Chapter 5
Development of the
core melt accident
5.1. Development of the accident in the reactor vessel
5.1.1.

Progression of the core melt in the reactor vessel

5.1.1.1. Introduction
If the reactor core remains dry for a considerable length of time, the temperature
of the fuel rods rises and may locally reach levels that cause significant and irreversible
core degradation. The mechanisms of this degradation are both chemical and mechani
cal. Depending on the local temperature levels, degradation may result in more or less
severe hydrogen production, fission product (FP) release, and molten corium formation
and propagation towards the lower head. These phenomena have been studied in many
national and international research programmes [1, 2, 11, 12, 15, 22]. The main degra
dation mechanisms that appear as the core temperature rises, as well as their conse
quences, are described in Section 5.1.1.2. This description is followed by a presentation
of the main experimental programmes that have increased the state of knowledge of the
degradation mechanisms, as well as a description of the modelling and computer codes
that capitalise on that knowledge. The main mechanisms involved in the evolution of
the fuel rod and core degradation are schematically shown in Figures 4.1, 4.2 and 4.3 of
the previous chapter.
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5.1.1.2. Physical phenomena
5.1.1.2.1. Cladding oxidation and hydrogen formation
At temperatures above approximately 1300 K, the zircaloy in the cladding is exother
mically oxidised by the steam. This reaction plays a major role in aggravating the core
degradation, as the thermal power that it releases can become significantly higher than
the residual power. The equation of this oxidation reaction is as follows:
Zr + 2H2O → ZrO2 + 2H2
with an enthalpy reaction ∆H between – 600 and – 700 kJ/mole of zirconium and
0.0442 kg of hydrogen produced per kg of oxidised zirconium.
This oxidation produces a zirconia (ZrO2) layer on the external surface of the cla
dding. The mass of oxygen absorbed by the cladding and the thickness of the oxide
formed are governed by a parabolic time law. The square of the increase in the mass of
oxygen fixed by the zirconium ∆M0 is proportional to the time interval ∆t, that is to say:
(∆M0 )2 = K0(T)∆t
The reaction rate K0(T) varies as an exponential function of the inverse of tempera
ture (Arrhenius law) and, at temperatures above 1600–1700 K, the energy supplied to the
cladding by the reaction cannot be evacuated by convection with the steam; the reac
tion rate then increases rapidly, resulting in the cladding temperature exceeding the zir
conium melting temperature (2100 K). Numerous experimental and theoretical studies
have focused on this phenomenon, which is now well understood. The hydrogen pro
duced can escape from the RCS (through a break, if there is one) into the containment
building atmosphere; this results in an explosion risk regarding which the strength of the
containment must be assessed. Knowing how to predict hydrogen production is therefore
an important aspect of the safety studies, as we have already discussed in Section 4.3.
In the case of the 1300 MWe PWRs, the control rods are partly composed of boron
carbide B4C (Section 2.3.2.1). This can also oxidise at temperatures above 1600 K, pro
ducing hydrogen. Little hydrogen is produced through this reaction, however, in com
parison with the volume of hydrogen produced by the zirconium oxidation reaction. In
the case of 900 MWe PWRs, the AgInCd alloy in the control rods does not oxidise.

5.1.1.2.2. Meltdown of materials and interactions with the intact rods
The control rods melt at lower temperatures than the fuel rods, either through
meltdown (the AgInCd alloy melts at temperatures above 1100 K) or, in the case of
the 1300 MWe reactors, through a chemical reaction resulting in their liquefaction (with
steel, the B4C forms a liquid eutectic mixture at temperatures above 1500 K). The B4C
may also oxidise once the steel cladding and the zircaloy guide tube have disappeared.
B4C oxidation is an exothermic process, effectively accelerating control rod degradation.
It also produces hydrogen (always through steam decomposition, as for Zr oxidation),
and part of the boron is in gaseous form (HBO2).
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After they melt, the control rod materials (including some steel) flow into the core
and come into contact with the fuel rods, thereby weakening the cladding of those that
are still intact through chemical interactions (forming eutectic liquids). It should be
noted that the spacer grids made in Inconel may also react with the zirconium cladding.
The major dissolution reactions include the AgZr and FeZr interactions, both of which
form a eutectic liquid whose melting point is considerably lower than that of zircaloy.
Experimental studies have been conducted on these interactions; the existing know
ledge of these interactions and their modelling is satisfactory. Some uncertainties still
remain regarding the influence of B4C, however, as it seems to cause the cladding of the
fuel rods to degrade at a lower temperature than that indicated by the models deve
loped using the current state of knowledge.

5.1.1.2.3. Cladding failure
The increased fuel temperature and the formation of fission gas within the pellets
increase fuel rod internal pressure. The zircaloy cladding begins to distort when the
temperatures exceed 1000 K, due to the degradation of their mechanical properties. In
some cases, the pressure inside the fuel rods can exceed the pressure inside the reactor
vessel. This overpressure within the fuel rod causes the cladding to swell as a result of
creep. This phenomenon, which is called “ballooning”, can cause a mechanical failure in
the cladding before they are oxidised. Some major distortion, referred to as “flowering”,
has also been observed. This is the result of the fuel pellets growing in volume, causing
additional stresses in the cladding. There are sufficient experimental data on these phe
nomena, and their modelling is satisfactory.
During a core melt accident, not all of the fuel rod cladding suffers from mechanical
failures before they oxidise. The oxidised cladding that has not failed mechanically may
lose its integrity as a result of other mechanisms occurring at higher temperatures. These
other mechanisms are much less wellknown, however. The current hypotheses used to
take them into account are based on experimental findings; consequently, it is accepted
that the zirconia layer breaks above a certain temperature (typically around 2300
to 2500 K). Another mode of failure may occur when the thickness of the zirconia layer
is less than a certain value (approximately 300 mm). The rupture mechanism involved
is still poorly known, and it is modelled using a correlation deduced from the results of
integral experimental programmes such as Phebus and CORA (Section 5.1.1.3.1), which
use a rupture temperature that varies according to the thickness of the zirconia layer.
In order to improve our understanding of the mechanism involved, it would be neces
sary to perform experiments that are both difficult and costly. Such experiments are not
planned, as most users of the computer codes consider that the modelling described
above is adequate for representing this mechanism in the computer codes used to simu
late core melt accidents. It should nevertheless be remembered that the zirconia layer
rupture criterion is a key parameter in these codes, as it defines the threshold for liquid
zircaloy relocation towards the lower parts of the core.
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5.1.1.2.4. Zircaloy melting and fuel dissolution
When the zircaloy melting point is reached, the UO2 fuel is partially dissolved by
the liquid metal (which does not flow out of the cladding as long as the zirconia layer
remains intact). This may result in the mechanical integrity of the fuel rods being lost
and the fragments produced in certain areas of the core accumulating long before the
UO2 melting point is reached (approximately 3100 K). The resulting fusiondissolution,
mechanical degradation and relocation of core materials within the reactor vessel (melts
of molten materials and local accumulations of fragments) determine how the distri
bution of the degraded materials in the reactor core evolves during the course of the
accident, and these must be taken into account in the modelling in order to realistically
predict the degraded condition of the core. This can then be used to predict which areas
are likely to be cooled if water is injected (reflooding) and which areas cannot be cooled
because molten materials have accumulated, thereby preventing water from reaching
them. Many experimental studies have been conducted in order to study changes in the
distribution of the degraded materials in the core during the course of a core melt acci
dent and considerable knowledge has been gained as a result, but the modelling is not
yet satisfactory, undoubtedly due to the complexity of the phenomena involved. Despite
the progress made (the development of mechanistic models based on detailed analyses
of tests conducted on fuel rod clusters), some experimental results are still difficult to
explain or interpret using the existing models, particularly the finding that fuel pellet
dissolution exceeds the possible values based on the phase diagrams. It also remains dif
ficult to model the simultaneous phenomena of fuel pellet dissolution and cladding oxi
dation. An ISTC (International Science and Technology Centre, a European Commission
body) project named THOMAS, led by IBRAE (the Nuclear Safety Institute of the Russian
Academy of Sciences in Moscow) resulted in the development of a model capable of
computing the oxidation of a large corium pool (with natural convection processed in 2D
or 3D) and the formation and dissolution of solid crusts at the edge of the pool.

5.1.1.2.5. Corium flow
The flow of the molten materials through the degraded core and their solidification
in its colder areas may result in considerable localised reductions in coolant flow cross
sections (Figure 5.1 clearly shows this phenomenon), which directly affects coolant flow
and the cooling of the degraded core. This flow depends on various factors including
the viscosity of the molten mixture, which is a function of its oxidation degree. In the
2100–2900 K temperature range, the viscosity of a UZrO mixture is an increasing func
tion of the oxygen content. Knowing how to calculate the oxidation of such mixtures is
thus particularly critical in determining the corium flow. The current understanding of
this phenomenon is incomplete, notably because, in most of the experiments conducted
(Phebus, CORA and PBF, described in Section 5.1.1.3.1), the corium globally flows in a
single direction (a onedimensional flow). It is likely, however, that corium radial flow
would be just as important if not predominant1 in the case of an accident affecting a
reactor core. Various corium flow models provide partially satisfactory results, i.e. they
1.

This is illustrated by the example of the Three Mile Island core melt accident, although this accident
scenario is a special case (Section 7.1).
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Figure 5.1. Photographs of two crosssections of the fuel assembly after the QUENCH02 test. These
show the distribution of the solidified molten materials (melts) between the rods and the impact of
these melts upon their degradation. The solidified melts are visible between the rods. They either totally
block the spaces between the rods (position A, lower left) or partially block the spaces, leaving porosities
(photograph, lower right).

generally predict the place in which the molten materials accumulate, but they are not
capable of accurately predicting the resulting porosity (experimentally, it is found that
the molten materials still do not occupy all of the available space). For the moment,
however, it is not possible to improve them on the basis of existing experimental data.
In the experiments conducted with corium melts, the corium flow is closely linked
both with the localised temperatures reached in the tested fuel assemblies and with
the degree of oxidation in the corium. These data cannot be determined sufficiently
accurately from the experimental results or computed from the models, due to the
complexity of the phenomena involved. Furthermore, in most of these experiments,
corium progression is onedimensional. The flow models have not been validated using
sufficiently largescale two or threedimensional test data. Uncertainties also remain
regarding the physical properties of corium, notably its solidus and liquidus tempera
tures, as well as regarding the apparent viscosity (the viscosity of the liquidsolid mix
ture) where the solid and liquid phases are present simultaneously. These properties
directly influence the corium flow.
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5.1.1.2.6. Oxidation of the molten mixtures
When the corium flows through the core, it contains zircaloy that has not been com
pletely oxidised. On contact with the steam, the zircaloy continues to oxidise. No experi
mental measurements of a UZrO liquid mixture oxidation rate are available. However,
during integral tests such as QUENCH (reflooding of an assembly of alreadyoxidised
rods), substantial hydrogen production has been observed over a very brief period in the
case of scenarios involving reflooding or a local increase in steam flow rate. This observa
tion is particularly important when assessing the hydrogen explosion risk, as reflooding
may lead to the instant hydrogen release rate within the containment temporarily exceed
ing the capacity of the hydrogen recombiners in the containment building concerned.
The QUENCH tests were the first that could be used to understand this effect, but
they had two disadvantages. Firstly, the use of ZrO2 pellets instead of UO2 pellets forms
a corium that is a ZrO mixture instead of the UZrO mixture that would be formed in a
reactor core melt accident. Secondly, it is difficult to distinguish between the oxidation
itself and the other phenomena (flow, cooling, etc.) in these integral tests; as a result,
it is not possible to determine whether the materials oxidise while they are flowing or
afterwards. The most likely explanation regarding the prolonged and intense oxidation
of zircaloy is that of a relatively slow melt consisting of the very hot UZrO liquid mix
ture (progressing at a speed of up to a few mm/s) along the fuel rods. The oxidation
kinetics of such a mixture depend on the ability of steam to access the zircaloy and,
therefore, on the porosity of the medium. The more the liquid mixture fills the open
spaces, the lower the oxidation kinetics are. From this point of view, the zircaloy oxida
tion phenomenon is globally understood and most computer codes include models for
calculating core melt progression in the reactor vessel. The validation of these models is
still often very succinct, however. In particular, more analytical test results are needed;
these could be used to determine the oxidation rates for UZrO melt mixtures. The
hypothesis of zirconia layer spalling in the event of reflooding (detaching zirconia layers
from the rods, bringing the metal zircaloy into contact with the water or steam) does
not provide a valid explanation for the intensified oxidation process while the rods are
being reflooded. To date, no experimental results support the existence of such spalling
in the case of the zircaloy 4 or the M5 alloy (there is very little experimental data for the
latter), which are used as cladding materials in the PWRs. It has only been found in the
case of alloys that are not used in the French PWRs, such as the E110 (ZrNb) used in the
Russian PWRs (VVER).

