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1. Introduction 

In-, ex-vessel reflooding or both simultaneously can be 
envisaged as Accident Management Measures to stop a 
Severe Accident (SA) in vessel. This paper addresses the 
possibility of in-vessel core melt retention by RPV external 
flooding for a high power PWR (4250 MWth). The reactor 
vessel is assumed to have no lower head penetration and 
thermal insulation is neglected. The effects of external 
cooling of high power density debris, where the margin for 
such a strategy is low, are investigated with the MAAP4 
code. 
MAAP4 code is used to verify the system capability to flood 
the reactor pit and to predict simultaneously the corium 
relocation into the lower head with the thermal and 
mechanical response of the RPV in transient conditions. 
The corium pool cooling and holding in the RPV lower head 
is analysed. Attention is paid to the internal heat exchanges 
between corium components. This paper focuses particularly 
the heat transfer between oxidic and metallic phases as well 
as between the molten metallic phase and the RPV wall of 
utmost importance for challenging the RPV integrity in 
vicinity of the metallic phase. 
The metal segregation has a decisive influence upon the 
attack of the vessel wall due to a very strong peaking of the 
lateral flux ("focusing effect"). Thus, the dynamics of the 
formation of the metallic layer characterized by a growing 
inventory of steel, both from a partial vessel ablation and the 
degradation of internals steel structures by the radiative heat 
flux from the debris, is displayed. 
The analysed sequence is a surge line rupture near the hot 
leg (LBLOCA) leading to the fastest accident progression. 

2. Presentation of the models 

2.1 General features of MAAP4 [IJ 

MAAP4 is an integrated tool used to predict the progression 
of severe accident scenarios in PWRs both in the NSSS 
(Nuclear Steam Supply System) and in the containment. The 
code describes accident sequences initiated by a set of 
events defined by the user and leading to either a safe and 
stable state or to a loss of Primary System integrity and in 
worst cases to a containment failure. In addition to usual 
thermalhydraulic calculation, a large number of SA 
phenomena (Fig. 1) are tackled by MAAP4 such as : 

- core heatup, degradation and relocation into the 
lower head ; 

- thermal and mechanical response of the RPV ; 
- H2 production, transport, distribution and 

combustion; 
- MCCI (Molten Core Concrete Interaction) ; 
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- DCH (Direct Containment Heating). 
The code also addresses engineered safety systems and 
allows the user to model automatic actions or operator 
interventions. 

2.2 Debris bed dynamics and energy transport in lower 
plenum 

After large molten pool formation into the core, two possible 
corium relocation processes are considered by the code: 

- sideward by melting of the core barrellbaffie, 
- downward by melting and mechanical failure of the 

core support plate. 
During this process, MAAP4 calculates the interactions 
between the core debris and the RPV wall as shown in 
Figure 1. When the debris settle down at the bottom of the 
lower plenum, two types of debris are considered. One is a 
particulate debris bed and the other is a continuum bed. The 
continuum bed is divided into the central molten pool, 
peripheral debris crusts and overlying metal. Figure 1 
illustrates the debris bed configurations and the thermal 
interaction modeled. 
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Fig.l. PhYSical Phenomena tackled by MAAP4 

2.2.1 Major assumptions 

1. Continuum debris bed 
-Metal and oxides are separated due to density 
differences ; the metallic part forms a continuous layer 
on the upper surface of the region. 
-Debris enter this region from melting in the particulated 
region or upon ablation of RPV wall and lower plenum 



structures. 
-Crusts are fonned on the RPV wall and upper surface of 

the region. The debris crusts have the same composition 

as the debris pool. 
-Temperatures of the oxidic pool and the metallic layer 

are function of time but not of space since intensive 

mixing during the strong turbulent natural circulation is 

assumed. 
-The steady state values of the heat transfer coefficients 

are reached simultaneously. 

-Part of the radiation energy emitted from the free 

surface of the pool is consumed for melting the 

surrounding metallic structures. 

2. Particulate debris bed 
-Material is added to this region by jet particulation 

(debris jet drops into the water filled lower plenum) and 

by the collapse of solid structures from above. 

-Material leaves this region by melting and is added to 

the continuum bed below. 

