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The GAREC group has performed an extensive analysis of In-Vessel Retention capability for 
actual and future French PWR designs. This analysis includes: scenario analyses for core 
meltdown and corium transfer to the lower head, corium behaviour in the lower head (debris 
and corium pools), external cooling and optimisation of external water flow path, mechanical 
behaviour of the vessel, risk of vapour explosion and dynamic behaviour of the eroded 
vessel. 

This analysis is based on the most recent experimental results available from internal R&D, 
on the conclusions of the Vessel Investigation Project concerning TMI 2, on the conclusion 
of the work performed in support of AP 600 [Theofanous et aI., 1996], on advanced 
calculation tools (MAAP, TOLBIAC, CATHARE, CASTEM) and on engineering evaluations. 

1. Reactor characteristics considered 

Figure 1 Lower head of present 
French reactors 

A geometry typical for French reactors (900 MWe 
and 1450 MWe) is considered (fig 1). The lower head 
has a hemispherical shape (radius 2m and 2,5m 
respectively, thickness 15 cm) which is attached to a 
cylindrical body by means of a junction piece which 
presents a short (about 20 cm large) downward 
oriented horizontal surface. The RPV is thermally 
insulated with a cylindrical honey comb structure. The 
distance between the outer surface of the vessel and 
the inner surface of the thermal insulation is small 
(about 1 cm) over the cylindrical section of the 
vessel. No penetrations crossing the lower head 
are considered. For future reactor designs, the 
horizontal part of the junction piece might be 
eliminated and the position of the external thermal 
insulation might be changed. The pressure in the 
primary circuit during late phases of severe accidents 
is considered not to exceed 20 bars through 
appropriate use of the primary circuit 

depressurization systems. The influence of the implementation of heavy reflectors for future 
reactors is also considered. 

2. Physical situations analysed and bounding situation 

Core meltdown starts from core uncovery and includes core oxidation, melting, relocations, 
formation of corium pools, slumping of corium in the lower head. This scenario may be 
interrupted and at least delayed by late water injections. The main uncertClinty in Physical 
situation analyses proceeds clearly from the instant and rate of late water injections in the 
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RPV. In the worst considered situation no late water injection occurs and only the presence 

of a residual water volume in the lower head is considered before core relocation (<< dry» 

situation). Reflooding of the remainder of the core at different times of the core degradation 

and relocation have been considered (<< wet» situations). These situations include safety 

injection recovery. Physical situation analyses without late water injection indicated that the 

time needed for complete core melt-down is at least 2 to 3 hours after shutdown from full 

power conditions. By late water injection, the progression of the accident might not stop 

immediately, as was the case in TMI2. 

« Wet» and « dry » situations are analysed, however, the « bounding» case considered 

with external passive cooling, from the point of view of long term thermal loads on the lower 

head is the case where the complete inventory of core materials (with variable masses of 

structure metals) is relocated as a corium pool in the lower head with external passive 

cooling. 

3. Relocation processes 

The relocation process into the lower head is supposed to be initiated by a corium flow 

through the lateral baffles whether or not the water is present in the RPV. This is justified by 

the fact that, as soon as a corium pool is formed in the core, the heat flux at the lateral upper 

boundary of the pool greatly increases and induces a radial propagation of the molten 

materials. The downward relocation within the core region is limited by the fact that oxidic 

materials relocate and freeze rapidly on previously and independently moving metal crusts 

as it appears from the interpretation of MP2 experiment (Gasser et aI., 1996]. When the 

molten material touches the vertical baffle plate, this plate melts (in the presence of water, 

the heat flux exceeds the Critical Heat Flux which may be removed by the flow within the 

actual baffle arrangement). The precise position and size of the breach cannot be predicted. 

The position is within the upper lateral maximum heat flux region of the molten pool. Thus 

the mass of corium which is delivered to the lower head is limited to the mass -of liquid which 

lies above the breach level (in TMI2 this corresponds to about 30 tons). The corium flow rate 

is limited by the size of the breach and also by the size of the holes in the baffle plates over 

which the corium spreads. During this first flow, the melt is delivered to the lower head in 

several jets over a large perimeter, which is favourable for the obtention of premixing 

conditions. The estimated maximum instantaneous delivery rate in the lower head in TMI2 is 

about [Anderson et aI., 1989] 1,5 ton par second. The melt needs a few seconds to travel 

from the bottom plate to the bottom of the lower head. Thus it may be estimated that the 

melt which is instantaneously mixed Vl(ith the water contained in the lower head may be of 

the order of a few tons. Part of this melt may flow in kinds of « lava tubes », as has been 

hypothesised for the formation of the hard layer in TMI2, and is thus insulated from the water 

by a crust [Wolf et al., 1993]. 

For dry situations, the volume of residual water in the lower head will decrease both due to 

the freezing and cool-down and residual power diSSipation in the relocated corium (about 

1 m3 water for 1 ton corium). A relocation of about 20 to 40 tons is expected to evaporate the 

20 to 40 m3 residual water inventory in the lower head. Thus, for later corium flow in dry 

situation, it is expected that almost no water will be available in the lower head. 