5.1.1.2.7. Formation of a corium pool and corium flow into
the lower head
If the temperature reaches the melting point of UO2, a “molten pool” forms in the
reactor core. Due to the formation of the eutectic liquids, the melting temperature may
be several hundred degrees below that of the UO2 melting point (3100 K).
As the eutectic molten mass increases, the pool expands axially and radially in the
core until it reaches either the baffle or the core support plate (internal structure; see
Section 2.3.2). At this moment, the corium flows into the lower head. Considering its
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low surface/volume ratio, the corium pool formed in this way is very difficult to cool; as
a result, it may grow by incorporating the rods located around it, even if it is reflooded.
This is what occurred in the Three Mile Island accident (Section 7.1).
It is essential to predict the weight, composition and temperature of the materials
reaching the lower head during the course of the accident, as well as the instants when
these materials do so, in order to study the subsequent sequence of events of the acci
dent. These phenomena are modelled in most computer codes. Their level of valida
tion and detail are satisfactory, considering the experimental data available. Only partial
data is available, however, as they exist either for smallscale, virtually onedirectional
fuel rod assemblies (around twenty rods, in the case of the Phebus assemblies), or for
preformed debris beds, which are also small (RASPLAV, ACRR and PhebusFPT4; these
programmes are described in Section 5.1.1.3.1 and Section 5.1.2.3.1). At present, there
are no experimental data allowing detailed characterisation of corium pool formation
and flow in the core. More representative data are still to be obtained in order to charac
terise the evolution of a corium pool through twodimensional rod assemblies.
The degradation may ultimately result in very different configurations in the core
simultaneously, ranging from intact or barely degraded rods to the formation of a
corium pool or a bed of debris. These different degraded core conditions are described in
greater detail in Section 5.4.1.

5.1.1.3. Experimental programmes, modelling and computer codes
5.1.1.3.1. Experimental programmes
This section provides a brief description of the main experimental programmes, rang
ing from the oldest to those still under way or scheduled in 2015, to study the degrada
tion of the core materials. The programmes performed have provided data for validating
the computer codes. An OECD summary report presents all the tests whose results have
been used to validate the core melt accident simulation computer codes [13].
Separate effect tests on the oxidation kinetics of fuel rod materials and the
associated chemical interactions: many tests conducted by different teams including
Forschungszentrum Karlsruhe (PzK) of Germany, and Atomic Energy of Canada Limited
(AECL) of Canada have determined the oxidation kinetics of zircaloy, UO2 dissolution by
the molten zircaloy, B4C oxidation (FzK and IRSN), zircaloy dissolution by the molten
steel, etc.
Separate effect tests on cladding failure mechanisms: these tests (for example, the
EDGAR tests conducted by CEA) have helped to determine the cladding creep law based
on the cladding temperatures and the oxidation conditions.
LOFT-FP [19]: this test programme, which was completed in 1985, was conducted
by the Idaho National Laboratory (INL) of the United States on an assembly consisting
of 121 UO2 fuel rods with inpile nuclear heating. It consisted of tests on fuel assembly
degradation and FP release, and involved temperatures up to 2400 K (locally). Steam
cooling was used, followed by water reflooding.
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PBF-SFD [20]: this test programme, which was completed in 1985, was conducted
by INL on an assembly consisting of 32 UO2 fuel rods with inpile nuclear heating. It
also included tests on fuel assembly degradation and FP release, but at temperatures
up to 2600–3100 K (locally). Steam cooling was used, followed by water reflooding (for
certain tests).
NRU-FLHT [14]: this test programme, which was completed in 1987, was conducted
by AECL on an assembly consisting of 16 nonirradiated UO2 fuel rods with inpile nuclear
heating. These degradation tests were unusual because they used fuel rods 3.7 m high
(fullscale).
ACRR-MP [8]: this test programme, which was completed in 1992, was conducted
by the Sandia National Laboratory (SNL). It consisted of inpile tests of small debris bed
melting (UO2 + ZrO2) in an inert atmosphere, at temperatures up to 3000–3200 K. The
formation and then flowing of a corium pool were observed.
CORA [17, 18]: this test programme, which was completed in 1993, was conducted
by KIT (formerly FzK) on an assembly consisting of 25 nonirradiated UO2 fuel rods with
electric heating. It consisted of tests in which fuel rod temperature reached 2200 K
(locally). Each test included a steam preoxidation phase, followed by reflooding with
water or steam at a high flow rate.
QUENCH [21]: this test programme, which was still under way in 2013, was con
ducted by FzK on an assembly consisting of 25 nonirradiated ZrO2 fuel rods with elec
tric heating. It consisted of degradation tests and involved temperatures up to more
than 2000 K (locally). Steam cooling was used, followed by water reflooding. Recent
tests have studied the behaviour of cladding materials other than zircaloy4, such as
E110 or M5 (ZrNb alloys).
Phebus FP [5]: this test programme, which was completed in 2004, was conducted
by IRSN on an assembly consisting of 21 irradiated UO2 fuel rods with inpile nuclear
heating. It involved degradation and FP release tests with temperatures up to 2600–
3100 K (locally). Steam cooling was used.
ISTC 1648 (QUENCH): this test programme, funded by the International Science
and Technology Centre (ISTC), was conducted by NIIAR (Scientific Research Institute
of Atomic Reactors) in Russia. It aimed at studying the reflooding of a core that has
reached temperatures exceeding 2000 K (locally), and performed three tasks: conduct
ing degradation and reflooding tests using irradiated VVER fuel components, performing
reflooding tests using a new VVER assembly of 31 rods, and developing a reflooding
model for the SVECHA code by IBRAE (Nuclear Safety Institute of the Russian Academy
of Sciences). The results of this programme have not been publicly published, but some
reports are available by contacting ISTC.
PARAMETER: this test programme, funded by ISTC and launched by LUCH (Scientific
Manufacturer Centre, Russia), studied the degradation of fuel assemblies consisting of 19
nonirradiated prototype fuel rods for VVER reactors (the tests were similar to those of
the QUENCH project, but used UO2 pellets instead). The experimental apparatus was
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used to reflood the system from above or below, at temperatures up to 2300 K at the
moment it was reflooded. Three tests had been conducted by the end of 2009. After the
apparatus had been considerably degraded in the first test, care was taken to ensure that
the temperature did not exceed 1870 K at the hottest point during the preliminary oxi
dation phase in the subsequent tests, in order to preserve the integrity of the fuel assem
bly holder. A fourth test was conducted in 2010, with a preliminary oxidation phase in air
intended to simulate the entry of air into the reactor vessel. This programme’s experi
mental data have not been publicly published either, but some publications discuss the
validation of computer codes using some results of these tests.
Few inpile experimental programmes study the phenomena involved when core
melts go so far as to form a debris bed or corium pool in the core and corium flows into
the lower head, with the exception of Phebus FP and ACRR. The LOFT and PBF tests
attained latephase fuel degradation but did not involve detailed analysis of rod melt
and corium progression.
The Three Mile Island accident remains the only available source of knowledge on
the condition of a reactor core following massive melting (Section 7.1). This accident
and the condition of the reactor core have been analysed in detail; the results have been
published and are publicly available [4, 15, 26, 27]. Figure 7.7 shows the condition of the
core following the accident. Of particular interest are the large molten pool within the
core, the collapse of a large portion of the rods above the pool (forming a debris bed) and
partial corium relocation towards the lower head. Two aspects of the accident scenario
are worth noting: the highpressure sequence, and the corium melt in the lower head
after the core was, at least partially, reflooded.

5.1.1.3.2. Core melt modelling and computer codes
This Section provides a brief description of the main dedicated models and computer
codes used to simulate the phenomena of reactor core material degradation occurring
in a core melt accident (it does not describe the integral computer codes used to process
all of the phenomena involved in a reactor when a core melt accident occurs, as these
are presented in Chapter 8).
SCDAP/RELAP (US NRC, United States Nuclear Regulatory Commission) is a
mechanistic2 computer code developed by INL. It is the result of coupling the RELAP 5
thermalhydraulic code with the SCDAP core degradation modelling code. Its core
modelling is based on parallel, onedimensional channels and includes several models
for simulating various aspects of fuel rod changes during the course of their degrada
tion: heat transfers, residual power, cladding oxidation, fuel dissolution, cladding failures
and FP release. This computer code is no longer developed by NRC but a private version
known as SCDAPSIM is still developed [3, 6].
2. A “mechanistic” computer code consists of models that, whenever possible, are based on a physi
cal or chemical description of the phenomena involved rather than adopting an empirical approach
(based on correlations obtained using experimental results). In reality, mechanistic computer codes
always include several empirical models.
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ATHLET-CD (GRS, Gesellschaft für Anlagen - und Reaktorsicherheit, Germany) is
a mechanistic computer code that is the result of coupling the ATHLET thermalhydrau
lic code with a core degradation computer module. Much like SCDAP/RELAP, its core
modelling is based on parallel, onedimensional channels and includes several models
for simulating various aspects of fuel rod changes during the course of their degradation:
heat transfers, residual power, cladding oxidation, fuel dissolution, cladding failures and
FP release. GRS is continuing to develop this computer code, notably with the addition
of the MEWA module relating to the formation of a corium pool in the core [23, 25].
ICARE/CATHARE (IRSN) is a mechanistic computer code that simulates PWR core
melt accidents. It is the result of coupling the CATHARE thermalhydraulic code with the
ICARE code that simulates core degradation and is similar to SCDAP/RELAP, except that
considerable development has been carried out to simulate the phenomena involved
when largescale melting leads to significant degradation of the core (the formation
of a debris bed or corium pool, and corium flows). It also allows axisymmetrical 2D
modelling of the core and the reactor vessel. Several models simulate changes in the
core fuel rods over time, as well as those occurring in the corium in the core and the
lower head; they process heat transfers, residual power, cladding oxidation, fuel disso
lution, cladding failures, FP release, 2D corium flow modelling, flow oxidation, fuel rod
collapse and corium pool development. Development of this computer code is being
continued by IRSN and includes a model of degraded core reflooding and complete
modelling of corium behaviour in the lower head [7, 9].
RATEG/SVECHA (IBRAE, Russia) is a mechanistic computer code that is the result
of coupling the RATEG thermalhydraulic code with the SVECHA core degradation simu
lation computer module. This computer code includes highly detailed modelling of cer
tain phenomena, notably cladding oxidation, fuel dissolution, cladding failure and FP
release. The computer code is designed to describe in detail fuel assembly degradation
(or that of a representative fuel rod). Its major limitation lies in its inability to process the
radial propagation of degradation; notably, it does not process corium pool formation in
the core, but it is able to simulate a molten pool in the lower plenum. IBRAE is continu
ing to develop this computer code, including the development of a module relating to
corium flow oxidation [24].

5.1.1.4. Summary and outlook
The physics relating to the evolution of a PWR core melt accident is now well under
stood and modelled for the main processes. This notably concerns fuel rod cladding oxi
dation and failure. The complex phenomena involved in the later phases of the accident
can only be modelled with significant uncertainties, however. This is particularly true of
fuel rod collapse and corium oxidation. Additional experimental data would be needed
in order to refine the modelling, but no related programmes are ongoing or planned
in 2015. Given the high cost of the potential tests, which would have to be conducted
with real irradiated materials, it seems unlikely that new experimental programmes
(national or international) will be initiated in the near future. To reduce the remaining
uncertainties, the only alternative is to perform additional analysis on past tests (which
were often insufficiently investigated) and develop more detailed models.
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5.1.2. Corium behaviour in the lower head
5.1.2.1. Introduction
In most of the expected cases, the lower head is filled with water when the corium
coming from the hottest area of the core flows into it. The results of the fuel assembly
melt tests in the Phebus, QUENCH and CORA programmes show that the zircaloy in the
assemblies at the end of the tests is only partially oxidised. In the assemblies’ hottest
areas, 20 to 100% of the zircaloy is oxidised; total oxidation is only seen locally in the areas
in which the temperatures and steam concentrations have been high enough to provide
intense oxidation over a long period. The corium that flows in the lower head therefore
contains a percentage of unoxidised zircaloy that is estimated to be 25 to 80% of the zir
caloy (depending on the scenario, following the general trend that a large break sequence
leads to a low percentage of oxidised Zr whereas a small break sequence leads to a high
percentage of oxidised Zr). This corium is said to be substoechiometric while its composi
tion is not (UZr)O2, which corresponds to its composition after complete oxidation.
The interaction of corium (above 2500 K) with water leads to more or less fine
grained fragmentation of the corium into particles, on the one hand, and intense steam
production capable of substantially increasing the pressure in the RCS, on the other hand.
When the partially fragmented corium has accumulated in the lower head, it forms what
is called a debris bed. This bed is either very compact if there is little cooling (part of the
corium is not solidified), or composed of porous solid debris. It is unlikely that a large
debris bed can be cooled effectively. In all cases, the corium gradually evaporates the
water present in the lower head. If there is no additional water supply and the debris con
figuration is such that it cannot be cooled effectively, the materials’ temperature gra
dually rises until it reaches the melting point of the steel structures (plates, tubes, etc.)
located in the lower head. A substantial quantity of molten steel then gradually enters
the corium. As the temperature rises, first the zircaloy and then the oxide debris melt and
either form a pool or become part of an existing pool. The formation of this corium pool
in the lower head is a critical step in a PWR core melt accident: in this situation, there is a
considerable heat flux at the interface between the pool and the reactor vessel that can
lead to reactor vessel failure. Reactor vessel failure is described in detail in Section 5.1.3.

