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1. Introduction  
 

In-vessel corium retention (IVR) via external reactor vessel cooling (ERVC) has been recognised as a 

feasible and promising severe accident management (SAM) strategy for VVER-440/V213 reactors. 

The most important design features of these reactors, favourable for adoption of the IVR concept, are 

low thermal power, reactor pressure vessel (RPV) without penetration in lower head, massive stainless 

steel vessel internals, large volume of residual water in lower head and high driving head for natural 

circulation in ERVC loop. Pioneering work in the area of IVR adoption for this design was performed 

in Finland [1]. The Loviisa NPP equipped with 2 VVER-440/V213 reactors is currently the only one 

operating NPP of this kind in the world, IVR was adopted and approved by regulatory authority as 

SAM measure. However, due to some differences between Loviisa NPP confinement (steel shell 

equipped with ice condenser) and standard VVER-440/V213 units (confinement made of reinforced 

concrete and equipped with bubbler condenser) the application of Finish experience is not 

straightforward.  

 

Contrary to new advanced PWR designs in which the ERVC loop was highly optimised at the design 

stage (e.g. AP-1000), there are certain restrictions in the arrangement of VVER-440/V213 reactors, 

which limit the possible scope of the technical modifications. These modifications are necessary in 

order to allow coolant access to RPV external surface and enable natural circulation in ERVC loop. 

On the other hand, comparing to higher-power advanced PWR designs, significantly lower maximum 

heat flux values are expected. 

 

Recent activities devoted to IVR concept via ERVC for standard VVER-440/V213 reactors were (are) 

performed in the frame of 5
th
, 6

th
 and 7

th
 FW EU Programme (e.g. VERSAFE, ARVI, SARNET, 

SARNET 2) as well as within national programmes performed in the countries operating this type of 

reactors. In total there is 12 VVER-440/V213 reactors operated in Central European Countries. Two 

other units are still under construction in Slovakia (Mochovce units 3&4). There is serious interest for 

the adoption IVR concept for these plants and co-operation on this field is going on between the plant 

operators as well as between technical support organisations.  

 

2. Simple IVR concept for VVER-440/V213 reactors 
 

An IVR concept via ERVC was proposed several years ago by IVS Company for standard VVER-

440/V213 reactors, equipped with bubbler condenser. This IVR concept is based on simple 

modifications of existing plant technology and thus is attractive for plant operators. Main features of 

this IVR design are as follows (Fig. 1):  
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 New inlet valves are installed on two existing ventilation ducts in order to connect 

confinement floor with reactor cavity and thus enable the intentional cavity flooding in the 

case of severe accident (SA);  

 

 The shape of two ventilation ducts upstream the inlet valves is modified to form a isolation 

siphons in order to prevent the coolant losses from reactor cavity;  

 

 The riddles for screening the impurities from coolant are located at the lower part of the 

cavity, where the ventilation ducts are discharging;     

 

 Contrary to solution adopted at Loviisa NP
1
, the coolant access from the flooded cavity to RPV is enabled via closable hole installed in 

the centre of thermal shield instead of lowering this massive structure in the case of SA. 

Buoyancy driven cap of the hole will open passively when the cavity is flooded; 

 

 The large coolant volume from barbotage trays is available for reactor cavity flooding and 

natural circulation in ERVC loop.     

 

The detailed engineering design of this IVR concept was elaborated into implementation form by 

VUEZ Company (Slovakia) and is currently implemented at Bohunice V2 NPP as one of the key 

modifications for plant upgrade to cope with consequences of SA (Bohunice SAM Project). The 

implementation should be completed during the next year.     

                                                      
1
 O. Kymäläinen, H. Tuomisto, T.G.Theofanous: In-vessel retention of corium at the Loviisa plant, Nuclear 

Engineering and Design 169, 1997 
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Fig. 1. In-vessel retention concept for VVER-440/V213 
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3. Analytical support for IVR concept 
 

In general, the avoiding of boiling crisis on outer (cooled) RPV surface is sufficient condition for 

preserving the RPV integrity. Thus, the safety margin of a given IVR concept could be defined as a 

difference between coolability limit on the outer surface (in terms of critical heat flux (CHF)) and 

thermal load acting on inner surface (maximum heat flux).  

 

The crucial point of the proposed IVR concept for VVER-440/V213 is narrow gap between elliptical 

lower head and thermal and biological shield. In the cold conditions the width of this gap is only about 

2 cm and would be even lower in hot IVR conditions, when the reactor wall is subjected to large 

thermal gradients due to temperature difference between the hot inner surface (loaded by corium) and 

cold outer surface (which is cooled by water in flooded cavity). Sufficient gap should remain free for 

coolant flow for the success of the proposed IVR concept. Thus, realistic estimation of thermal load 

and corresponding deformations of reactor wall and their impact on gap width are of primarily 

importance.  