After the first flow, the space in the baffle may be more or less filled with solidified material. 

A second flow may reasonably occur after several minutes or even tens of minutes. This flow 

may again pass through the still open space in the baffles or may flow through a breach in 

the core barrel into the downcomer. In that case the corium jet may impact the cylindrical 

wall of the RPV before flowing to the lower head. In absence of water ("dry" situation), the 

RPV may also be heated by radiation from the liquid corium surface through the breach. 

This trJay threaten the integrity of the RPV wall if the RPV is not cooled from the 

outside at this level. The failure time has been estimated in the range 15 to 30 

minutes after breach formation. 

For late relocations, a breach in the bottom part of the core may also occur. 
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Scenario analyses for a core with a heavy reflector indicate that, due to the increase of the 
delay necessary for the melt-through of the heavy reflector (about an additional half an hour) 
the possibility of a first release at the core bottom cannot be excluded for a "dry" situation. 
In this case a large oxidic corium jet (but short duration) in the residual water cannot 
be excluded. For wet physical situations (core region covered with water), the possibility of 
early relocation at the bottom of the core is not considered possible. 

4. Jet impacts 

Physical situations with heavy reflector can include the existence of a molten steel layer 
(10 to 25 centimetres thick) laying onto the oxidic pool in the core (the steel Comes from the 
ablation of the heavy reflector). This metallic layer is not expected to be much superheated 
(max 100°C above melting temperature). In this case, and for a dry situation, if the first 
break-through appears in the heavy reflector, a steel jet may impact the RPV. This steel jet 
(even if not very superheated) may threaten the integrity of the RPV, even if the RPV is 
cooled from the outside. The estimated melt-through delay is in the 1 min to 5 min range. 
During this time interval, the location of the jet impact will move (due to the decrease of the 
height Uet driving pressure) of the emptying metallic layer) and this effect is generally 
calculated to be able to save the integrity of the RPV for reasonable assumptions on the 
diameter of the jet (diameter increase due to the melting of the wall of the heavy reflector by 
the metallic jet is taken into account). 

Other situations involve mainly oxidic jets. Melt-through by an oxidic jet requires 1) impact 
of a continuous liquid jet at the same location, 2) sufficient duration (a minimum of 2 minutes 
continuous impact) is required for an oxidic jet with 200°C superheat impacting at 7 m/s (the 
heat transfer correlation due to [Sano et aI., 1990] has been used together with the 
assumption of an existing (maybe unstable) crust) 3) absence of« pool effect» (this effect, 
which is due to the gathering of liquid in the ablation hole, reduces the ablation kinetics). 

Physical situation analyses show that satisfying all these conditions together is very difficult. 
For a given volume of corium released into the lower head (say, typically 2,5 m3

) a long 
duration (2 minutes) requires a small jet flow rate (20 kg/s) ; considering an impact velocity 
of 7m/s (due to pure gravity fall over 2,5 meters), this corresponds to a jet diameter at impact 
of 2 centimetres. Under water, such a jet will breakup within a short distance (breakup 
correlation is used due to [Sano et aI., 1988]) and will not be able to threaten the integrity of 
the RPV wall. When water is removed, the lower head will be protected by the presence of 
the previously relocated debris. Jets with large diameters (case of first break-through at core 
bottom) are likely not to breakup during their travel through the residual water layer; but their 
duration is then much shorter than the 2 minutes required for RPV melt-through. 
Furthermore it is likely that long duration jets will not be able to impact at the same location; 
this is due to the fact that the flow rate of the jet will not be constant (thus impact place will 
change if the jet is not strictly vertical) and also to the fact that jets may be unstable due to 
edge and attachment effects when they leave the structure upon which they flow. However 
these latter effects have not been taken into account in the actual state of the physical 
situation analyses because they are difficult to quantify. 

5. Debris formation and behaviour in the lower head 

5-1. Dry situation, absence of external COOling 

Due to the presence of residual water, the first 20 or 40 tons of melt released from the core 
will relocate as debris or hard layers in the lower head. From the time of complete 
evaporation of water, it will take a few hours to re-melt the quenched debris. During this time 
interval, the heat load on the lower head will be mainly due to the hard (compact) layers 
which are in direct contact with the wall and, progressively, to the molten corium coming from 
the core which gathers above and within the debris. The heat loads due to molten corium 
pool formation, accumulating on top of the debris, exceeds the heat transferred by the 
underlying solid debris. From this point several physical situations have been examined for 
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different debris configurations, including metallic materials. The general conclusion of these 

studies is, for instance for a 900 MWe French PWR, that the vessel will fail within 30 min to 

60 minutes from the time of the first corium relocation to the lower head if for instance the 

core melts completely within 3 hours. A heat flux concentration due to the presence of a 

metallic layer is not predicted to reduce significantly the failure delay; this is due to the fact 

that the potential failure by focusing effect is only « efficient» if there is enough available 

power delivered to the metallic layer to produce a significant focused heat flux. This is only 

possible if a quite large amount of oxides is gathered in the lower head, which requires some 

time. 