5.1.2.2. Physical phenomena
When the hot corium pours into the lower head filled with water, steam is produced,
leading to a pressure peak or even a steam explosion in the reactor vessel (Section 5.2.3),
which creates mechanical stresses likely to damage the RCS. In addition, the reactor
vessel is subjected to a heat flux that can locally be very high, resulting in melt erosion
of the vessel walls and potentially leading to its failure. Regarding the last point, studies
seek to determine the likelihood of inreactor vessel corium retention or the conditions
under which the reactor vessel would fail (timing, location, and characteristics of the
corium flowing from the reactor vessel into the containment). It is thus important to
be able to predict the changes the corium will undergo, from its relocation towards the
lower head to its cooling or flow out of the reactor vessel. The main phenomena govern
ing these changes are briefly described below.
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5.1.2.2.1. Corium fragmentation and debris formation
When a corium melt comes into contact with the water present in the lower head,
the corium becomes fragmented (Figure 5.2). Corium fragmentation is described in
detail in Section 5.2.3 on steam explosions. The fragmentation is very complex to model
and includes considerable uncertainties [34, 40].

5.1.2.2.2. Direct impact of a corium melt upon the reactor vessel
If there is little water in the lower head or there is a substantial mass of relocated
corium, the corium melt only partially interacts with the water and part of this very hot
melt comes into direct contact with the reactor vessel.
This situation can rapidly lead to reactor vessel failure during its period of contact
with the corium melt. Although few experimental studies have been conducted on this
phenomenon (a few CORVIS tests with molten materials simulating a corium, notably
a molten thermite mixture [a mixture of iron and alumina], arriving on a mockup of a
BWR vessel), this phenomenon is relatively wellknown. In such a situation, it would
probably form an insulating — and therefore protective — crust between the corium and
the reactor vessel, given the very large difference between the temperature of the reac
tor vessel and the corium solidification temperature. In the TMI2 accident (Section 7.1),
such a crust was probably formed; this would explain why, although a massive corium
melt flowed into the lower head, the vessel was not damaged3. One of the key para
meters is the degree of corium overheating above its melting point; this degree directly
influences the thickness and, therefore, the efficiency of the protective crust.

Corium
Molten corium
Support plate

Residual
water pool

Figure 5.2. Schematic diagram of molten corium arriving in the lower head and fragmenting upon con
tact with water.
3. In the case of TMI2, the presence of water in the lower head undoubtedly also contributed to the
efficient cooling of the reactor vessel during the corium melt.

Development of the core melt accident

113

5.1.2.2.3. Steam explosion
The interaction between a corium melt and the water can result in a steam explo
sion (Section 5.2.3). Although the physics of this phenomenon are generally under
stood, it is not yet possible to predict with certainty under which conditions this
phenomenon can occur. Despite the relatively low probability of an explosion occurr
ing that had been observed in the tests conducted in order to study the interaction
between very hot corium and water, such an explosion cannot be entirely ruled out
and so the phenomenon is studied because of its possible consequences for the con
tainment. It should be noted that in the TMI2 accident, corium melt arrival did not
lead to a steam explosion despite the presence of water in the lower head. This could
indicate that there was no finegrained fragmentation of the corium on contact with
the water. It could also be due to the high pressure in the reactor vessel (approxi
mately 100 bar).

5.1.2.2.4. Debris bed dry-out and possible reflooding
Corium melt fragmentation produces corium drops that cool and solidify on con
tact with the water, forming particles that settle in the lower head and create a “debris
bed”. This debris bed may be very compact if the cooling of the corium drops resulting
from the fragmentation is insufficient to solidify them totally. In this case, the formed
debris bed cannot be cooled effectively because the water cannot access some regions
of the debris bed due to its low permeability. The debris bed then continues to heat
up, gradually drying up the lower head and then melting to form a corium pool that is
much more difficult to cool. The final risk is that the corium pool builds up and comes
into contact with the reactor vessel and causes it to rupture. The possibility of avoiding
the lower head drying and cooling down such a debris bed with the water present in
the lower head or with an additional injection of water from the RCS is therefore under
study (Section 5.4.1).
One of the parameters currently used to estimate the possibilities of cooling a
debris bed is the “critical dryout heat flux” (CHF), which corresponds to the maximum
residual power density of the debris bed multiplied by the height of the bed within which
it does not lead to a local dryout. Below the CHF, the water is present everywhere in
the debris bed and the temperature of the debris bed remains low. The CHF depends on
the characteristic parameters (debris size, bed geometry and porosity, etc.) of the debris
bad. Typical values are approximately 0.2 MW/m2 for particles with a diameter of 1 mm
and 1.2 MW/m2 for particles with a diameter of 7 mm.
In a core melt accident, water may reenter the reactor vessel whereas the debris
bed is partly or totally dry. In such a situation, reflooding the debris bed may produce a
large quantity of steam in a very short time, which can rapidly build up the pressure in
the RCS and cause major oxidation of the unoxidised zircaloy in the hot upper parts of
the core to resume. Few studies have been conducted on the phenomenology of debris
bed reflooding and research programmes are still studying the subject in 2015 (notably
the PEARL test programme conducted by IRSN).
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5.1.2.2.5. Corium pool formation
As mentioned above, the dryout of a large volume of a debris bed is a key step in
the evolution of a core melt accident because it determines when corium pool forma
tion begins or, if only a portion of the corium is fragmented into solid particles, when the
propagation of the existing pool begins. Thanks to the results of the ACRRMP, Phebus
FPT4 and RASPLAV AW200 tests [39, 32, 28], the molten pool formation is now quite
well modelled when it occurs under conditions that do not result in significant corium
oxidation and the main components of the corium are UO2, Zr and ZrO2. The pool may
also contain a large quantity of molten steel. Although the interactions between the
liquid steel and a (UZr)O corium have been studied for some time, the effect of these
interactions upon the evolution of the corium in the lower head (see later in this docu
ment) when the corium is in inert atmosphere was only revealed at the beginning of the
2000s, notably in the OECD’s MASCA project [37]. The evolution of a debris bed contain
ing steel under oxidising conditions requires further study. This is because the residual
power causes the steam to circulate within the debris, which is likely to oxidise as a result
(Figure 5.3). The melting of the debris and the development of a corium pool under oxi
dising conditions have never been studied experimentally, notably because of the high
cost of the tests, which would require the use of real materials. The uncertainties regard
ing the degree of oxidation of the materials in the formed corium pool are processed in
the core melt accident simulation computer codes by means of sensitivity studies.

Figure 5.3. Schematic diagram of corium configuration after the lower head has dried out: a debris bed
(which is more of less porous, depending on the degree of fragmentation of the corium) around steel
structures, with steam circulating through natural convection.

5.1.2.2.6. Convection movements in the corium pool
The power released by the corium pool can be evacuated both through its lateral
edges (thus via the vessel wall) and through its upper surface (through convective
exchange with any water present, or through radiative transfer). These heat trans
fers cause natural convection movements of the molten materials in the corium pool
(Figure 5.4). One of the key parameters when taking into account this phenomenon is
the relationship between the upward heat flux and the lateral flux evacuated through
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Figure 5.4. Schematic diagram of convection movements in a turbulent corium pool with topdown
and lateral cooling. These movements cause the corium to flow downwards along the reactor vessel
then rise (slowly) in the centre. The top of the pool is the site of considerable agitation in the form of
thermoconvective cells (RayleighBesnard instability).

the vessel wall. The movements in the corium pool are mainly turbulent, except in some
highly stratified regions at temperatures in which there is almost no convection (the
bottom part, for example). This phenomenon is relatively well understood for simple
corium pool configurations, and correlations have been established for heat exchanges
at the edges of the pool (see Section 5.4.1.1 and the reference documents [33, 41]).

5.1.2.2.7. Corium oxidation (in the form of particles or a pool),
and hydrogen production
When the corium is being fragmented, it may be oxidised. This oxidation, if it occurs,
produces hydrogen, on the one hand, and determines the later evolution of the corium,
on the other hand. The ZREX/ZRSS tests (by Sandia National Laboratory, with a Zr + ZrO2
or Zrstainless steel mixture) and CCM tests (by Argonne National Laboratory, with a
UO2 + ZrO2 corium mixture containing 24% steel) have provided partial information
on corium oxidation. These tests suggest that, in the absence of a steam explosion, the
fragmentation is not fine enough to result in significant debris oxidation. Nevertheless,
tests with water at saturation have led to the oxidation of up to 30% of the metallic
masses present in the corium. In the event of a steam explosion, oxidation may be com
plete. Not enough tests have been conducted to allow sufficient quantification of this
phenomenon (because of the risks involved).
As to corium pool oxidation, this phenomenon has not been extensively studied and
models are inadequate as a result in 2015. The MASCA2 programme tests (on the evo
lution of a stratified pool under oxidising conditions, see reference document [37]) have
provided some information on this subject, but not enough to allow the oxidation kine
tics to be measured; in addition, it is very difficult to extrapolate their smallscale data
to the scale of a power reactor lower head.

5.1.2.2.8. Metal/oxide stratification in the corium pool
The MASCA MA and STFM tests [37], which were conducted at high temperatures
with a corium containing uranium, zirconium and iron in the form of metals and oxides,
have revealed the existence of two immiscible liquid phases at equilibrium, one metallic
and the other consisting of oxides. Depending on the initial composition of the mixture,
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the metallic phase, consisting mainly of steel, may contain uranium and zirconium and
become denser than the oxide phase. This results in pool stratification with the metallic
phase at the bottom of the reactor vessel (Figure 5.5). Phase composition at equilibrium
can be predicted using thermochemical databases such as NUCLEA (developed by Ther
modata for IRSN and CEA). Pool stratification depending on the evolution of density
over time is rarely modelled in the computer codes used to simulate core melt acci
dents, however. Although stratification of two immiscible liquids is a known phenomenon,
the coupled interaction between mass exchange (thermochemistry) and flow dynamics
(natural convection and stratification) remains a difficult process to model. In 2015,
some computer codes incorporate simplified modelling of the oxide and metallic layers’
evolution based on changes in their density.
The challenge lies in being able to predict under what conditions the molten metal
layer is lighter than the oxide layer, resulting in the heat flux in the reactor vessel being
“concentrated” in the metallic layer (when it is thinner than approximately 50 cm); this
phenomenon is named the “focusing effect”. In the initial studies on corium retention
in the reactor vessel, which adopted a “conventional” approach (for the Westinghouse
AP600 reactors, for example), the metal was supposed to merely contain steel and so
be lighter than the oxide. The heat flux transferred to vessel wall is then higher in the
metallic layer, particularly when it is thin: as a firstorder approximation, the heat flux
transferred to the vessel wall is inversely proportional to the thickness of the molten
metal layer thickness. A thin molten metal layer above a corium pool therefore has the
effect of “concentrating” the heat delivered to the wall. This phenomenon, which is
rather well understood and modelled [44], is one of the main threats to reactor vessel
integrity. It is explained in detail in Section 5.4.1.1.

Figure 5.5. Layout of the potential metallic, oxide and debris layers resulting from corium fragmenta
tion, as supposed in the “conventional” approach (left) and as observed in the MASCA tests (right).

5.1.2.2.9. Dissolution of reactor vessel steel at temperatures below
its melting point
As a result of the formation of eutectic mixtures (FeUZr), reactor vessel steel
may dissolve at temperatures above 1360 K. This can lead to erosion of vessel steel
if it is in contact with a corium containing uranium oxide, zirconia and zirconium. The
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METCOR tests (studying the interaction between a hightemperature corium contain
ing uranium, zirconium and oxygen, and a steel sample representing a reactor vessel)
have made it possible to estimate the erosion kinetics of reactor vessel steel, but the
need remains for a more detailed understanding of the process. However, the rate of
creep above 1300 K is such that the steel no longer has any mechanical strength at
such temperatures (Section 5.1.3). This phenomenon can therefore be considered of
secondary importance.