-The particulate debris bed, which is a mixture of metal 

and,oxide, has not crust and is characterized by 

particulate diameter and porosity to calculate its cooling 

rate. 
-The particulates are allowed to submerge in the metallic 

layer with their decay heat being directly added to the 

layer. 
-Heat removal is calculated by convection and radiation. 

Using these governing principles, the balances for heat and 

mass transfer can be formulated for each type of debris 

condition in the Jower plenum. With the integration of the 

individual rates, the formation, growth and possible 

shrinkage of these regions can be calculated. 

2.2.2 Heatjlux correlations 

Steady state relationships are ·used to describe the heat 

transfer rates with the assessment of solid or liquid state. 

Debris pool convection heat transfer 

Natural convection heat transfer is calculated from the 

molten pool respectively to the upper and lower crusts. 

Experiments (with Joule-heated simulants in simple 

geometry) indicated a strong propensity for upward and 

lateral heat removal as opposed to that downwards in 

volumetrically heated geometry. This propensity is observed 

to increase as the Rayleigh number (RaH) : 

RaH = gPHSq (1) 
aVA 

Thus, the approach adopted by MAAP4 is to represent the 

heat transfer coefficients by the Rayleigh number similar to 

those recommended by Epstein & Fauske (2), Mayinger et 

al. [3], Jahn et Reineke [4] and those experimentally 

observed by Kymalainen in the COPO facility [5]. 
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The average upward and downward heat flux are expressed 

as : 
0 7'" 

NUll = 0.345 Ra ._JJ 

NUd == O.54Ra OIS (~) 
Rip 

(Stein berner) en 
(Mayinger) (3) 

These equations provide the convective heat transfer 

coefficients (h = Nu. A ) for energy transfer from the central 
Zip 

debris pool to the upper and lower crusts. 

Azimuthally varying heat jlux 

The experimental studies of Jahn & Reineke [4] 

demonstrated that the local downward heat flux varies 

considerably along the boundary of the pool. The MAAP4 

molten pool model includes an azimuthally varying heat 

transfer from the pool to the crusts. 

Heat transfer through metallic layer 

The presence of the metallic layer is likely to modify 

significantly heat transfer. 

If the metallic layer is determined to be molten, the heat 

transfer coefficient within the layer is given by an extension 

of the Globe-Dropkin correlation [6]. The Globe-Dropkin 

correlation for the Nusselt number is expressed as : 
I 

Nu=O.069.Ra 3 PrO.074 O.02<Pr<8750, 3.105 <Ra<7. I09 

(4) 
with the Rayleigh number based on the temperature 

difference between lower and upper faces of the steel layer 

and defined as : 

gl3L\T8~5 
Ra = (5) 

va 

To combine the conduction and convection processes in the 

metallic layer, the Nusselt number is assumed to take the 

form: 
Nu= 1 +O.069.Ra 1 /3 .PrO.074 

Heat transfer between the metallic layer and the vessel wall 

The Churchill & Chu correlation [7] has been introduced in 

the code to assess the heat transfer between the metallic 

layer and the RPV wall (turbulent regime always 

considered) : 
I 

N 
0.15 3 9 

u = . Ra , Gr > 10 , 0.7 < Pr < 7 
9 16 ° 492-' .-

(I + ( ... _" --) 16 ) 27 
Pr 

with the Rayleigh number based on the average temperature 

of the metallic layer and on the wall surface temperature and 

defined as: 

Ra = g138~5 (T55 - Tssm) (7) 

va 



At the beginning of relocation, the small aspect ratio of the 
metallic layer may lead to the fom1ation of several distinct 
convective cells responsible for a radial temperature profile 
inside the metallic layer. A reduction of the heat flux 
imposed to the vessel wall could be expected. However, as 
no radial temperature profile is available, this potential 
reduction can not be taken into account with the MAAP4 
code. 
Besides, the free surface oxidation by steam (emissivity 
increase) playing a role on the radiation heat transfer is not 
considered here. 

2.3 Heat transfer to water and reactor vessel internals 

The upward losses from the debris bed are given by the 
combination of convection and radiation. Heat transfer to 
the top is assumed to be dominated by the radiation 
contribution. Radiation from the debris bed in the lower 
plenum goes to all exposed heat sink surfaces. If the lower 
plenum heat sink (core support plate) has been completely 
melted, the energy is assumed to be radiated to the surviving 
core bottom nodes. If the lower core nodes are melted out, 
the upward heat flux from the debris is likely to cause 
melting of other internals steel structures. This process will 
increase the metallic content of the debris and will have a 
profound effect on the heat transfer. 