These evaluations indicate that, at the time of vessel failure, a variable mass of liquid corium 

may be present in the lower head (30 to 80 tons) together with still solid but hot material (25 

tons). The vessel may fail before the complete mass inventory from the core has been 

transferred to the lower head. The failure mode (location and breach size) is still an open 

question. The failure is expected to occur at low pressure (between 1 and 20 bars over

pressures), elevated vessel temperatures (about 1200°C=>creep failure) with strong 3D 

temperature distribution on vessel surface, and small temperature gradients (100 to 300°C) 

over the vessel thickness. 

5-2. Wet situations, absence of external cooling 

If water is re-introduced in the RPV the preceding time delays will be increased. 

The question to what extent a corium pool may be cooled within the degraded core has no 

clear answer. A stabilisation of the corium pool within the core is, in essence, a problem of 

knowledge of critical heat flux on the surface of the « crucible ». As the crust is surrounded 

by debris whose size distribution and porosity are not known, the problem cannot be easily 

solved. In TMI2 the maximum heat flux in the end state crucible configuration is estimated to 

be 0.25 MW/m2. This heat flux could be removed at about 100 bars. This is an indication that 

the critical heat flux was, under TMI2 conditions, higher than 0,25 MW/m2. The question now

is : how can this be extrapolated to much lower pressures? 

The question of the gap formation and debris coolability in the lower head is also open. The 

hard layer could be cooled in TMl2 and a scenario based on gap opening explaining this 

coolability has been proposed by [Henry and Dube, 1994]. However,' in TMI2 only a small 

amount of corium (20 tons) is relocated in subcooled water at elevated pressure. If water is 

injected only after the onset of RPV melting in contact with the relocated material, or if 

relocated materials contain molten metals which are binding to the vessel wall, the gap 

opening mechanism is questionable. Also the size effect, related to the relocation of larger 

amounts (say 30 to 60 tons) of corium debris in the lower head is not known: a compact 

layer may cover previously relocated debris and decrease the amount of water capable of 

reaching the lowest regions of debris in contact with the wall. Furthermore, the correlation by 

[Monde et aI., 1982] which is Used for the evaluation of the rewetting heat flux cannot be 

extrapolated to low pressures and very large distance/gap ratios. Representative 

experiments are required. 

The thermal behaviour of debris beds in water is well known as long as the bed is 

homogeneous. But the debris bed in the lower head is probably heterogeneous with local 

solid accumulations, liquid corium layers and even empty zones which induce heat flux 

peaks and flow instabilities which affect strongly the heat transfer. The experimental facility 

SILFIDE in EdF is dedicated to the investigation of heterogeneous debris beds coolability. 

5-3. Wet situations with external cooling 

The question of gap formation is no longer a problem if external cooling is considered. In this 

case small heat fluxes delivered by the molten layers to the vessel wall, excluding a large 

molten pool which will be treated as the « bounding» case, can be removed by external 

natural convection flow without threatening the vessel wall. 
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5-4. Dry situation with external cooling; the bounding case 

If no water is available in the RPV, remelting and corium pool formation cannot be avoided, 
Even if water is present, partial remelting cannot be excluded, The bounding situation is a 
situation in which the whole corium content of the core is transferred to the lower head with a 
variable amount of structure material. An oxidic corium pool is expected to form in the lower 
part with an overlying metallic layer of variable thickness, As an example, the oxidic pool 
occupies the whole hemisphere volume in the case of a French 900 MWe reactor. The 
thickness of the metallic layer may vary from 10 cm to 50 cm, 10cm may be the minimum 
thickness when only the metal ablated from the internal surface of the vessel at steady state 
is considered, 

5-4-1. Power dissipated in the corium 

The power dissipated in the corium pool is generally estimated by supposing that the volatile 
fission products (I, Cs,.,) are removed during the early stage of the accident Refractory and 
less refractory species (like Sa and Sr) are supposed to stay in the melt. With these 
assumptions, the residual power variation for a 900 MW reactor is presented in table 1 : 

1 h 2h 3h 10h 20h 10 da s 20 da s 70 da s 
34 26 24 17 14 7 4 2 

Table 1 : Residual power variation as a function of time for a 900 MWe French reactor (end 
of cycle). 

Recent VERCORS experiments [Andre et aI., 1996] have shown that a significant amount of 
Sa (70%) was released from the fuel at 2300°C. Lanthanum is a decay product from Saryum 
and is responsible for about 40% of the residual power 1 hour after shutdown. Thus the 
feedback of the release of Saryum may significantly ,decrease the residual power. 
Evaluations indicate that the residual power may be decreased by, about, 20%. Further 
verification and research would be necessary. 
About 10% of the residual power is expected to be dissipated in the metallic layer. 