 

Another crucial point of this IVR design is narrow path for steam venting from cavity into 

confinement at the elevation of reactor support structures. 

   

Analytical studies were performed in order to demonstrate that the safety margin of proposed IVR 

concept is sufficient for preserving the RPV integrity during severe accidents. This includes: 

 

 Estimation of thermal loads acting on the inner RPV surface;  

 

 Estimation of structural response of RPV with emphasis on the deformation of outer surface 

and its impact on the profile (width) of annular gap between RPV wall and thermal/biological 

shield; 

 

 Analysis of two-phase natural circulation in ERVC loop and heat transfer regimes from outer 

reactor surface into coolant;  

 

 Severe management aspects (depressurisation of RPV, coolant resources for early cavity 

flooding, etc.).  

 

In this paper the attention is focused only on first two of above-mentioned points.   

  

The modifications outlined in Chapter 2 are aiming on enabling NC in ERVC loop and thus 

enhancement of the coolability limits (CHF) on outer surface. In general, it is hardly possible to take 

any effective measures for reduction of thermal load for given reactor design and postulated SA 

sequence. The magnitude of thermal load (maximum heat flux) is primarily given by core power, 

available coolant volumes, masses of vessel internals, etc.  

 

4. Estimation of thermal load 
 

The estimation of thermal load is the starting point in IVR assessment. The general challenges 

associated with the late phase core degradation, molten pool formation and estimation of thermal load 

acting on RPV wall for IVR applications were thoroughly summarised e.g. in paper
2
. For the 

                                                      
2
 H. Tuomisto, B.R. Sehgal: MASCA results and the case for in-vessel melt retention, MASCA 2 Seminar, 

Cadarache, France, 11-12 October 2007 
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assessment of proposed IVR concept, ASTEC V1.3 rev. 2 code was used. The ASTEC code, 

developed jointly by IRSN and GRS, was (is) widely validated for VVER-440/V213 reactors. 

Regarding the IVR applications, it is worth to mention e.g. the validations against LIVE L1
3
 and 

benchmarking for VVER-440 with the results of other codes
4
. The most important features of ASTEC 

V1.3 code relevant to IVR applications are given in paper
4
. Within the Bohunice SAM Project two 

different approaches were used for the estimation of thermal load.  

 

Steady-state (“conservative”) approach  

 

In the 1
st
 case, a steady-state approach was used. Only lower reactor head was modelled using stand-

alone DIVA module of ASTEC code considering postulated molten pool mass, composition and decay 

heat. Boundary condition (BC) – constant heat transfer coefficient (HTC) and coolant temperature – 

was applied on the outer surface in order to simulate the external reactor vessel cooling. The stand 

alone application of DIVA enables also modelling of radiative heat transfer from the surface of upper 

metallic layer into fictitious BC with prescribed temperature, which represents non-relocated reactor 

structures above the molten pool. As typical for such conservative approaches, it was assumed that 

                                                      
3
 Meeting on Severe Accident Research (ERMSAR 2008), Nesseber, Bulgaria, 23-25 September 2008 M. Buck 

et al.: The LIVE program: tests and joint interpretation within SARNET and ISTC, The 3
rd

  European Review 

4
 D. Tarabelli et al: ASTEC application to in-vessel corium retention, Nucl. Eng. Des. 239, 2009 

Fig. 2. Heat transfer in lower head obtained with steady-state approach for different pool 

configurations: homogeneous (C100), classic (C50), classic (C30) and MASCA (C30). 
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100% of UO2 was relocated into lower head and, consequently, the whole decay heat except of the 

fraction, which corresponds to volatile fission products (FPs), was located here. Besides of UO2 it was 

postulated (based on engineering judgement) that 50 tons of stainless steel and 19 tons of zirconium 

was relocated into lower head. Additional amount of carbon steel was ablated from RPV wall. 

   

Different oxidation index of zirconium Cn ranging from 30 to 100% were considered in the analysis 

and depending on the Cn different molten pool configurations were modelled. These include the 

following arrangements of corium layers: homogeneous for highly oxidised zirconium (C100), standard 

arrangement with presence of light metallic layer on the top of volumetrically heated oxidic pool (30% 

≤ Cn ≤ 80%) and “MASCA” configurations with presence of heavy metallic layer at the reactor bottom 

for lower values of oxidation index (30% ≤ Cn ≤ 50%). For the last case, the mass of heavy metal layer 

was subtracted from light metallic layer (Fe) and oxidic layer (U) depending on the oxidation degree 

of Zr following the work
5
 (the mass of steel, which can be subtracted, rises with the decreasing of Cn). 