5.1.2.3. Experimental programmes, modelling and computer codes
5.1.2.3.1. Experimental programmes
This section provides a brief description of the main experimental programmes dedi
cated to the behaviour of corium in the lower head, ranging from the oldest to those still
under way or planned in 2015.
DEBRIS [43]: the purpose of this test programme, conducted by the University of
Stuttgart Institute of Research (IKE) in Germany, is to measure pressure losses and cool
ing (caused by water flow) for twophase flows in a heated debris bed. The experimental
system is onedimensional and consists of steel balls heated by induction. Initially, a
set of measurements taken for an isothermal waterair flow through the bed of balls
was used to determine the twophase pressure losses, as a knowledge of these values
is essential in predicting the “critical dryout heat flux” (CHF). Since 2008, the experi
mental system has been modified in order to perform debris bed reflooding tests. As
the preliminary tests were satisfactory, more quantitative tests have been performed
since 2011 to measure debris bed cooling through reflooding.
SILFIDE [29]: the purpose of this test programme conducted by EDF and completed
in 2000 was to measure the CHF of a debris bed heated within its volume. The experi
mental system was twodimensional and therefore differed from the DEBRIS test pro
gramme. The debris bed consisted of steel balls heated by induction. Useful results were
obtained despite the challenge of establishing a homogeneous power distribution within
the balls. In particular, local fluxes were sometimes observed to be higher than the theo
retical critical flux (for 3 mm particles, the maximum flux measured in the SILFIDE tests
was 1.7 MW/m2 instead of the approximately 1 MW/m2 predicted by the Lipinski correla
tion). Researchers also observed temporary, localised dryout prior to reflooding.
RASPLAV [28]: this experimental programme, which was completed in 2000, was
conducted under the auspices of the OECD by the Kurchatov Institute of Moscow in
Russia. IRSN, CEA and EDF also participated in this project. Its purpose was to study the
twodimensional thermal hydraulics of a corium pool composed of “real” materials (the
corium was composed of UO2, ZrO2 and Zr). The tests, involving up to 200 kg of corium,
produced heat fluxes in accordance with predictions using the correlations developed
from tests with simulants. However, it was revealed that the interactions between the
materials could result in a nonhomogeneous corium composition, notably due to strati
fication, but this phenomenon is minor compared with the stratification observed in the
presence of iron during the MASCA tests (see below).
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MASCA: this experimental programme, which was completed in 2006, was con
ducted under the auspices of the OECD by the Kurchatov Institute of Moscow in
Russia. IRSN, CEA and EDF also participated in this project. The experimental facili
ties used for the MASCA programme were found to provide useful results on mate
rial interactions and their impact upon heat flux distribution in a corium pool. The
MASCA experiments studied how material interactions affected stratification of the
corium pool and, consequently, flows and heat exchanges at the edges of the pool.
The main tests were used to study the addition of steel, fission products or B4C to a
corium pool composed of UO2, ZrO2 and Zr. At the same time, certain thermophysical
properties of metallic alloys composed of uranium, zirconium and iron or oxides were
measured, such as their density, viscosity, and solidus and liquidus temperatures. The
programme’s second phase was aimed at studying the evolution of a stratified corium
pool in an oxidising atmosphere.
SIMECO [45]: this experimental programme, which was completed in 2009, was
conducted by the Royal Institute of Technology (RIT) in Stockholm, Sweden. Its purpose
was to study the heat fluxes in a stratified pool in which a thermal power was generated.
In tests using simulants (salts or paraffins), threelayer pool configurations were pro
duced, consisting of a heavy “metallic” layer, an “oxide” layer where most of the power
was dissipated and a light “metallic” layer. This allowed the heat flux distribution across
the corium pool to be measured. In 2015, the results have yet to be interpreted in greater
detail, but it already seems that they will help to modify the distribution estimated on
the basis of conventional correlations.
METCOR: this experimental programme by the International Science and Techno
logy Centre (ISTC), which was completed in 2009, was conducted by the Alexandrov
Scientific Research Technological Institute (NITI) in Saint Petersburg, Russia. Its pur
pose was to study the erosion of a steel sample representing the reactor vessel by a
corium (UO2 + ZrO2 + Zr). The sample was externally cooled and subjected to a heat flux
representative of conditions in a large corium pool, with a temperature gradient of over
1000 K across the sample [30]. The results of this programme seem to show that the
erosion does not weaken the reactor vessel, as its mechanical strength mainly depends
on the profile of temperatures in the wall under core melt accident conditions.
LIVE: this experimental programme, which began in 2004 and still under way
in 2015, is conducted by Forschungszentrum Karlsruhe GmbH Technik und Umwelt
(FzK) in Germany, with support from the European Commission. Its purpose is to study
the behaviour of a corium using simulants in a hemispherical lower head (approxi
mately 1 m in diameter). The chosen simulant is a mixture of NaNO3 and KNO3. The
first test studied the steadystate thermal hydraulics of the pool (distribution of ther
mal fluxes at the wall). The second studied the corium melt and its spread in the lower
head, with the formation of a crust through solidification. Other tests performed
between 2011 and 2013 have studied the effect of stratification, the melting of debris
and the effect of top cooling. Those tests were partially funded by the European net
work of excellence SARNET2, with support from the European Commission. These
new tests have completed our knowledge of the temperature at the solidliquid inter
face and crust stability.
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INVECOR: this experimental programme supported by the European Commission in
the context of the ISTC was conducted between 2006 and 2010 by IAENNCRK (Kazakh
stan). Its purpose was to study the interactions between a liquid corium (UO2 + ZrO2 + Zr)
and a steel hemispherical lower head approximately 80 cm in diameter by maintaining a
constant power density using electrodes inserted into the corium pool. Four tests were car
ried out. Each test used 60 kg of corium, which was poured into the reactor vessel mock
up then heated, and then cooled using water. The results are quite difficult to interpret
because of the presence of the electrodes, which have a considerable influence upon con
vection in the pool as well as its cooling. The results are primarily qualitative. They reveal
that the upper layer of the corium pool is fragmented, encouraging its cooling. It therefore
seems that reflooding the lower head, even after a corium melt, are beneficial in retaining
the corium in the reactor vessel (in addition to external cooling of the reactor vessel).

5.1.2.3.2. Models and computer codes
This section provides a brief description of the main models and dedicated computer
codes used to simulate the behaviour of a corium pool and its interactions with the
lower head (the integral computer codes used to simulate core melt accidents, which are
presented in Chapter 8, are not presented here).
CFD computer codes: these computer codes solve NavierStokes equations for com
pressible or incompressible fluids in any geometry (2D or 3D). These include the FLUENT
and CFX codes, which were both developed by ANSYS and are used for many industrial
applications involving 3D flows. These computer codes generally use numerical resolu
tion methods that are efficient and fast, and their user interfaces are designed for ease of
use. Offering many optional models (turbulence, material transfers and chemistry), they
are increasingly used to study pools of molten materials. They are intended for rather
generic applications, however, and may prove of limited use for modelling a particular
phenomenon (such as solid particle formation and stratification, for example).
MC3D (CEA/IRSN): this mechanistic computer code simulates in detail the interac
tions between a corium and water (fragmentation and steam explosion). It is described
in Section 5.2.1 [31].
CONV 2D/3D (IBRAE): this code solves NavierStokes equations for incompressible
fluids, regardless of geometry (2D or 3D). It can be used to calculate the evolution of
a corium pool and its spread outside the reactor vessel, and is similar to a CFD code. It
does not have a turbulence model (essential when simulating large pools) or a model
for processing the chemical interactions within the corium (no material transfers or
chemical kinetics), however [35]. It was used in the preparation of the RASPLAV and
INVECOR tests.
TOLBIAC (CEA): this is a dedicated model for simulating corium pools in the lower
head. It takes into account the existence of two immiscible liquids that can stratify in
either direction; it also accounts for potential crust formation on the upper surface of
the pool or along its edges. It can be used to calculate transient changes in axisymmetri
cal 2D domains [46].
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SURCOUF (CEA/IRSN joint development for the ASTEC integral computer code):
this module, which was developed for the ASTEC integral computer code (see Chapter 8)
is designed to model the evolution of debris in the lower head by integrating the cou
pled interaction between thermochemistry and thermal hydraulics. The 0D approach
accounts for the existence of several layers (light metal, heavy metal, oxide and solid
debris) and can be used to calculate their respective positions, based on changes in den
sity. This code has been replaced by the PROCOR code which is significantly improved.
PROCOR is also used by EDF, with a coupling to MAAP.
ICARE/CATHARE (IRSN): this mechanistic software calculates core degradation
under core melt accident conditions. It offers axisymmetrical 2D modelling of the reac
tor vessel and includes several models designed to simulate the behaviour of corium in
the lower head: corium melt fragmentation, debris bed dryout, debris melting, metal/
oxide stratification, corium oxidation and debris reflooding. The lower plenum mesh is
still rather crude, however, and the numerical methods used do not provide as much
accuracy as the CFD models [36, 38, 42]. The lack of precision in the mesh is neverthe
less acceptable, given the uncertainties regarding the properties of materials or some
physical phenomena.

5.1.2.4. Summary and outlook
There are still many uncertainties in the description of corium behaviour in the lower
head. Firstly, the effects of the material interactions (stratification, oxidation and disso
lution) seem very important and are not all properly modelled yet (notably because the
experimental results are very recent); this should be improved by analysing the latest
results, obtaining more experimental data and developing more advanced models (that,
among other things, address the problem that thermodynamic equilibria are not cur
rently processed at the local (mesh) scale). Secondly, the effects of scale are difficult to
estimate, and it is sometimes tricky to transpose reducedscale test results to a fullsized
power reactor. Further analysis and modelling is required to make this transposition pos
sible by reducing these uncertainties, considering the fact that it is hardly feasible to
perform fullscale tests.

5.1.3. Reactor vessel failure
5.1.3.1. Introduction
When a core melt accident occurs in a PWR, the integrity of the reactor vessel may
be threatened by three main phenomena. The corium flowing into the lower head
may erode the reactor vessel immediately upon direct contact, or the reactor vessel
may be damaged by a potential steam explosion immediately the corium comes into
contact with the liquid water present; if the reactor vessel withstands this transient
phase, its integrity may then be threatened by the effect of a corium pool forming in
the lower head.
The reactor vessel is more intensely eroded if the volume of the corium melt is
large, or if the water present in the lower head is shallow. In theory, this can result
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in the reactor vessel very rapidly failing on contact with the melt. Some experiments
have shown that a crust forms between the melts and the molten metal, substantially
slowing the rate of erosion [47]. If the temperature of the corium in the melts is higher
than 2500 K, however, this insulating crust may not form (Section 5.1.2). Other factors
probably reduce the degree of erosion, such as the point of contact of the melt rapidly
changing over time, resulting in a very short contact time for a given point in the reactor
vessel and the presence of water in the lower head.
When a corium melt and water come into contact, this can also very rapidly pro
duce a large quantity of steam, resulting in a very high pressure peak and possibly a
steam explosion capable of damaging the reactor vessel (see Section 5.2.3 and refe
rences [48, 49]).
Should molten corium form a pool in the lower head, heat exchange between the
pool and the reactor vessel may provoke localised, partial melting of the reactor ves
sel, possibly resulting in reactor vessel rupture. This heat exchange is even greater
for highmass corium pools. Nevertheless, reactor vessel failure does not occur in all
cases, as the Three Mile Island2 accident showed in 1979 (see Section 7.1 and refe
rences [50, 51]). When this accident occurred, the reactor vessel remained intact even
though a corium pool formed in the lower head. Subsequent analysis concluded that 1)
the corium debris was porous, allowing some cooling, and 2) a gap existed between the
pool and the inner surface of the reactor vessel. The gap is believed to have allowed
water or steam to circulate. It should also be noted that high pressure in the primary
coolant system may have a favourable impact on corium cooling when the corium
melts (increased critical flux and reactor vessel deformation from creep or plasticity,
potentially enlarging the gap).
It should lastly be noted that the reactor vessels of operational PWRs are equipped
with a number of guide thimble passageways (also called “penetrations”) for insertion
of instruments to measure the neutron flux in the reactor core. Reactor vessel rupture
may be initiated in the zones around these passageways, due to the presence of singu
larities and welds. If guide thimble passageways fail in the reactor vessel (by melting, for
example), water, steam, fission products and corium may leave the reactor vessel via the
interior of these guide thimbles.