2.4 Thermal response ofheat sinks (RPY wall) 

The azimuthal heat flux from crust to RPY wall is used as 
boundary condition for conduction calculation. Heat 
conduction in the vessel wall is transient, symmetric with 
respect to the vessel axis. In MAAP4, a primary heat sink is 
described as a two-dimensional slab with its inner and outer 
surfaces subjected to different thermal and material 
boundary conditions imposed by such surrounding area as 
core material, steel layer, water and gas. MAAP4 will 
calculate the process of core heatup and cooldown including 
liquefaction and resolidification. Given the nodalization, 
timesteps and boundary conditions, MAAP4 determines 
temperature rates of change of each node, average 
temperature, heat transfer area and heat transfer rates, 
liquified mass and residual thickness. 
The RPY wall axial nodalization considered by MAAP4 is 
displayed in Fig. 2. Each axial node (from 1 to lO) is 
divided into 5 radial cells in the thickness of the wall. 
The RPY wall temperature distribution and the primary 
pressure are used to estimate challenges to RPY integrity. 
The Larson-Miller relationship (creep) is evaluated to 
determine the material rupture times as function of stress 
and temperature. 

2.5 Heat transfer between RPY wall and external water 
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MAAP4 calculates the nucleate boiling heat transfer 
coefficient using Rohsenow's correlation whatever the RPV 
wall temperature level. The correlation is the following: 

[ 

CpI6T ]3 

o 0 I 3 h Ig Pr 17 
(8) 

Heat transfer from RPV lower head outer surface to cavity 
water pool leads to water heatup and then to steaming .. Any 
steam generated in cavity is removed from the reactor pit 
mass and added to the lower compartment steam mass. The 
assumed steam flow path is around the RPY annulus into 
the lower compartment. 
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Fig. 2. RPV wall axial nodalization used in MAAP4. The 
elevations of the different corium components are given at the end 
of the transient 

3. Description of the scenario -

A possibility for external flooding is investigated: a passive 
solution is used for 5 hours, extended by a CHRS 
(Containment Heat Removal System) solution beyond. 
The typical scenario used to design the system is as follows: 

t=O : initiating event 
t= 112 h : core uncovery 
t= I h : the first corium overflows reach the lower 

head 
t,.,3 h : complete corium relocation in the lower 

haad 

Within the scope of this study, aeroballs pool and upper 
internals storage pool are used to gravity fill the reactor pit. 
The storage capacity of those pools, with a total volume of 
about 700 m3, guarantees a passive flooding lasting 5 hours. 
After drainage of the 2 pools, the CHRS fulfills the flooding 
function by injecting directly into the reactor pit with a low 



flowrate (", 75 m3!h). Figure 3 illustrates the flooding 

system. 

Fig. 3; Flooding system fOT RPV external cooling 

4. Analysed sequence 

A surge line rupture at the hot leg nozzle location is 

analysed. The Safety Injection System (SIS) is unavailable 

but the steam generators are available. When the SIS 

setpoint is reached at low pressurizer pressure of 110 bars, a 

partial cooldown is initiated by an automatic opening the SG 

relief valves : in 20 minutes, steam generators are 

depressurized to -a . secondary side pressure of 60 bar (RCS 

cooldown rate of 100 K/h). then, no manual secondary side 

depressurization is considered : SG relief valves setpoint 

stays. at 60 bar. Due to the size of the break, the RCS is 

rapidly depressurized to the containment pressure (in 13 

minutes, PRCS=PCONTAINMEN~ 3.2 bar). 
One hour.' after the reactor scram, gravity flooding is 

initiated with an initial flowrate of 53.6 kg/so 5 hours after 

- the beginning of the reactor pit flooding (when the storage 

capacities are empty), the CHRS system is switched on. 

Water is pumped from the IRWST (In Refueling Water 

Storage Tank) compartment and injected in the reactor pit. 