5-4-2. Molten material behaviour 
The dissolution of zirconium during core melt-down was expected to result in the formation 
of a UOZr mixture whose solidification range lies between 2000°C and 2600°C. 
Nevertheless, recent RASPLAV experiments show a stratification of the melt into two layers: 
a heavy, mainly oxidic, layer and a light, mainly metallic, layer [Asmolov et aI., 1998]. The 
separation is attributed to density effects rather than to physico-chemical effect (miscibility 
gap) [Gueneau et aI., 1998]. This stratification, the reason for which is not well understood at 
this time and must be further investigated, tends to simplify the problem of the corium 
behaviour. Each layer would have its own liquidus temperature which is considered as the 
boundary temperature condition for thermal-hydraulic calculations. Furthermore the metallic 
layer could merge with the molten steel and form a thick metallic layer which is expected to 
decrease the focusing effect (see § 5.4.5), 

As the metal layer contains zirconium and uranium, it may dissolve the steel of the vessel 
wall. Some calculations of this effect have been performed [Froment et ai., 1998]. These 
calculations show that the interface temperature between molten metal layer and steel wall is 
about 11 OO°C. Thus the dissolution cannot affect the cold part of the externally cooled vessel 
which ensures the mechanical retention capability. 

The viscosity of the molten corium layer, above liquidus is known and is small [Merzliakov, 
1998], [Sudreau and Cognet, 1996]. 

5-4-3. Heat Flux distribution from the oxidic pool 
If a metal layer is considered to lie above the oxidic pool a crust will form in contact with this 
layer and also In contact with~the vessel wall. Thus a uniform temperature will be imposed as 
boundary condition for the oxidic corium pool. This temperature is considered to be the 
Liquidus temperature corresponding to the composition qf the oxidic melt [Seiler, 1996]. The 
steady state heat flux distribution then depends only on the geometry of the pool. The most 
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recent experimental results, performed for Rayleigh numbers which are characteristic for 

reactor conditions (ACOPO [Theofanous and Angelini, 1997], BALI [Bonnet et aI., 1998] and 

COPO 1\ [Kymailainen et aI., 1998]) indicate that: 

• for a hemispheric pool, the power directed to the upper surface of the pool is equal to 

about 40 % of the total power 

• the heat flux distribution on the lower hemispheric part shows a peaking factor (max 

flux/average flux) of 1.75; this heat flux is quite uniform over the upper third of the pool 

height 

• the heat flux at the bottom of the pool is very small (conduction limited) 

For a maximum power of 30 MW (900 MWe reactor, 1 hour after shutdown [remark: this is a 

maximum power since complete core meltdown is not expected to occur within less than 3 

hours after shutdown]) and a vessel radius of 2 meters, the mean heat flux on the wall is 0,7 

MW/m2 and the maximum heat flux is 1,25 MW/m2. For 20 MW (3 hours after shutdown), the 

mean heat flux on the wall is 0,45 MW/m2 and the maximum heat flux is 0,8 MW/m2. 

Heat transfer correlations have been established which permit the evaluation of the 

superheat of the melt within the pool. This superheat is about 200°C for a hemispheric pool, 

2m in radius, with a power dissipation of 1 MW/m3 

5-4-4. Residual wall thickness 

The vessel wall will be ablated due to the heat flux coming from the pool. The external 

temperature is imposed, approximately, at saturation temperature. The thermal response 

time of the vessel wall is about half an hour. The residual thickness of the vessel is given, in 

steady state, by a simple conduction calculation and the temperature gradient is quite linear 

with melting temperature at the inner surface. A residual thickness of 4,5 cm is calculated for 

a heat flux of 1 MW/m2 and 3 cm at 1,5 MW/m2. 

The temperatures in the residual wall will decrease with the decrease of the -reSidual power. 

Table 2 presents the evolution of the mean temperature in the residual wall as a function of 

time: 

Time after shutdown 
Mean residual wall tem 

Table2: Evolution of mean temperature of residual wall thickness as a function of time. 

5-4-5. Heat flux distribution from the metal laver 

5-4-5-1. Focusing effect, minimum thickness of metal layer 

The heat flux transmitted through the upper surface of the oxidic pool is re-distributed to the 

upper and lateral boundaries of the metal layer. If no water is present (dry situation), the heat 

transmitted through the upper free surface by radiation alone will be limited and the main 

part of the power may be re-distributed on the sides of the metal layer. Thus the lateral heat 

flux is, approximately, proportional to the inverse of the metal layer height and, for small 

heights, may exceed the maximum heat flux delivered by the oxidic layer to the wall. If this 

heat flux has to be limited, for example, to the equivalent of the maximum heat flux 

delivered by the oxidic pool to the wall, the thickness of the metal layer must exceed a 

minimum thickness which depends on the assumptions concerning the heat transfer at the 

free surface of the metal layer: for a radiative surface, with a global emissivity equal to unity 

and surface temperature of 30QoC on structures in the vicinity, the minimum thickness must 

exceed 1/8 times the radius (i.e. about 25 em, about 25 ton~ steel). 