5.1.3.2. Physical phenomena
This document only describes the physical phenomena involved in the case of a
corium pool in the lower head resulting in the reactor vessel failing. Three parameters
must be determined that are important in the later sequence of accident events outside
the reactor vessel: the moment when the reactor vessel fails, the location of the break in
the lower head, and the size of the break.
The moment when the reactor vessel fails mainly depends on the pressure of the
reactor coolant system (RCS) and reactor vessel temperature (linked with the mass and
configuration of the corium pool). RCS pressure is generally uniform throughout the
reactor vessel, but it may rapidly increase if water is injected into the reactor vessel.
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Reactor vessel temperature is closely linked with the heat flux evacuated through its
thick walls.
The location of the break mainly depends on the temperature distribution within
the reactor vessel. The area that has been subjected to the greatest heat is the most
likely to fail first, excluding singularities and welds; the other sensitive areas are those
in which the thickness of the reactor vessel may have been eroded by corium melts, as
well as those with singularities due to the presence of the guide thimble passageways
and their welds.
Reactor vessel failure may be triggered either by plastic instability or by creep. Plas
tic instability occurs when the membrane stress acting on the thickness of the reactor
vessel exceeds the ultimate tensile strength of the steel, which decreases considerably
at higher temperatures. Creep, however, generally occurs at temperatures above 800 K.
When the temperature rises throughout the thickness of the reactor vessel, creep may
occur even if pressure levels remain low.
Once the reactor vessel begins to crack, the cracking spreads; the final size of the
break greatly depends on the method of propagation, and this is directly related to the
metallurgical characteristics of the reactor vessels’ steels (see later in this document).
Differences in chemical composition (even regarding trace elements) can change reactor
vessel behaviour at high temperatures; the failure may be either brittle or ductile. Tests
conducted on reactor vessel mockups [52, 53] have shown that if two materials behave
differently at high temperatures (hot shortness vs. ductility), the final break sizes will
also differ considerably.

5.1.3.3. Experimental programmes, modelling and computer code
In the context of experimental research on lower head behaviour, CEA conducted the
RUPTHER programme [60] from 1995 to 1999 in collaboration with EDF and FRAMAT
OME. Its objective was to determine the tensile and creep properties (between 300 K
and 1600 K) of 16MND5 grade steel (the steel used for French PWR reactor vessels) and
model the mechanical behaviour of a PWR reactor vessel subjected to accident loads.
The specimens used for the validation tests consisted of cylindrical tubes that were
subjected to internal pressure and heated to very high temperatures (between 1000 K
and 1600 K). The programme revealed certain deficiencies (both in the modelling and in
the mechanical characterisation of 16MND5 grade steel). There were also other difficul
ties, mainly related to the metallurgical complexity of the steel (the effect of elements
present in the steel, even at low levels, notably sulphur). The results have also shown
that the metallurgical properties of the steel greatly affect its rupture behaviour. Addi
tional programmes were subsequently carried out.
These included two experimental programmes entitled “Lower Head Failure” (LHF,
19941999) and “OECD Lower Head Failure” (OLHF, 19992002), which were carried out
by the US Sandia National Laboratories (SNL) to study the strength of reactor vessels
produced in US steel (SA533B1) subjected to complex thermomechanical loads repre
sentative of those resulting from the presence of a corium pool in the lower head [52, 53].
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The second of these programmes, which was an extension of the first, was led by OECD.
The LHF programme involved eight tests, and the OLHF programme involved four.
Although the same type of 1/5th scale mockup was used for both programmes, the
wall thickness was doubled for the OLHF programme in order to study the impact of
the temperature gradient across the reactor vessel wall. Several methods were used to
heat the mockup in the LHF tests, namely a superheated azimuthal band (representing
a corium pool in the lower head with maximum heat flux at the free surface of the pool),
superheating a localised zone (representing a lower head hotspot) and finally, uniform
heating throughout the lower head area. The experimental protocol called for increasing
the temperature at a constant rate until the mockup failed. The LHF tests were carried
out under constant pressure (seven tests at 100 bar and one test at 50 bar). Two of them
studied the behaviour of the guide thimble passageways. In the case of the OLHF tests,
only uniform heating was applied (Figure 5.6) and two pressures were applied: 50 and
100 bar. One OLHF programme test studied the influence of a rapid pressure increase
from 50 to 100 bar upon reactor vessel failure mode. Another test studied the beha
viour of the guide thimble passageways (at a pressure of 50 bar). During tests with guide
thimble passageways, weld leaks generally occurred, resulting in the experiments being
terminated before the lower head actually failed.
The FOREVER tests [58, 59] were carried out between 1999 and 2002 by RIT (Royal
Institute of Technology in Stockholm, Sweden). These tests used 1/10th scale mockups
of a PWR reactor vessel in 16MND5 steel. The experimental protocol consisted in pour
ing a mixed oxide melt (30% by weight of CaO; 70% by weight of B2O3) into the reactor
vessel simulating the corium at a temperature of approximately 1500 K. This melt was
then maintained at approximately this temperature, and the reactor vessel was then
subjected to a pressure of 25 bar until it failed.

Figure 5.6. Lower head mockup for carrying out the 1/5th scale OLHF tests, and setting up of its inter
nal induction heating system.
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In these three series of tests, particular attention was paid to the instant of reactor
vessel failure and its mode, as well as the size of the resulting breaks. These tests were
used to develop and validate numerical models for the thermomechanical behaviour of
a PWR lower head under pressure prior to its failure. The models developed in this way
are briefly described below:
– IRSN developed two simplified models, one onedimensional (1D) and one two
dimensional (2D): the 2D simplified model has been introduced into the ICARE
CATHARE and ASTEC [54] computer codes;
– models with 2D finite elements have been developed by the Association Vinçotte
Nucléaire (AVN: the Samcef code), the French Alternative Energies and Atomic
Energy Commission (CEA: the Cast3M code), Electricité de France (EDF: the Aster
code), the German laboratories Forschungszentrum Dresden Rossendorf (FZD:
the Ansys code) and Gesellschaft für Anlagen und Reaktorsicherheit (GRS: the
Adina code), the US Sandia National Laboratories (SNL: the Abaqus code), the
Czech Republic’s UJV (the Systus code), and the Finnish VTT technical research
centre’s Pasula code;
– 3D finiteelement models have been developed by AVN, CEA and SNL.
Two successive comparison exercises were carried out in order to compare the
results of the 1D and 2D models with the experimental results of the OLHF1 test. The
first exercise was carried out as part of the OLHF project, and the second was carried out
by the European SARNET (Severe Accident Research NETwork of excellence) [55, 56].
These have established that the instant and location of the failure were generally accu
rately predicted by the models. Figure 5.7 shows that the elongation in lower head steel
estimated by the different numerical models for the OLHF1 test is also consistent with
the experimental results.
The 3D models also determined an initial failure time and initiating breaking zone
that are compatible with the experimental results [56]. Additional work by CEA on
the Cast3m code for the OLHF1 test produced a crack propagation simulation and an
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Figure 5.7. Comparison between the final elongation in the lower head steel estimated by different
numerical models and the experimental results of the OLHF1 test.
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estimate of the final break size that were both totally in keeping with the experimental
results. The 3D models, on the other hand, did not give satisfactory results for the LHF
tests, and this has been attributed to the variability of the steels used in the tests (ductile
steels were used for the OLHF tests, whereas steels that were brittle at around 1300 K
were used for the LHF tests).
The following conclusions were drawn from the analysis and interpretation of the
test results [57]:
– the LHF and OLHF tests revealed variations in the behaviour of reactor vessel
steels (brittle or ductile) at around 1300 K, influencing the final break size and
difficulty in integrating the results into existing numerical models. This variability
seems to be strongly linked to the presence of certain elements in the steels (sul
phur, aluminium nitride, etc.);
– the experimental results could not be used to develop a method of estimating
the size of the break in function of the mechanical loads applied to the reactor
vessel. In order to develop a method applicable to the power reactors, it seems
necessary to use a 3D finiteelement calculation with a failure criterion that takes
into account the variability of the behaviour of the studied steels, notably in the
LHF and OLHF tests.
In order to clarify the variability in reactor vessel steel behaviour, IRSN launched a
research programme in collaboration with CEA and INSA Lyon in 2003 [61]. This pro
gramme focused on the steels used in French reactor vessels and had a twofold objec
tive: to complete the characterisation database for these steels, and to apply the study
results to French reactors.
The programme began with an inventory of the metallurgical properties and com
positions of the steels used to manufacture French reactor vessels (carried out by
AREVA NP) and then turned to the selection of five study materials with sufficiently
different metallurgical and mechanical properties to cover the range of steels used.
Samples of the five materials were then heated to a temperature of around 1300 K in
order to identify their behaviour (brittle or ductile); these tests confirmed the brittleness
of certain steels (ductility trough). Identification of the metallurgical factors responsi
ble for this brittleness under heating also revealed aluminium nitrate precipitates and
manganese sulphide precipitates at the grain boundaries and provided an insight into
their role. Concurrently, hightemperature characterisation tests (at between 1200
and 1300 K) were carried out on CT (compact tension) specimens to determine the
reactor vessel steels’ metallurgical and mechanical properties that define the crack
propagation kinetics. The results of these tests were used to develop a crack propa
gation model [62]. Lastly, INSA Lyon conducted tests on the steel tubes at high tem
peratures to measure the dependence of crack propagation kinetics on the properties of
the tested steel. The reference documents present the state of knowledge in this R&D
programme [63, 67].
Several theoretical studies and the CORVIS tests [65], which were conducted by
the Institut Paul Scherrer (IPS) in Switzerland, have focused on guide thimble and
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guide thimble passageway behaviour under core melt accident conditions with corium
in the lower head. These investigations targeted the corium penetration into the guide
thimbles and studied various possibilities of guide thimble passageway failure (see
the summary [64]). It has been found that even if corium penetrates quite far into the
guide thimbles, the resulting heat flux is usually not sufficient to melt the thimble
walls and the RCS pressure and temperature conditions should not cause any plastic
instability resulting in their rupture. Tube ejection following the failure of the welds
between the lower head and the guide thimble sleeve or the melting of the retaining
flange is also unlikely.
It should be noted that two finiteelement models for studying guide thimble pas
sageway behaviour have been developed by the Finnish VTT institute as part of the
OLHF programme [66]. The results from these models are consistent with the experi
mental findings.

5.1.3.4. Summary and outlook
In order to better appreciate the thermomechanical behaviour of a PWR lower head
in the event of a core melt accident and determine the consequences of the potential
failure in particular upon the subsequent sequence of events in the accident, the essential
parameters consist of the time of failure, the failure mode and the break zone and size.
The numerical models (2D simplified or finiteelement models) developed in the
context of the RUPTHER, LHF, OLHF and FOREVER programmes have shown their ability
to predict the time before lower head failure and the location of the break. The results
obtained agree with the experimental data.
Only the 3D finiteelement models can be used to provide a more accurate model
of the crack and its propagation until a break is created. However, no 3D finiteelement
model is currently able to correctly assess the size of the break, as this depends on reac
tor vessel failure mode at high temperature. The failure criterion used in the models
must take into account the behavioural variability of the steels used to form the reactor
vessels (ductility or hot shortness).
In order to improve the failure criterion and better assess the size of the break in
the different cases of core melt accidents, IRSN undertook a collaborative research pro
gramme with CEA and INSA Lyon in 2003 on cracking in French reactor vessel steels.
Although this programme provided very accurate hightemperature steel cracking
kinetic measurements, a crack propagation model is very complex to develop.
The programme has been redirected towards carrying out studies to identify, among
the plausible core melt accident scenarios, those for which the propagation of the crack
could play an important role in the development of the accident. In the case of accident
scenarios with a low pressure in the RCS when the reactor vessel fails (a pressure of
less than 20 bar) and with no external cooling of the reactor vessel, these studies show
that the reactor vessel failure occurs rather as a result of vessel wall melting. At pres
sures above 40 bar, on the other hand, cracking of the reactor vessel wall may play an
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important role in reactor vessel failure. With the aim of completing the results of these
studies, other accident scenarios, notably those with external cooling of the reactor ves
sel, are currently under study.

5.1.4. High-pressure core melt
5.1.4.1. Introduction – accident definition and possible consequences
A PWR core melt accident can occur at a high pressure mainly as a result of the
following:
– an equipment failure or human error resulting in the RCS valves not being opened;
– a rapid pressure increase in the RCS when it is partly or completely depressurised;
such a pressure increase can, for example, be caused when a degraded core is
reflooded, due to a very fast interaction between the reflooding water and the
core’s materials at very high temperatures, or even melt.
These accidents are known as “highpressure melt” accidents.
At high pressures, the different components of the RCS (hot legs, steam generators,
etc.) are simultaneously subjected to the following:
– high temperatures;
– high stresses (mainly due to pressure forces).
The combination of both these factors can result in one of these components failing,
i.e. creating a break in it. Such a break is qualified as an “induced break” in the termino
logy used for PWR core melt accidents.
An induced break can be either of the following:
– a break induced by creep in a hot leg, the steam generator’s tubes or even in
another RCS component; this mechanical failure occurs under the effect of heat
ing coupled with a high pressure;
– a reactor vessel rupture at high pressures (if no other RCS rupture has occurred
previously). In this case, the corium present in the lower head can be ejected into
the reactor pit and then into the containment and cause it to heat up directly in
a process named “Direct Containment Heating” (DCH), which can result in its
failure (see Section 5.2.1).
The creation of an “induced break” reduces the pressure in the RCS, thereby reduc
ing the possibility of DCH occurring. If an induced break in the RCS occurs in the steam
generator tubes, however, radioactive substances may be directly discharged into the
environment.
It is therefore important to study the behaviour of the RCS in the event of a melt
under pressure in order to fully appreciate the associated risks. This chapter solely con
cerns the induced breaks, as DCH is discussed in Section 5.2.1.

