relocation of ma-

terial into the lower head) is much poorer. Here, the

PHEBUS FP test program is starting to produce signi-

®cant extensions to current knowledge [10]. The existing

data base, which has come primarily from the TMI-2

post accident core examinations [8], has been broadened

by data from tests such as the Sandia-MP and -XR se-

ries [7], and from tests on melt pool thermal hydraulics.

However, large uncertainties limit the possibilities of

extending these results to predict late-phase behavior

and vessel rupture in other severe accident conditions.

The limited knowledge is re¯ected in the simpli®cation

of models at present incorporated in the severe accident

codes [27]. Further investigations should be mainly ad-

dressed to the molten chemical±mechanical material in-

teractions (ablation and perforation) with the core

support structures, which may in¯uence the pouring rate

and the transfer mode of molten material to the lower

head of reactor vessel (either coherent or gradual melt

relocation).

The late phase is of key importance for plant safety

studies in such areas as hydrogen generation (¯ooding of

degraded cores in the late phase), ®ssion product release,

initial conditions for melt/coolant interactions, and wall

vessel attack [2,7]. Increased emphasis is given to these

topics in the European Union 4th Framework Pro-

gramme [40].
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