The melting of the inner surface of the lower head provides about 10 tons of molten steel (10 

cm layer thickness) which is not enough to avoid a focusing effect. At least 20 or 30 

additional centimetres of molten metal should be available. 

The recent RASPLAV AW200-1 and 2 are, fromt'this point of view, very interesting since 

these tests show a possibility that a metal rich layer may separate from the oxidic pool. 20 

centimetres represent, roughly, 15 tons zirconium which corresponds to the Zr inventory of a 
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900 MWe reactor core. However the mechanism of this separation is not well understood. 
There is interest for a better understanding of the mechanism and of the effects that 
additional species may have(iron, nickel, chromium). 

Furthermore, some amount of metal will be available from the melting of internal structures 
(structures in the lower head, support plate, heavy reflector, .. ) which will contribute to 
increase the thickness of the metal layer. 

This problem is still open and further attention should be focused on these aspects in the 
future, including transient aspects during the build-up of the oxidic pool and metallic layer 
(shallow metal layers are expected to be most dangerous). 

If water is added on top of the metal layer, the problem of the focusing effect disappears. 

5-4-5-2. Reduction of focusing effect due to a radial temperature gradient 
in the metal layer 

For shallow metal layers (h/L <0.1, h is the height of the layer and L is the width) the validity 
of that approach is questionable which consists in the calculation of an upwards average 
heat flux (CPup) and a sidewards average heat flux (CPside) from an average metal layer 
temperature (00 approach). In fact, for shallow layers, a radial temperature gradient is 
expected to appear in the metal layer due to flow partitioning in the layer (maximum 
temperature on the axis of the layer and minimum on the side). To investigate this effect a 
specific test has been performed with water in the BALI facility in a 2D slice geometry. In this 
facility the heat delivered by the oxidic pool to the metal layer was simulated with a bottom 
heating plate, the fluid was cooled laterally at constant temperature (presence of an ice 
layer) and a resistance simulated radiation heat transfer at the surface of the layer. For 
further details, the reader should refer to : [Bonnet et ai., 1998]. The conclusions of these 
tests are that: 

• a radial temperature gradient appears within the layer for h/L<0.1, 
• this temperature gradient induces a reduction of the average lateral heat flux. This 

reduction increases when the thickness of the metal layer decreases. Nevertheless the 
reduction remains small. For h/L=0.025 the average lateral heat flux is reduced by about 
20% when compared to the 00 calculation approach, 

• effects of eventual non-uniform heat flux distribution delivered by the oxidic melt to the 
metal layer could be investigated in the experiments including a reduction of the heat flux 
delivery at the edges of the layer. For constant power delivery and constant layer height, 
non-uniform heat flux distribution does not induce significant variation of the average 
lateral heat flux, 

• lateral heat flux distributions could also be measured; the measurements show a heat 
flux concentration near the top of the layer. 

The interpretation of these tests is still going on. A physical model for the calculation of the 
radial temperature gradient will be proposed. 20 slice results will be extrapolated to reactor 
geometry (20 axisymmetric). 

5.4.6. Water injection on the pool. thermalhydraulic aspects 

If water is finally introduced in the RPV on a molten pool with a metal layer, only the, metal 
layer and the vessel at this level will be partially cooled but the oxidic pool will remain 
unaffected (since the boundary temperature is still imposed to the liquidus temperature of 
the oxidic melt); thus the quenching energy to remove will be small. With some 
assumptions on the heat transfer mode between molten steel and water (mainly: the heat 
transfer surface is supposed to be equal to the flat surface of the metal layer), transient 
calculations indicate that the pressure will stay below 20 bars provided that the relief valve 
has an inner diameter greater than 4 cm. However, local interactions between the water 
falling on the molten metal layer may result in a greater efficiency of the heat transfer and 
thus a more rapid vapour production. Experiments are necessary to investigate this effect 
(CEA : ANAIS project). 
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The rewetting in the reactor situation differs from the rewetting of a simple molten steel layer 

by the fact that an important heat flux (due to the upward heat transfer in the oxidic pool) 

must be evacuated to the water (about 0.8 MW/m2 at maximum residual power (30MW, 1 

hour after shutdown) in a 900 MW reactor; 0,5 MW/m2 in reactors with larger vessel 

dimensions and for the same power level). The problem, for such elevated heat fluxes, is 

that solidification on the free surface is not straightforward. We have assumed that 

solidification occurs only below 1400°C (which corresponds to the freezing temperature of 

steel or of oxidic compounds containing mainly iron oxides). According to calculations made 

using the Berenson correlation ([Gad Hestroni, 1982] heat transfer in film boiling augmented 

by radiation heat transfer), it is concluded that solidification occurs for heat fluxes which are 

smaller than : 

• 0.4 MW/m2 if an emissivity of 0.42 (value measured by [Theofanous et aI., 1996] for liquid 

steel) is considered 
• 0,7 MW/m2 if an emissivity of 0.8 (corresponding to oxidic material) is considered. 