128

Nuclear Power Reactor Core Melt Accidents

5.1.4.2. Physical phenomena
As we have seen in the preceding sections, when a core melt accident occurs in a
power reactor, the reduction in the water inventory in the RCS exposes the fuel rods,
resulting in the temperature rising and the reactor core’s component elements progres
sively melting. Part of the power released in the core’s unflooded zones is then removed
from the core through natural convection, i.e. the hot gases (mainly the steam/water
vapour that gradually replaces the liquid water as it evaporates) transport a certain
quantity of heat from the core into the coldest regions of the RCS. The hot gases are
themselves replaced in the core by the cooler gases. As a result, loops form in which the
gases flow from the hot areas of the RCS to its cooler ones and the gases that have been
cooled in the cooler areas then flow back into the core’s hot ones; these are referred to
as “convection loops”. These movements are “driven” by buoyancy forces according to
Archimedes’ Principle, i.e. the forces resulting from the difference in density between the
hot (and, therefore, lighter) gases and the cold (and, therefore, heavier) gases.
Theoretically, there are two possible modes of gas circulation in the RCS, as shown
in Figure 5.8:
– in the first (shown in the left part of Figure 5.8), the gases leaving the core pass
through the hot legs of the RCS, the steam generators, the intermediate legs and
cold legs before being reinjected into the core’s lower part;
– in the second (shown in the right part of Figure 5.8), a water slug remains pre
sent in the socalled “intermediate” legs, located, in the case of each RCS loop,
between the steam generator outlet and the RCS pump; due to their shape,
the intermediate legs (which are called “U” legs) in the loops of the RCS create
a siphon (Figure 5.8) in which water can stagnate, forming a slug. The super
heated steam leaving the core passes through some of the steam generator
tubes (referred to as the “direct tubes”) where they cool down, and then return
to the reactor vessel through some of the other tubes (referred to as the “indi
rect tubes”) and through the hot leg (which is therefore the seat of a counter
current flow: the hot gases flow from the reactor vessel to the steam generator
through the upper part of the hot legs and the cold gases flow from the steam
generators to the reactor vessel through the lower part of the same hot legs, as
shown in Figure 5.8). This flow pattern has been experimentally demonstrated
in a scale mockup and seems to be the most probable (IRSN’s computer
models predict high water slug stability; if the slug disappears in a loop, the
steam follows the path described in the previous paragraph).
These convective phenomena are not specific to highpressure melt scenarios,
however, a high pressure has the following consequences:
– convective exchanges are much greater at high pressures than at low pressures;
– the pressure present in the RCS generates stresses that are sufficiently great to
cause a significant risk of a creep rupture in some of the pipes (the hot leg, SG
tube, etc.).
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Figure 5.8. Modes of steam circulation in the RCS.

In order to determine the location of the break in the RCS, the time sequence of pos
sible RCS failures must be assessed, thereby identifying the earliest. This means that the
mechanical and thermal conditions (thermal and mechanical loads) acting on the com
ponents of the RCS (SG tubes, RCS piping, etc.) must be known, as well as the behaviour
of the corresponding materials at high temperatures.
The mechanical loads are due to the pressure and the thermal expansion of the struc
tures involved (the structures cannot freely expand under the action of heat; they are
constrained to do so in a specific way, notably because they are connected to other
equipment).
The thermal loads mainly depend on three factors:
– the power released in the core (residual power and power released by the exo
thermic oxidation reaction of the Zr);
– the transport of heat from the core and into the RCS by means of superheated
steam;
– the residual power released by the fission products when they are transported in
the RCS (see Section 5.5 for further details of how the fission products are trans
ported in the RCS).
In order to determine the thermal loads, therefore, it is important to be able to model
the different convection loops and the release, transport and deposition phenomena of
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the fission products in the RCS. Other elements must also be modelled in order to assess
correctly the thermal loads: whether or not water continues to be injected at the RCS
pump seals (a seal failure can result in an RCS rupture), the behaviour of the pressuriser
steam bleed SEBIM valves (if a valve jams open, the RCS would be depressurised after a
certain number of cycles), and the potential formation of hydrogen “slugs” in the upper
part of the SG tubes (hydrogen is mainly produced as a result of oxidation of the zirco
nium in the cladding by the steam) resulting in the gas flow being blocked.
Studies of highpressure core melt accidents therefore consist of two parts:
– a thermalhydraulic part to determine the temperatures (and, also the pressures)
in the different parts of the RCS;
– a mechanical part, based on the results of the thermalhydraulic studies and the
properties of the materials involved, to assess when and where the RCS fails.

5.1.4.3. Experimental programmes, modelling and computer code
All of the research programmes on core degradation, the release of fission products,
corium melt and lower head mechanical strength more or less directly provide data for
the highpressure core meltdown studies. Experimental and modelling programmes spe
cific to this type of situation have also been performed, however.
The first programmes to specifically address highpressure meltdown were carried
out in the United States at the beginning of the 1980s. These notably revealed, in mock
ups, the gas flow patterns. Different existing computer codes were modified in order
to model this flow circulation using a simplified geometry; these enabled the thermal
loads of the structures to be better assessed. Finiteelement mechanical studies were
then conducted using these thermal load models. These studies provided more precise
models of structural response to the different thermal and mechanical loads. At the
beginning of the years 2000, mechanical tests confirmed the validity of this approach
and provided data for the modelling of RCS welds.
The improved performance of the computational models can be used to perform
Computational Fluid Dynamics (CFD) simulations, which solve 3D fluid mechanics
equations, in order to calculate the velocity and temperature fields in the hot legs and
the steam generators at a given moment. These methods can partially compensate for
the lack of experimental data and help to develop simplified models (for assessing the
number of direct tubes and the number of indirect tubes in the steam generators, for
example).

5.1.4.3.1. Experimental programmes
Westinghouse tests: a test programme conducted by Westinghouse at the begin
ning of the 1980s, funded by the Electric Power Research Institute (EPRI) in the United
States, concerning gas flows and thermal exchanges in the event of a PWR core melt
accident. These tests were conducted in a 1/7th scale mockup reproducing one side of
a fourloop Westinghouse PWR (the mockup reproduced the reactor vessel, two hot
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legs and two steam generators) and were carried out with sulphur hexafluoride (SF6) in
place of superheated steam (this gas behaves like superheated steam under pressure and
temperature conditions similar to atmospheric conditions, which greatly simplifies the
tests). In particular, these tests revealed circulation flows in the hot legs and SG tubes,
the mixing of hot and cooler gases in the SG inlet plenums, and gas stratification in the
hot legs. The tests also estimated certain flow data: the mixing ratio in the SG inlet
plenums as well as the ratio between the number of “direct” SG tubes (i.e. in which the
gases flow from the inlet plenum to the outlet plenum) and the number of “indirect” SG
tubes (i.e. in which the gases flow in the opposite direction). These tests are described in
several publications, but only partially [68, 69], and were used to qualify computational
tools [70, 71]. The ROSA tests, which are mentioned below, aim to provide additional
information.
MECI programme: conducted by CEA between 2000 and 2004 and financed by IRSN,
this programme:
– included a part to determine the mechanical properties of RCS component
materials;
– conducted tube burst tests representing the hot legs (halfscale mockup);
– conducted tube burst tests representing the hot legs (fullscale mockup).
The material characterisations of the MECI tests added to the existing data on the
various grades of steel of the RCS hot legs. They also made it possible to assess uncer
tainties under creep conditions, determine the properties of the materials used in the
burst tests and compare their properties with those available in the literature (including
the inventory of RCS material properties compiled by AREVA).
The highpressure tube burst tests then validated the methods of assessing the fai
lure times for the various structures. They were conducted on the SG tubes and on the
tubular test specimens representative of hot leg geometry (halfscale straight tubes)
and materials. At constant pressure, the test specimens were subjected to a “tempera
ture ramp” thermal load (heating to provide a constant rate of temperature increase)
until they burst.
The tests conducted on the specimens representing the hot legs were mainly
intended to determine the behaviour of various grades of materials present in the RCSs.
The programme included mockup tests carried out upon a single material (in other
words, entirely consisting of 16MND5 steel, the grade of steel used to construct the
French reactor vessels, or 316L steel, the grade of steel used to manufacture the hot leg
components) as well as tests conducted upon welded mockups representative of the
actual welded joints (between the hot legs and the reactor vessel, and between a hot
leg’s different components, including the joints with the SGs). As a result, two types
of welds were studied: “homogeneous” joints (HJ), represented by a welded assembly
consisting of two 316L steel tubes (a halfscale study of the links between a hot leg’s
components), and bimetallic joints (BMJ), represented by the welded joint between two
halfmockups in 16MND5 and 316L grade steels (to study the links between the hot
legs and the reactor vessel).
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The test grid is shown in Table 5.1. The first column indicates the component mate
rial, the second states the tube’s thickness, the third the membrane stress (σ in MPa; the
stress as defined here is a pressure that “measures” the effect of the forces applied to the
structure) and the fourth the temperature heatup rate (in degrees per second).
In the case of the SG tube tests, two pressure loads were studied: that of a high
pressure secondary coolant system, and that of a depressurised secondary coolant
system. These tests were reproduced for various temperature ramp rates, with intact
tubes or with tubes containing a notch or recess defect (see Table 5.2). It should be
noted, however, that such defects are obtained by machining the parts and so are not
completely representative of the defects found in the PWRs.
Table 5.1. “Hot leg” mockup burst test grid.
Material

Thickness
(mm)

316L

10.5

107

316L

10.5

107

316L

15

316L

ΔT/Δt
(°C/s)

σ (MPa)

0.2
0.05

75

15

0.2

75

0.05

16MND5

10.5

107

0.2

16MND5

10.5

107

0.05

16MND5

15

75

16MND5

15

75

0.05

BMJ (16MND5L/316L)

15

75

0.2

BMJ (16MND5L/316L)

15

75

0.2

BMJ (16MND5L/316L)

15

75

0.05

BMJ (16MND5L/316L)

15

75

0.05

HJ (316L/316L)

15

75

0.2

HJ (316L/316L)

15

75

0.2

HJ (316L/316L)

15

75

0.05

HJ (316L/316L)

15

75

0.05

0.2

Table 5.2. SG tube burst test grid.

Sample
reference

Internal pressure
(bar)
80

0
1
2
3

150

Rate of temperature
increase
(°C/s)
0.05








Defect geometry

0.1

None










Notch

Recess
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Figure 5.9 shows the experimental system and the condition of a “hot leg” mockup
after the test.
ROSA-V programme: the ROSA experimental programme began in 1970 in Japan
and mainly studied the thermalhydraulic phenomena occurring in PWRs during accident
scenarios. The fifth segment of this programme, ROSAV, was conducted between 2005
and 2009 in the ROSA/LSTF facility of the Japan Atomic Energy Agency (JAEA) and
involved many partners including EDF, AREVA, CEA and IRSN in a fourparty agreement.
The purpose of these tests was to contribute to the development and validation of the
thermalhydraulic models utilised in the computer codes used to compute accident
transients that can occur in PWRs by providing “benchmark tests”, notably for studying
highpressure core melt accidents. These tests were used to perform comparative exer
cises between the computer codes used to simulate the thermal hydraulics of the RCS
and assess their ability to compute thermalhydraulics during accident transients. The
ROSA/LSTF loop consists of a 1/48th scale mockup (regarding the volumes; the vertical
dimensions are respected) and two loops of a fourloop 1100 MWe PWR. The last tests
conducted simulated the natural convection phenomena when superheated steam was
present in the loops.
ARTIST programme: the ARTIST1 (AeRosol Trapping In a Steam-generaTor) experi
mental programme, in which IRSN participated, was launched by the Paul Scherrer Insti
tute (PSI, Switzerland) in 2001. It is intended to reproduce the circulation and retention,
for the secondary (cold) side of a steam generator, of the fission products (FPs) present
in the form of aerosols in the event of a SG tube rupture; its objective is to obtain an
experimental database that can be used for safety studies or for the development of
models to analyse the retention of FPs, notably in the case of highpressure melt acci
dents resulting in an induced break in SG tubes.
The transport and retention of FPs in the RCSs and Secondary Coolant Systems
(SCSs) are described in detail in Section 5.5.3.1 of this document.
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Figure 5.9. Overview of the burst in tube no. 2 in 316L steel with a temperature ramp of 0.05 °C/s and
a membrane stress of 107 MPa.