Injected mass flowrate in the reactor pit versus time is 

shown in Figure 4 for both phases. 
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Fig. 4. Injection flowrate into the reactor pit 

378 

5. Results 

5.1 Key events 

KEY EVENTS TIMES Time in h min s 

Hot leg break Os 

Reactor scram 8s 

Main coolant pumps coast down 14 s 

Start of partial cooldown 18 s 

Accumulator water injection I min 33 s 

Accumulator water depletion 2 min 33 s 

Start of core uncovery 14 min 

Start of core melting 28 min 

Start of water injection into the reactor pit I h 00 min 08 s 

Start of core relocation 1 h 30 min 

Water level in reactor pit exceeds RPV 2 h04 min 

loops level 
Start of metallic layer melting 2 h 21 min 

All the metallic layer melted 2 h 37 min 

End of core relocation 3 h 44 min 

Cavity water injection depleted - CHRS 6 h 00 min 08 s 

activation 

5.2 Major results 

MAIN RESULTS 
Initial water mass flowrate from the 53.6 kg/s 

internals pool 
Final water mass flowrate from the 25.0 kg/s 

internals pool (at t=6 h 08 s) 

CHRS water mass flowrate 20 kg/s 

Final residual thickness of node # 5 2cm 

Final residual thickness of node # 6 9.8 cm 

Final metallic layer aspect ratio 0.32 

Final heat flux from the metallic layer to 1.54 MW/mL 

RPY wall 
Final elevation of corium in the lower head 2.63 m 

Final thickness of the metallic layer O.78m 

Final mass of corium in lower head 296 t 

Heat flux from metallic layer to RPV wall 1.46 

Heat flux from oxidic pool to metallic layer 

5.3 Description of the transient 

The continuum debris bed begins to form as the relocation 

from the core becomes more massive with the decreasing 

amount of water in the lower plenum. The upper crust 

which appears at the core relocation time thins as more hot 

core materials are· coming down to join directly the 

continuum bed (Fig. 5.1). The other portions of crusts (those 

sticking to RPY wall) reach a steady profile affected by the 

ex-vessel cooling water (Fig. 5.2). 
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Fig. 5. Fig. 5.1 Upper crusllhickness 
Fig. 5.2 Lower crusts thickness (see Fig. 2 for the 

RPV nodalization) 
(Symbol: X. : Crust) 
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The temperature of the metallic layer arises in order to 
radiate the strong heat flux coming from the upper crust. At 
t ~ 2' h i 1 min, metallic layer temperature reaches the steel 
melting point temperature and at t = 2 h 37 min, all metallic 
layer is melted (Fig. 6.2). 
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Thus, as expected, the increasing superheat (T metallic layer 
-T steel melting point) leads to hig.h convective heat fluxes to 
the vessel (Fig 7.2). 
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Fig. 7. Fig. 7.1 Decay Power in Lower Plenum Debris 

Fig. 7.2 Heat transfer from Melallic Layer to RPV 
wall (1) 
Heat transfer from the lower crusts to the 
RPVwall (2) 

Fig. 7.3 External heal transfer 
(Symbols: LP : Lower Plenum; M.L. : Metallic 
layer; X. : Crus I) 

At t = 3 h, the aspect ratio (Zip / Rip) between the metallic 

thickness and metallic layer radius is about 0.16. The 
metallic layer to wall heat flux 

correspondig ratio 
oxidic pool to metallic layer heat flux 

(Figures 8) is 2.42 and is close to the value of2.54 given by 
GAREe [8] for this aspect ratio assuming an homogeneous 
metallic phase in permanent state radiating upward. 
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Fig. 8. Fig, 8.1 Metallic layer aspect mtzo (metallic layer 
thickness / metallic layer radius) 
Fig. 8.2 Ratio: metallic layer to wall heat flux / 
oxide pool to metallic layer heat flux 
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Besides, in the oxidic phase, 75 % of power is directed 
upwards whereas 25 % (Fig. 7.2) goes downwards which is 
found to be consistent with the COPO results [5]. 
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Fig. 9. Fig. 9.1 Heat flux from the upper crust to the metallic 
layer (1), ileat flux from the metallic layer to the RPV wall (2) 
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Fig, 9,2 Heat transfer from tile upper crust to the mctallic layc!' 
(1), heat tnms(er from the metallic layer to tile RPV wall (2) 
Fig. 9,3 Heat trans,.cr coefficient between the metallIC layer and the 
RPVwall 