Thus it is concluded that, on the basis of existing correlations, freezing on the free surface 

cannot be guarantied at elevated (short term) residual power levels. This may have some 

consequences on the risk of vapour explosion at the surface of the metal layer. 

However, it should be considered that the meltdown of the core, the formation, in the lower 

head, of a corium pool and of a metal layer will take at least a few hours and thus the 

residual power dissipation will be significantly reduced. For instance 10 hours after 

shutdown, the heat flux crossing the metal layer will be of the order of 0.4 MW/m2 for a 

French 900 MWe reactor. This aspect must be taken into account in future evaluations. 

5.4.7. Effects of crust instabilities 

Effects of crust instabilities (crust at the interface between oxidic pool and vessel, crust at 

the interface of the oxidic pool and metallic layer) have been investigated. In fact oxidic 

crusts are very thin and may break from time to time. For the analysis, a periodic destruction 

of the crust has been assumed. The minimum value of this period has been taken to be 

equal to the time of rebuilding of the crust. With these hypotheses, this phenomenon affects 

the residual thickness of the vessel; but only a fraction of the inner steel layer (which is at 

elevated temperature) is further ablated without significant effect on the thickness of the 

external ligament at low temperature which takes over the mechanical loads. 

5.4.8. External Cooling 

Most recent experiments ULPU [Theofanous et aI., 1996], SULTAN [Rouge, 1995] and 

SBLB [Cheung et aI., 1997] show that, for a hemispherical external surface and no 

obstacles to the water flow, coolability of the lower head under natural convection may be 

obtained for heat fluxes on the upper hemispherical part as elevated as 1,6 MW/m2.This 

heat flux level seems to be an upper bound: the establishment of a strong natural 

recirculation flow requires gross boiling (positive quality) ,in the upper part of the hot leg and 

the results obtained on SULTAN indicate that CHF occurs for negative outlet qualities for 

heat fluxes higher than about 1.5 MW/m2. Higher heat fluxes could not easily be removed 

since the mechanical integrity will be difficult to guarantee for an internal pressure of 20 bars. 

Nevertheless this conclusion is not applicable to the geometry of actual French reactors 

since: 

• the assembly piece between the lower head and the cylindrical part of the RPV presents 

(figure 1) a horizontal, downward oriented, surface which may favour vapour 

accumulation, and, thus, reduce CHF, 

• the distance between the vessel and the thermal insulation is rather small: 

SULTAN experiments have been performed in such a way that the results can be used for 

the optimisation of the flow path for future reactors. 

5.4.9. Mechanical behaviour ofthe vessel 
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Analyses of the mechanical behaviour of the vessel have been performed.·The conclusion is 
that the externally cooled 16MND5 steel could withstand the mechanical loads for a heat flux 
of 1,6 MW/m2 provided that the internal pressure stays below 20 bars. 

The thermal shock due to reflooding of the RPV is not expected to threaten the integrity of 
the vessel. The main part of the metal is expected to cool down progressively: cooling is 
slowed down by the heat conduction delay in the wall. Only a layer of less than one 
centimetre thickness will cool down faster than 20 Klsecond which is capable of changing 
the crystalline structure of the meta/. This phenomenon affects mainly the inner hot part of 
the metal. 

However, transient changes from compression to tensile loads [Bhandari et aI., 1998] may 
induce local damage whose effects on the wall behaviour is not understood. 

Complementary investigations are clearly necessary. 

Another point of concern is the potential decrease of mechanical characteristics of the steel 
by diffusion under tensile loads of some elements like Tin, Cadmium, Indium or Zirconium 
from the metallic corium into the wall. A literature survey performed by [F. Barbier and I. 
Cingolani, 1997] shows that the true fracture strength of AISI 4140 steel may for instance be 
reduced by 20% above the melting point of Cadmium or Tin. However, in the real reactor 
case, these elements should have to diffuse through the temperature gradient from the hot 
part of the wall to the cold ligament; the possibility of such a migration has to be established. 
Therefore a specific experiment has been realised in ISABEL [CEA~DCC Saclay] 1 (results 
reported in [Froment et aI., 1998]). In this experiment the vessel is simulated by a small 
crucible externally cooled containing a metallic corium mixture including Tin. The heat flux 
delivered to the vessel is about 1 MW/m2. The test wall is molten from the inside and 
representative temperature and stress gradients are established through the wall thickness. 
At the end of the experiment,the analysis shows that the average composition of the corium 
mixture in contact with the 16MND5 steel is (wt%): 65.5 Fe~8.7Cr~7.1 Ni-14 Zr-2.7 Sn. In 
such conditions and in the vicinity of steel, the solidified corium exhibits a biphasic structure 
composed of (Fe,Cr) and (Fe,Zr)-rich phases. At the corium/steel interface, a concentration 
profile of chromium, nickel and manganese is observed for about 50 IJm in the steel. 
However, no profile of tin and zirconium is detected. Therefore, taking into account the 
accuracy of the chemical analyses, it seems that the volume diffusion of tin in steel is not 
significant, but no information is available on the possible presence of tin along the steel 
grain boundaries. In the present experiment, this transition zone remains very small and it 
seems unlikely that the mechanical properties of the steel be drastically affected beyond this 
zone. Nevertheless, only mechanical tests performed with micro-specimens could help to 
solve entirely the problem. 