5.1.4.3.2. Models
In order to assess the strength of the RCS (resistance to failure), socalled “inte
gral” computer codes are used to simulate a complete accident sequence (these inte
gral computer codes are described in Chapter 8) and, therefore, notably to assess the
temperature changes of the different components of the RCS over time (thermal loads).
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Given the current possibilities of computation, these complex computer codes gene
rally use highly simplified models of onedimensional coolant systems to compute the
temperature fields. The thermal loads computed with these codes are therefore subject
to significant uncertainties.
Complementing the integral computer codes, specialist computer codes are used to
perform much more detailed local simulations, notably those of the temperature fields
and gas circulation flows, and to assess the thermal loads more precisely. The initial
detailed models of convective heat transfers in the RCS in the event of accident tran
sients date back to the 1980s [68]. Subsequent progress in computation has resulted in
CFD codes that can be used to conduct thermalhydraulic studies or to perform finite
element calculations in thermomechanical studies to model convection more precisely
without the need for largescale experimental tests that are difficult to implement.

► Modelling of high-pressure core melt in integral computer codes
The integral computer codes presented in Chapter 8 can be used to simulate all
of the phenomena that may be involved in a core melt accident, and notably the core
degradation and fluid circulation flows in the RCSs and SCSs. They generally use a one
dimensional representation of these systems. To enable the circulation flows and the
mixing of hot and cold gases in the SG inlet plenums to be simulated, they are repre
sented in this type of computer code by several volumes, and the gas transfers are per
formed between the volumes.
The computations performed using the ICARECATHARE code can be used to assess
the mechanical strength of all of the components of the RCS when a highpressure core
melt accident occurs, depending on the computed thermal loads; some calculations
compute the risk of a break occurring in the RCS pump seals. It should be noted, how
ever, that the case of a pressuriser valve jamming in the open position has not been spe
cifically examined (but its modelling would not create any problems). The calculations
performed with the code have shown that, if there is a water slug in the intermediate
leg of the RCS (see Figure 5.8), it remains in place throughout the period of the accident
transient. They have also revealed that the risk of a hydrogen slug forming in the upper
part of SG tubes could be avoided.
These computational results must be used with care, however, because of the uncer
tainties in the thermal load computations. These uncertainties are due to the simpli
fied models used for the coolant systems, on the one hand, and to certain simplified
aspects inherent in the ICARECATHARE computer code, on the other hand: the code
does not model the transport and possible deposition of the FPs released when the core
is degraded; furthermore, the core is represented in a highly simplified way, as the code’s
user must predefine the heat transfers outside the core (twodimensional [axisymmetri
cal] modelling of the core can compensate for this simplification, but these models are
very costly in terms of computation time).
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► Modelling of RCS thermal-hydraulics
The approach described in the previous paragraph results in a model of the hot legs
or SG inlet plenums consisting of several volume elements (a few dozen at most). By its
nature, therefore, it is highly simplified. On the other hand, it can be used to simulate an
accident transient lasting several hours.
The CFD approach can be used to model these zones by means of thousands of
unit cells and so can numerically simulate the circulation flows of the gases in a RCS
loop more realistically than with an “integral” computer code. It requires a long com
putation time, however, thereby making the calculation of the complete sequence of
events in an accident impossible. We must limit ourselves to studying the gas circu
lation flows at a given moment. The CFD approach has been adopted by the United
States Nuclear Regulatory Commission (NRC) in the FLUENT computer code [71] and
by IRSN in its CFX and TRIO computer codes (in the latter case, as part of a collabora
tion with CEA) [72]. The current means of computation restricts the number of unit
cells in a model. A steam generator tube bundle (which consists of several thousand
tubes) is modelled by a smaller bundle (consisting of approximately ten times fewer
tubes), composed of equivalent tubes whose characteristics are determined so that,
for example, the total flow crosssection of the tubes of the equivalent bundle is equal
to the total flow crosssection of the actual bundle’s tubes. The modelling is restricted
to the RCS: the exchanges with the SCSs are defined in the form of limit conditions
(in other words, only the temperature, which is assumed to be uniform, of the steam
in the SCS and a thermal exchange coefficient used to calculate the thermal fluxes
between the PCSs and the SCSs are defined). The computations of this type provide a
detailed view of the flows in the SG tubes at a given moment and can be used to assess
some of their characteristics (mixing ratio in an SG plenum, and the number of “direct”
SG tubes and “indirect” SG tubes).
This type of computation provides more precise thermal load results that can then
be used to improve the thermal modelling in the integral computer codes as well as to
improve the assessment of the mechanical strength of RCS components. Computations
performed using the TRIO computer code have, for example, revealed that besides the
SG direct and indirect tubes, there were also many tubes with no significant gas circula
tion flows. They also revealed the possibility of triple stratification occurring in the hot
legs, with a “warm” layer between the hot and cold layers.
In addition, they provide 3D profiles of the gas temperatures in the RCS loops.
Figure 5.10 shows an example of a thermal profile in a hot loop and a steam generator,
calculated using the TRIOU code. The colours represent the gas temperature ranges
(in degrees Kelvin). The superheated steam leaving the reactor vessel passes through
the upper part of the hot leg and then cools down when it enters the SG plenum
and mixes with the “cooler” steam found there. “Relatively” cold steam flows back
towards the reactor vessel through the lower part of the hot leg. A prior computation
performed using an integral computer code provides this simulation’s “limit condi
tions” (flow rate and temperature of the hot gases as they enter the hot leg, and SCS
temperature).
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Figure 5.10. Example of a thermal field in a hot leg and the associated steam generator, determined
using a TRIOU calculation. The temperature scale is in degrees Kelvin.

The US NRC has conducted similar studies [72]. In particular, it focused on studying
the thermalhydraulic consequences of SG tube leaks existing prior to the accident and
showed that such leaks very considerably increased the risk of SG tube failures.

► Modelling of RCS component mechanics
In order to simulate the mechanical phenomena, CEA performed finiteelement cal
culations for the assembly comprising a hot leg and the lower head of a steam genera
tor with the CAST3M code at IRSN’s request. The mechanical phenomena have been
used to study the effects of hot leg expansion upon the mechanical stresses and, conse
quently, upon the times and places at which it failed. The developed model used takes
into account a “realistic” spatial distribution, provided by CFD computations, of the hot
and cold layers in a hot leg (in other words, it takes into account the fact that a hot leg
is not divided into a cold lower half and a hot upper half and uses the geometrical profile
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of the separation zone obtained through the CFD computations). To a certain degree,
special use of the computational results can be used to take into account the uncertain
ties regarding material properties as well as those regarding welds.
Figure 5.11 shows a crosssection view of damage to the hot leg at the moment of
the failure for a specific thermal load (obtained for a simulation of a total loss of electri
cal power). One side of the hot leg is welded to the reactor vessel via a sleeve (visible at
the right side of the figure), and the other side is welded to the lower head of the steam
generator via an elbow and a conical trunk tube (visible at the left side of the figure). The
start of the pressuriser’s expansion line that connects the hot leg to the pressuriser can
be seen in the figure.
In the computation performed with the CAST3M code, the reactor vessel and the
steam generator have been simulated by means of special limit conditions.
The colours represent the level of damage suffered. The damage is a coefficient
whose value is between 0 and 1 and is calculated at all points of the unit cell mesh
and at every computation step by means of different models specific to the material.
A value of 1 represents a failure, whereas a value of 0 represents an intact structure. In
this case, the break begins at the beginning of the inner wall of the elbow before the
steam generator.

Figure 5.11. CAST3M mechanical computation of the strength of the hot leg – damage level at the
moment of the “break” (see text for further details).
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5.1.4.4. Summary and outlook
Research has helped to improve our understanding of highpressure core melt acci
dents by increasing our knowledge of the thermal and mechanical loads to which the
different components of the RCS are subjected as well as our knowledge of the mechani
cal behaviour of these components in such situations. Given the complexity of the phe
nomena involved, notably the RCS gas circulation flows that govern the temperatures of
the RCS components, however, it is still difficult to predict with certainty where the first
failure in the RCS will occur. The studies performed by IRSN are based on the results of
this research; they tend to show that, when a highpressure core melt accident occurs,
the first failure would occur in a SG tube when the SGs are depressurised on the second
ary side, or in the hot legs if not.
In the case of the modelling tools, progress could be made in validating the existing
tools (notably on the basis of the ROSA test results) or improving the 3D modelling of
RCS thermalhydraulics. This is because only a 3D approach can take into account the
complex natural convection phenomena that govern RCS temperature. As things are, it
is sufficient to model the mechanics of RCS components, given the uncertainties asso
ciated with the thermal load computations.
From the point of view of PWR safety, measures have been taken in France to
avoid a highpressure core melt accident occurring (as in other countries), given the
potential consequences of this type of accident, notably in the event of direct con
tainment heating. These provisions include deliberate depressurisation of the RCS if
possible before the core melts. This can be achieved by opening the pressuriser steam
relief valves. The action of depressurising the RCS is included in the emergency ope
rating procedures and must be performed immediately by the operators as soon as
the Severe Accident Operating Guidelines (GIAG) is in use (see Section 4.3.3.4 of the
Severe Accident Operating Guidelines).
It should be noted that it has been decided to modify the opening control of the pres
suriser steam bleed valves in third tenyearly outage programme of 900 MWe reactors,
in order to make their operation more reliable and thereby make it possible to depres
surise the RCS during a core melt accident.
In the case of the EPR, design provisions have been made aiming to “practically elimi
nate” highpressure core melt accidents. These are described in Section 4.3.4.2.

Reference documents
[1]

B. Adroguer et al., Core Loss During a Severe Accident (COLOSS project), Proceedings of the FISA-01 meeting, Luxembourg, Nov. 2001.

[2]

B. Adroguer et al., Corium Interactions and Thermochemistry, CIT project, FISA-99
Symposium, Luxembourg, EUR 19532 EN, Nov. 1999.

140

Nuclear Power Reactor Core Melt Accidents

[3]

C.M. Allison, J.L. Rempe, S.A. Chavez, Final design report on SCDAP/RELAP5 model
improvements – debris bed and molten pool behavior, INEL96/0487, December
1996.

[4]

J. Broughton, P. Kuan, D. Petti, E. Tolman, A Scenario of the Three Mile Island
Unit 2 Accident, Nuclear Technology 87, 3453, 1989.

[5]

B. Clément, N. HannietGirault, G. Repetto, D. Jacquemain, A.V. Jones,
M.P. Kissane, M.P. von der Hardt, LWR severe accident simulation: synthesis of
the results and interpretation of the first Phebus FP experiment FPT0, Nuclear
Engineering and Design 226 (1), 582, 2003.

[6]

E.W. Coryell, Summary of Important Results and SCDAP/RELAP5 Analysis for
OECD LOFT Experiment LPFP2, NUREG/CR6160, NEA/CNSI/R(94)3, EGG
2721, April 1994.

[7]

F. Fichot, O. Marchand, P. Drai, P. Chatelard, M. Zabiégo, J. Fleurot, Multidimen
sional approaches in severe accident modelling and analyses, Nuclear Engineering
and Technology 38 (8), 733752, 2006.

[8]

R.D. Gasser, R.O. Gauntt, S.C. Boursier et al., Latephase melt progression experi
ment: MP2. Results and analysis, Report NUREG/CR6167; SAND933931,
1997.

[9]

V. Guillard, F. Fichot, P. Boudier, M. Parent, R. Roser, ICARE/CATHARE coupling:
threedimensional thermalhydraulics of severe LWR accident, Proceedings of
ICONE-9, Nice, France, 2001.

[10]

S. Hagen, P. Hofmann, V. Noack, L. Sepold, G. Schanz, G. Schumacher, Comparison
of the quench experiments CORA12, CORA13, CORA17, Report FZKA 5679, 1996.

[11]

T. Haste et al., Degraded Core Quench: A Status report, OCDE/GD(97)5, NEA/
CSNI/R(96)14, August 1996.

[12]

T. Haste, K. Trambauer, Degraded Core Quench: Summary of Progress 19961999,
NEA/CSNI/R(99)23, February 2000.

[13]

T. Haste, B. Adroguer, Z. Hozer, D. Magalon, K. Trambauer, A. Zurita, InVessel
Core Degradation Code Validation Matrix, Update 19961999, OECD/GD(94)14,
NEA/CSNI/R(95)21, 1996.