As the heat flux to the wall increases, the vessel wall melts. 
The boundary nodes in contact with the metallic layer start 
to achieve the ferritic melting point. As a consequence, at t 
= 2 h 44 min, the RPY wall (lower node #5) undergoes a 
gradual melting (Fig. 10.2, Fig. 11) and mixes with the bulk 
debris in the lower plenum. 
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Fig. 10. Temperatures of the lower head nodes (#5,#6) (see Fig, 2. 
for the lower head nodalization). The 5 curoes given for each graph 
correspond to the division of each axial node into 5 radial meshes 
in the wall thickness 

Therefore, the mass of the metallic layer increases (Fig. 
13.2) as well as its level so that a part of the metallic layer 
faces the cylindrical part of the RPY. 
Indeed, in our case where a large corium pool mass (Fig . 
13.1 & 13,2) is relocated in the lower plenum, the largest 
heat flux is expected near the hemispherical part of the RPY 
i.e, near the lower part of the cylindrical part, In the 
MAAP4 nodalization (Fig, 2), the metallic layer faces the 
node #6 and at t = 3 h 07 m in, this latter node begins to be 
eroded (Fig. II) which leads to an other increase of the 
metallic layer mass. 
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However, as the metallic layer thickness increases (and 
'consequently its aspect ratio), the heat flux from the metallic 
layer to the RPY wall decreases. The erosion slows down 
and an equilibrium is reached: no erosion occurs after t = 4 
h 27 min. 
At t = 3 h 56 min, the particulate debris bed starts to melt: 
the molten particulates relocate down to the continuum 
debris bed below ; their oxidic and metallic constituents 
respectively join the metallic layer and the oxidic central 
pool. Thus, the oxidic debris mass keeps on increasing 
slowly whereas the core relocation to the bottom head has 
fmished at t = 3 h 44 min (Fig. 13). After 6 h, the RPY wall 
thickness and the debris levels do not evolve any longer. 
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Fig. 12; Total debris bed elevation (1), oxide debris elevation (2) ; 
(Symbol: DEB. : Debris; Ox. DEB. : Oxidic Debris) 
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Fig. 13. Fig. 13.1 Total mass in core (1), molten mass 
in core (2), core material mass in lower plenum (3) 
Fig. 13.2 Metallic Layer mass (1), Oxidic central 
pool mass (2) 

The heat flux from the metallic layer to the RPY wall is 1.6 
MW/m2 tending slowly to 1.5 MW/m2 at t=}O h (Fig. 9.1). 
The aspect ratio (zIp I RIp) is 0.32 and the ratio 

metallic layer to wall heat flux 
is 1.45 which is still 

oxide pool to metallic layer heat flux 
consistent with the value 1.38 given by GAREC [8]. 
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Residual thickness 

The final thickness of node #5 is 2.04 cm (Fig. 11) and 9.8 
for the node #6. This latter value seems too important 
compared to the metallic layer to wall heat flux (~1.5 

MW/m2) by a multiplicative factor of 4. 
Indeed, a hand-made steady state calculation (with a steel 
thermal conductivity of 30 W/m/K and with a difference of 
temperatures through the wall of 1200 K) leads to a value of 
2.4 em for the residual thickness of the RPY wall. 
However, it must be mentioned that only 40% of node #6 is 
covered by the metallic layer whereas 50% remains 
uncovered and radiates to the exposed heat sinks above (the 
remaining 10% of that node is covered by the oxidic pool). 
As the nodal heat flux is area-averaged, the resulting heat 
flux to this node is less than the metallic layer to RPY one 
leading to an overestimated value of the RPY thickness. On 
the contrary, as the node #5 is mainly facing the metallic 
layer during the transient, the residual thickness of the RPY 
wall calculated by the code (2.04 em) is consistent with the 
value calculated by hand . 

5.4 RPY failure assessment 

No RPY failure occured in this transient with the MAAP4 
code. Owing to the RCS depressurization strategy (the RCS 
and the containment have the same pressure), mechanical 
strength of the damaged vessel seems sufficient. In fact, 
only a small residual thickness of vessel at temperature 
below 800 K is necessary to hold the weight of debris. So, 
provided the outside of the vessel remains in nucleate 
boiling, the vessel could be saved. 