6. Vapour explosion 

Vapour explosion may, potentially, occur in, mainly, two situations: 

1. during a jet flow from the core to the lower head, 
2. during reflooding of molten corium pool. 

6.1. Mechanical loads which lead to vessel failure 

6. 1. 1. Intact uneroded vessel 

Order of magnitudes of mechanical loads which lead to vessel failure have been evaluated 
for a pressure pulse acting simultaneously on the whole surface of the lower hemispherical 

head; the pressure variation is supposed to follow: P == Pmaxe -tfr . 

When the characteristic duration of the pressure pulse (T) is smaller then the period 
corresponding to the fundamental mode of vibration of the structure (Tstruct) (impulse mode) 
the impulse (I == PmaxT ) which leads to failure is given by : 
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(Equation 1) 

In the case where the characteristic duration of the pressure pulse is larger than the period 

corresponding to the fundamental mode of vibration of the structure (T > Tstruct), the 

equivalent impulse which may lead to failure is approached by : 

(Equation 2) 

Where: 
/ pI is the impulse necessary for plastic rupture of the structure 

Er is the real elongation at rupture 

cry is the yield stress corresponding to the structure material 

e is the thickness of the vessel wall 

p is the density of the steel 

Pelast is the static pressure corresponding to the maximum elastic deformation of the vessel 

Pmax is the peak pressure relative to the vapour explosion. 

The effects of other forms for the pressure variation due to vapour explosion have also been 
t . 

t -(--1) 

investigated [Lepareux, 1996] such as : P = Pmax - e r . For order of magnitude purposes 
r 

we will limit here the discussion to the results obtained with: P = Pmaxe -tfr 

The period corresponding to the fundamental mode of vibration of the cold lower head 

(Tstruct) is equal to about 2 ms. For a elongation to rupture (Er) set at 20%, a yield stress 

set at 600 MPa (cold vessel), a wall thickness of 15 cm, equation (1) leads to an impulse of 

2,2 105 Pa.s. This means that the rupture of the vessel may be obtained in the impulse mode 

for pressure peaks of the order of 1000 bars for T = 2ms, 2000 bars for T = 1 ms or even 

more for shorter pressure peaks. If the duration of the pressure peak is significantly greater 

than 2ms, the maximum allowable pressure to which the vessel could withstand tends to the 

static pressure corresponding to the maximum elastic deformation (Pelast ) which is of the 

order of 500 bars for the cold lower head. 

6. 1.2. Eroded vessel 

For the eroded vessel the wall is weakened but the mass which has to be accelerated 

(vessel + corium) is significantly increased. The period corresponding to the fundamental 

mode of axial vibration of the weakened lower head filled with corium (1: struct ) is increased 

(about 4 to 6 ms). Mechanical analyses tend to show that the peak pressure should however 

not exceed the maximum pressure compatible with elastic deformation of the weakened 

vessel, which lies in the 40 to 80 bars range for residual thickness of a few centimeters. 

6.2. Corium masses participating in the interaction 

6.2.1. Corium jets to the lower head 

In case of external cooling, the lower head is quite cold and intact when corium jets 

penetrate into the lower head (not much corium accumulated => low heat fluxes to the 

vessel, water available in the lower head). Corium flowing through the former plates or 

through the core barrel is not expected to present large mass flow rates (see § 3). 

Furthermore oxidic corium freezes quickly (crust formation kinetics of the order of 1 mm/s in 

the first seconds). Thus, only a « limited}) amount of corium will be able to mix with the 
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water in the lower head. the estimated upper limit is about 2 tons. Order of magnitude 
calculations indicate that 2 tons are unlikely to produce necessary mechanical loads to break 
an intact uneroded vessel. 

The mechanical loads will decrease significantly if only residual water is available in the 
lower head (absence of hydrodynamic confinement, water at saturation temperature). If 
water fills the RPV, the increase of the hydrodynamic confinement is calculated to lead to 
higher mechanical loads. However, the internal structures will be cold in that case and 
should be able to absorb a significant part of the mechanical energy of a slug travelling to 
the vessel lid. 