[14]

G.M. Hesson, N.J. Lombardo, J.P. Pilger, W.N. Rausch, L.L. King, D.E. Hurley,
L.J. Parchen, F.E. Panisko, Fulllength hightemperature severe fuel damage test
No. 2. Final safety analysis, Report PNL—5547, 1993.

[15]

R. Hobbins, M. Russel, C. Olsen, R. Mc Cardell, Molten Material Behaviour in the
Three Mile Island Unit 2 Accident, Nuclear Technology 87, 10051012, 1989.

[16]

R. Hobbins, D. Petti, D. Osetek, D. Hagrman, Review of experimental results on
light water reactor core melt progression, Nuclear Technology 95, 287307, 1991.

Development of the core melt accident

141

[17]

P. Hofmann et al., ChemicalPhysical Behaviour of Light water reactor core com
ponents tested under severe reactor accident conditions in the CORA facility,
Nuclear Technology 118, 200224, 1997.

[18]

P. Hofmann, S. Hagen, G. Schanz, A. Skokan, Reactor Core Materials Interactions
at Very High Temperatures, Nuclear Technology 87, August 1989.

[19]

S.M. Jensen, D.W. Akers, Postirradiation examination results from the LPFP2
center fuel module, Report EGGM90152; CONF9005179—2, 1990.

[20] D.A. Petti, Z.R. Martinson, R.R. Hobbins, C.M. Allison, E.R. Carlson, D.L. Hagrman,
T.C. Cheng, J.K. Hartwell, K. Vinjamuri, L.J. Seifken, Power Burst Facility (PBF)
severe fuel damage test 14 test results report, Report NUREG/CR5163; EGG
2542, 1989.
[21]

L. Sepold, P. Hofmann, W. Leiling, A. Miassoedov, D. Piel, L. Schmidt, M. Stein
brück, Reflooding experiments with LWRtype fuel rod simulators in the QUENCH
facility, Nuclear Engineering and Design 204 (13), 205220, 2001.

[22] I. Shepherd et al., Investigation of Core Degradation, COBE project, FISA-99 Symposium, Luxembourg, EUR 19532 EN, Nov. 1999.
[23] K. Trambauer, Coupling methods of thermalhydraulic models with core degrada
tion models in ATHLETCD, ICONE6, © ASME 1998.
[24] M.S. Veshchunov, K. Mueller, A.V. Berdyshev, Molten corium oxidation model,
Nuclear Engineering and Design 235 (22), 24312450, 2005.
[25] A.B. Wahba, International activities for the analysis of the TMI2 accident with
special consideration of ATHLET calculations, Nuclear Engineering and Design 118,
4353, 1990.
[26] R. Wright, Current understanding of invessel core melt progression, Proceedings
of the Dubrovnick meeting, IAEASM296/95, 1995.
[27] Progress Made in the Last Fifteen Years through Analyses of TMI2 Accident
Performed in Member Countries, Rapport NEA/CSNI/R(2005)1, 2005.
[28] V. Asmolov et al., RASPLAV Application Report, OECD RASPLAV Seminar, Munich
(Germany), 2000.
[29] K. Atkhen, G. Berthoud, Experimental and numerical investigations on debris bed
coolability in a multidimensional and homogeneous configuration with volume
tric heat source, Nuclear Technology 142 (3), 2003.
[30] S.V. Bechta, B. Khabensky, V.S. Granovsky, E.V. Krushinov, S.A. Vitol, V.V. Gusarov,
V.I. Almiashev, D.B. Lopukh, W. Tromm, D. Bottomley, M. Fisher, P. Piluso, A. Mias
soedov, E. Alstadt, H.G. Willschutz, F. Fichot, Experimental Study of Interactions
Between Suboxidized Corium and Reactor Vessel Steel, Proceedings of ICAPP’06,
Reno, NV USA, June 48, 2006.

142

[31]

Nuclear Power Reactor Core Melt Accidents

G. Berthoud, M. Valette, Description des lois constitutives de la version 3.2 du
logiciel de prémélange MC3D, NT SMTH/LM2/9939, 1999.

[32] P. Chapelot, A.C. Grégoire, G. Grégoire, Final FPT4 Report, IRSN/DPAMDIR 2004
0135, PHPF IP04553, 2004.
[33] T.C. Chawla, C.H. Chan, Heat Transfer from Vertical/Inclined Boundaries of Heat
Generating Boiling Pools, Journal of Heat Transfer 104, 465473, 1982.
[34] D.H. Cho, D.R. Armstrong, W.H. Gunther, S. Basu, Experiments on interactions
between Zirconiumcontaining melt and water (ZREX): Hydrogen generation and
chemical augmentation of energetics, Proceedings of JAERI Conference, 97011,
Japan, 1997.
[35] V.V. Chudanov, A.E. Aksenova, V.A. Pervichko, Development of 3D unified com
putational tools to thermalhydraulic problems, Proc. 10-th International Topical
Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-10), Seoul, Korea, Octo
ber 59, 2003.
[36] F. Fichot, V. Kobzar, Y. Zvonarev, P. Bousquet Mélou, The Use of RASPLAV Results
in IPSN Severe Accident Research Program, in OECDNEA, editor, Proceedings of
RASPLAV Seminar, Munich, 2000.
[37] F. Fichot, J.M. Seiler, V. Strizhov, Applications of the OECD MASCA Project Results
to Reactor Safety Analysis, MASCA Application Report, OECDNEA, 2003.
[38] F. Fichot, F. Duval, N. Trégourès, M. Quintard, The impact of thermal nonequi
librium and largescale 2D/3D effects on debris bed reflooding and coolability,
Proceedings of NURETH-11 Conference, Avignon, France, 2005.
[39] B.D. Gasser, R.O. Gaunt, S. Bourcier, Late Phase Melt Progression Experiment
MP1. Results and Analyses, NUREG/CR5874, SAND920804, 1992.
[40] D. Magallon, The FARO programme recent results and synthesis, Proceedings of
CSARP Meeting, Bethesda, USA, 1997.
[41]

F. Mayinger et al., Examination of thermohydraulic processes and heat transfer in
core melt, Final Report BMFT RS 48/1. Technical University, Hanover, Germany,
1975.

[42] M. Salay, F. Fichot, Modelling of metaloxide corium stratification in the lower
plenum of a reactor vessel, Proceedings of NURETH11 Conference, Avignon, France,
2005.
[43] P. Schäfer, M. Groll, W. Schmidt, W. Widmann, M. Bürger, Coolability of Particle
Beds: Examination and Influence of Friction Laws, International Congress on Advances
in Nuclear Power Plants (ICAPP‘04), Pittsburgh, PA, USA, June 1317, 2004.
[44] J.M. Seiler, K. Froment, Material effects on multiphase phenomena in late phases
of severe accidents of nuclear reactors, Multiphase Science and Technology 12,
117257, 2000.

Development of the core melt accident

143

[45] A.V. Stepanyan, A.K. Nayak, B.R. Sehgal, Experimental Investigations of Natural
Convection in a Threelayer Stratified Pool with Internal Heat Generation, Proceedings of NURETH11 Conference, Avignon, France, 2005.
[46] S. VandrouxKoenig et al., TOLBIAC version 2.2 code description, NT SMTH/
LM2/9936, 1999.
[47] M. Saito et al., Melting attack of solid plates by a hightemperature liquid jet –
effect of crust formation, Nuclear Engineering and Design 121 (1), 1123, 1990.
[48] T. G. Theofanous et al., Lower head integrity under steam explosion loads, Nuclear
Engineering and Design 189 (13), 757, 1999.
[49] B. R. Sehgal et al., Assessment of reactor vessel integrity (ARVI), Nuclear Engineering and Design 235 (24), 213232, 2005.
[50] J. R. Wolf et al., OECDNEATMI2 Vessel Investigation Project. Report TMI V(93)
EG10, 1993.
[51]

L. A. Stickler et al., OECDNEATMI2 Vessel Investigation Project. Calculations to
estimate the margintofailure in the TMI2 vessel, Report TMI V(93)EG01, 1993.

[52] T. Y. Chu et al., Lower Head Failure Experiments and Analyses, NUREG/CR5582,
SAND982047.
[53] L. L. Humphries et al., OECD Lower Head Failure Project Final Report, OECD/NEA/
CSNI/R(2002)27.
[54] V. Koundy, N. H. Hoang, Modelling of PWR lower head failure under severe acci
dent loading using improved shells of revolution theory, Nuclear Engineering and
Design 238, 24002410, 2008.
[55] V. Koundy et al., Progress on PWR lower head failure predictive models, Nuclear
Engineering and Design 238, 24202429, 2008.
[56] L. Nicolas et al., Results of benchmark calculations based on OLHF1 test, Nuclear
Engineering and Design 223, 263277, 2003.
[57] OLHF Seminar 2002  Nuclear Safety – NEA/CSNI/R(2003)1.
[58] Sehgal et al., Assessment of reactor vessel integrity (ARVI), Nuclear Engineering
and Design 221 (13), 2353, 2003.
[59] Sehgal et al., Assessment of reactor vessel integrity (ARVI), Nuclear Engineering
and Design 235 (24), 213232, 2005.
[60] J. Devos et al., CEA programme to model the failure of the lower head in severe
accidents, Nuclear Engineering and Design 191, 315, 1999.
[61]

V. Koundy et al., Study of tearing behaviour of a PWR reactor pressure vessel
lower head under severe accident loadings, Nuclear Engineering and Design 238,
24112419, 2008.

144

Nuclear Power Reactor Core Melt Accidents

[62] P. Matheron, S. Chapuliot, L. Nicolas, V. Koundy, C. Caroli, Characterization of
PWR vessel steel tearing under severe accident condition temperatures, Nuclear
Engineering and Design 242, 124133, 2012.
[63] V. Koundy, Défaillance du fond d’une cuve REP en situation accidentelle grave et
programme de recherche sur la déchirure des matériaux de cuve française, Rap
port scientifique et technique (RST), IRSN, 2008.
[64] B. Autrusson, G. Cénérino, Synthèse des études concernant le comportement
mécanique du fond de cuve, Note technique DPEA/SEAC/97069 – Référence non
publique.
[65] S. Brosi et al., CORVIS. Investigation of light water reactor lower head failure
modes, Nuclear Engineering and Design 168, 77104, 1997.
[66] K. Ikonen, R. Sairanen, FEM Analysis of OLHF tests with and without penetration,
OLHF Seminar 2002, Madrid, June 2627, 2002  (Paper from VTT, Nuclear Energy,
Finland).
[67] N. Tardif, Étude du comportement à haute température d’une fissuration instable
dans l’acier 16MND5 et application au calcul de la rupture d’un fond de cuve en
cas d’accident grave, thèse de doctorat, n° d’ordre 2009ISAL0105, LaMCoS –
UMR CNRS 5259 – INSA de Lyon.
[68] W. A. Stewart et al., Experiments on natural circulation flows in steam generators
during severe accidents, Proceedings of the international ANS/ENS topical meeting
on thermal reactor safety, San Diego, California, USA, 1986.
[69] W. A. Stewart et al., Experiments on natural circulation flow in a scale model PWR
reactor system during postulated degraded core accidents, Proceedings of the
3rd international topical meeting on reactor thermal hydraulics, Newport, Rhode
Island, USA, October 1985.
[70] B. R. Seghal, W. A. Stewart and W.T. Sha, Experiments on natural circulation dur
ing PWR severe accidents and their analysis, International ENS/ANS Meeting on
Reactor Safety, Avignon, France, 1988.
[71]

C. F. Boyd and K. Hardesty, CFD predictions of severe accident steam generator
flows in a 1/7th scale pressurized water reactor, Proceedings of the 10th International Conference on Nuclear Engineering (ICONE10), Arlington, Virginia, USA,
April 1418, 2002.

[72] C. F. Boyd, D. M. Helton and K. Hardesty, CFD analysis of fullscale steam genera
tor inlet plenum mixing during a PWR severe accident, NUREG1788, 2004.
[73] H. Mutelle and U. Bieder, Study of severe accident natural gas circulation with the
CFD code TRIOU, Technical meeting on use of CFD codes for safety analysis of reactor systems, including containment, Pisa, Italy, November 1114, 2002.

Development of the core melt accident

145

[74] D.L. Knudson and C. A. Dobbe, Assessment of the potential for highpressure melt
ejection resulting from a Surry station blackout transient, NUREG/CR5949, 1993.
[75] http://www.nea.fr/html/jointproj/rosa.html
[76] T. Takeda et al., Analysis of the OECD/NEA ROSA project experiment simulating
a PWR small break LOCA with highpower natural circulation, Annals of nuclear
energy 36 (3), 386392, 2009.
[77]

Güntay S. et al., ARTIST: introduction and first results, Nuclear engineering and
design 231 (1), 109120, 2004.