Code limitations 

It must be underlined that no dry out process is considered 
by the MAAP4 model outside the vessel wall. 
The heat transfer coefficient is calculated by the code with 
the Rohsenow's correlation (Nucleate Boiling) along the 
whole RPY wall instead of determining "local" heat transfer 
coefficients in front of each node depending on wall 
temperature. In fact, the critical heat flux will depend on 
position on the vessel: SUL TAN [9] and ULPU 2000 [10] 
experiments show that critical heat flux can vary from 0.2-
0.3 MW/m2 at the base of the vessel to values close to 1.5 
MW/m2 when the surface approaches the vertical 
(cylindrical part). A transient spatial heat flux distribution 
should be used to assess the capability of the system to 
remove the debris heat flux. 

6. Conclusion 

The possibility to maintain the corium in vessel by external 
RPY flooding has been studied with MAAP4 code on a 
LBLOCA scenario (surge line rupture) without safety 
injection. This scenario leads to the fastest accident 



progression and to the highest decay heat to be removed 

from the corium into the lower head. 

The reactor used was a high power PWR (4250 MWth) 

without lower head penetration. The influence of RPV 

thermal insulation was neglected. 

The flooding of the reactor pit occurs early enough and the 

mass flowrate is sufficient for both phases (gravity flooding 

and flooding by the CHRS) to avoid any risk of dry out of 

the RPV wall by lack of water : RPV lower head is 

completely flooded at the time of corium relocation in the 

lower head (""1 h 30 min). The loops are flooded at 2 h 04 

min ; afterwards, the level does not decrease in the reactor 

pit. The residual thickness of the hem i-spherical part of the 

lower head (node #5) is correctly calculated by the code 

(around 2 cm). However, the MAAP4 value for the 

cylindrical part (node #6) is overestimated. 

As MAAP4 considers only nucleate boiling heat transfer 

between the RPV wall and the external water in the reactor 

pit, the vessel wall is always well cooled and the code does 

not assess the risk of exceeding the Critical Heat Flux 

(CHF). 
Nevertheless,in the ULPU experiments [10], the CHF near 

the hot spot in case of a molten pool in a lower head (i.e 

near the connection between the cylindrical part and the 

hem i-spherical part) is in the order of magnitude of 1.5 -1.6 

MW/m2. MAAP4 calculates a value of 1.5 MW/m2 for the 

heat transfer between the molten corium metallic layer and 

theRPV wall in steady state. This value is consistent with 

values calculated by the CEA in the frame of the GAREC 

group assuming a OD approach in the metallic layer [8]. 

Thus, in the thermal point of view, there is no sufficient 

margin if ULPU results are confirmed and if the temperature 

in the metallic phase can be considered as almost 

homogeneous for the bounding scenario studied. 

As far as mechanical results are concerned, as the primary 

system is completely depressurized (PRCS 

PCONTAINMENT"" 3.5 bar), stresses in the RPV wall are 

only due to hydrostatic height so that MAAP4 shows that 

there is no rupture at short term (10 h) evenwith a residual 

thickness of 2 cm. This is normal as creep rupture time is 

very high for small mechanical load. 

List of Symbols 

g 

P 
H 
q 
v 
a 
Ie 
Nuu 

Gravitational acceleration, m/s2 

Volumetric coefficient of expansion, !lK 

Length, m 
Volumetric heat generation rate, W/m3 

Kinematic viscosity, m2/s 

Thermal diffusivity, m2 /s 

Thermal conductivity, W 1m K 

Nusselt number for ce':ltral molten pool upward 

heat flux 
Nusselt number for central molten pool 

downward heat flux 
Corium elevation inside the lower plenum, m 
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Rip Radius of the hem i-spherical part of the lower 

plenum, m 

Pr Prandtl number 

Gr Grashof number 

Ra Rayleigh number (Ra=Pr.Gr) 

I\s Metallic layer thickness, m 

Tss Temperature of the metallic layer, K 

Tssm Melting point temperature of the metallic layer, K 

h Heat transfer coefficient, W/m2K 

."IT In eq. (8), ~T=T waWTsat. K 

~q Viscosity of water, Pa.s 

hfo Latent heat of water, J/kg 

gc'" In eq. (8), Gravity constant = Ikg.mIN.s2 

PI Density of water, kg/m3 

P g Density of stearn, kg/m3 

Cpl Specific heat of water, J/kg/K 

a Surface tension, N/m 
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