The worst situation is that of a large corium jet released from the bottom of the core. This 
physical situation could not be eliminated in the case of the presence of a heavy reflector 
which needs additional time to melt through (see § 3). However this physical situation might 
be restricted to the case where only residual water is available in the lower head since it 
seems difficult to melt the crust in the lower part of the corium pool in the core (minimum 
heat flux) when water covers this pool. In such a case, a significant mass of corium may be 
mixed but only with a reduced mass of water near to saturation temperature. The 
consequences of such a situation should be further investigated. 
It is clear that the risk of vessel break by Fels linked to corium jets into the lower head may 
be strongly reduced and even eliminated by scenario analyses. NeverthelesS, these scenario 
analyses are, at this time, clearly not sufficiently quantified and need complementary efforts. 

6.2.2. Ref/ooding of corium pools with water 

It is true that the reflooding of the corium pool contained in the lower head with a low and 
controlled mass flow rate cannot lead to an energetic Fel provided that: 

1. The water injection mass flow rate is low and well controlled 
2. A crust forms at the interface between the melt (probably a metallic layer) and the water. 

The formation of a crust is not straightforward for large reactors (1400, 1800 MWe). This is 
due to the fact that the estimated heat fluxes which have to be evacuated to the water layer 
are elevated (in the range 0,5 to 1 MW/m2), as discussed in (§ 5.4.6), and the melting 
temperature of steel or oxidic compounds with iron oxides are « low}) (about 1400°C). With 
elevated heat fluxes, water may stay separated from the melt by a vapour film and 
accumulate above the molten pool. If local Fel events are not triggered spontaneously as 
and when water is fed, a large water accumulation may lead to a global Fel which then 
threatens the integrity of the .eroded vessel. 
This problem should be further investigated. Some recent data are available from JAERI 
[Park et aI., 1997] on small experiments; large scale experiments are necessary. An 
experiment (ANAIS) is planned in France. 

7. Possible design improvements for In-Vessel Retention 

The design of future reactors may be improved on the following points, if In-Vessel Retention 
is considered : 

Design improvement for In-Vessel retention by external cooling: 

a) optimisation of the form of the lower head; suppression of the horizontal part in the 
junction piece 

b) optimisation of the external flow path. A double wall could be designed in order to reduce 
the amount of water (reduction of external flooding delay, suppression of risk of FCI in the 
reactor pit if vessel would nevertheless fail) and in order to increase the recirculating 
water flow rate by natural convection. This would increase the margins to CHF. The 
results obtained on SULTAN are pertinent for suchan optimisation. This double wall 
should be mechanically resistant to water hammer effects due to vapour condensation. 
Indeed, important water hammer effects have been observed in SULTAN; these effects 
increase when the subcooling of the water increases. 
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c) implementation of a sufficient mass of steel in the lower head in order to avoid the 

focusing effect (may be : melting of heavy reflector is sufficient). 

Specific design for In-Vessel retention: 

Eventual implementation of internal « crucibles}) in the lower head, creating a pre-existing 

gap, which could promote in-vessel coolability of debris [Szabo and Richard, 1997], [Suh 

and Hwang, 1997] 

8. Conclusions, further R&D needs 

The analysis of the bounding case shows that the vessel is expected to withstand the 

thermal and mechanical loads provided that: 

• the heat flux stays below 1,5 MW/m2 in the vertical lateral part of the vessel, 

• the pressure in the RPV will stay below 20 bars, 

• the external flow path has been optimised in order to get enough margins to CHF. 

The main open questions concern : 

• the heat flux concentration factor due to a metallic layer (focusing effect) both during the 

formation of the corium pool and quasi steady state (BALI metal layer tests). From this 

point of view the separation of UOZr mixture into heavy oxide and light metal layers, 

observed in RASPLA V, is of interest and should be further investigated and better 

understood. Complementary material tests are thus necessary. 

• the risk of vessel melt-through by corium jets with special emphasis on jets crossing the 

core barrel and impacting the cylindrical part of the vessel (some work on corium jets is 

going-on at FzK) 

• the rewetting of the metal layer, crossed by a significant heat flux, by water injection in the 

RPV ; the formation of a solid crust at the surface of the metal layer (ANAIS project) 

• the risk and consequences of vapour explosions in following situations: 

a) water layer above a molten metal layer in absence of crust formation, 

b) corium release in form of a strong jet from the bottom of the core into residual water 

pool in the lower head. 

These latter questions are addressed by the development of MC3D· (code describing jet 

fragmentation, . premixing and interaction) and supporting validation experiments (IPSN 

Programme) in France and also at FzK and JRC Ispra. 

Other open questions with lower priority should also be considered: 

• re-investigation of the species and amounts of fission products released before melting. 

If, for instance as is evidenced by VERCORS experiments, it may be admitted that Ba is 

released, the residual power level might decrease significantly (-20% to 30%) which 

reduces significantly the heat loads on the vessel. 

• analyses of the possibility of fragilisation of steel by diffusion of Sn, In (ISABEL Test) 

• further investigation of mechanical behaviour of the vessel at reflooding of the RPV (CEA

DMT, Framatome and FzK) 

• limit of coolability of corium pools in the core and of debris and dense layers in the lower 

head (In France some work is going-on on debris beds coolability at EdF). 
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