The results for 4 representative arrangements of molten pool are illustrated on Fig. 2. The heat flux 

profile through the RPV wall for the analysed cases is given on Fig 4. From these results it follows 

that the maximum heat flux is relatively low. Although the MASCA configurations result in partial 

thinning of upper metallic layer, there is no danger of focussing effect for the analysed corium 

composition.  

   

A weak point of this steady-state approach is the artificial definition of molten pool by the analyst. It is 

obvious that the relocation of 100% of UO2 into lower head represents strongly conservative 

assumption, especially for low-power reactors. Practical advantage of this approach is its simplicity 

what enables to perform large number of sensitivity studies.   

 

Transient (“realistic”) approach 

 

In the 2
nd

 case a transient approach was used. At first, the most limiting SA sequence (from IVR point 

of view) was identified. For VVER-440/V213 such sequence is represented by LOCA with break 

diameter ~ 200 mm without HP and LP injection and assuming flooding of reactor cavity during the 

course of the accident. This sequence combines high thermal load, typical for LB LOCAs, and late 

reactor cavity flooding, because the break size is too small to result in automatic water spilling from 

barbotage trays. Thus, “manual” draining of barbotage trays is necessary in order to get sufficient 

coolant volume for reactor cavity flooding. 

 

For successful adoption of a IVR concept it is required that the accident sequences with dominant 

contribution to core damage frequency are covered. In general, the LB LOCAs without availability of 

active emergency core cooling systems (ECCS) since the beginning of the accident represent only very 

limited fraction (few percent) of total core damage frequency contributors. For the dominant 

contributors the core melting and consequently the thermal loads would be much lower. 

 

The chosen LOCA 200 mm sequence was analysed using all ASTEC modules except of those 

representing ex-vessel phenomena. In this integral application the decay heat was calculated from the 

defined initial FPs inventory (~ 700 isotopes) modelling the transmutation and transport of isotopes. 

When the core heat up started and cladding rupture occurred, release of volatile FPs (and 

corresponding fraction of decay heat) from the core into primary system and hence through break into 

confinement was modelled. The core melting and relocation into lower plenum was coupled with the 

transport of non-volatile FPs and corresponding decay heat together with UO2 into lower head. 

                                                      
5
 J. M. Seiler, B. Tourniaire, F. Defoort, K. Froment: Consequences of material effects on in-vessel retention, 

Nuclear engineering and Design 237, 2007 
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Regarding the core relocation, 1-D candling model was used. User defined arrangement of molten 

pool with light metallic layer above a volumetrically heated oxidic pool was considered. 

 

Regarding the operator interventions, it was assumed that the operator opened the draining valves 

when the core heat up occurred (symptom core exit temperature > 550 °C). As soon as the coolant 

mass on the confinement floor reached the required value, flooding of the reactor cavity was 

considered. At this time the nearly adiabatic BC on the outer reactor surface was replaced by HTC and 

coolant temperature in control volume representing the flooded cavity. The heat flux from RPV 

surface resulted in heating the coolant in cavity and steam generation here, what resulted in slow long-

term confinement pressurisation.  

 

Main output from this integral analysis was the time dependent heat flux profile acting on the RPV 

wall. As can be seen on Fig. 5 the heat flux through RPV wall reached its maximum value ~ 455 

KW/m
2
 after about 10 hours since the beginning of the accident. Another important result was that 

only less than 50% of fuel was relocated into lower plenum. The rest of fuel represented mainly by 

fuel assemblies at core periphery remains on its original position (Fig. 3) and was cooled mainly by 

radiative heat transfer into core barrel and hence into cold reactor vessel, what resulted in the 2
nd

 heat 

flux maximum on this elevation. The maximum heat flux value is similar to those one obtained with 

conservative approach when assuming 100 % relocation of UO2. The reason for this is because an 

integral ASTEC application does not enables modelling of radiative heat transfer from upper metallic 

layer (as it was in previous case). This limitation results in significant (~ 20 –30 %) overprediction of 

maximum heat flux. It is worth to mention, that without considering reactor cavity flooding the RPV 

failure was predicted at about 5 hours since the beginning of the accident.   

 

Besides the above-mentioned limitation for radiative heat transfer, the main other limitations of this 

transient approach are 1-D candling model used for core relocation and user defined arrangement of 

corium layers in molten pool.  

 

5. Structural response of RPV  
 

Structural analysis of RPV subjected to IVR load was performed by IBOK Company using the finite 

element method (FEM) code ANSYS release 10.0. The work includes experimental estimation of RPV 

material properties in wide range of temperatures, determination of numerical model constants in 

accordance with the experimental results and, finally, performing the computational analysis. In the 

ANSYS analysis the time-dependent heat flux profile obtained by ASTEC code was applied as BC at 

the inner and heat transfer due to convection to coolant medium at the outer RPV surface.  

 

In order to estimate the RPV structural response it was necessary to determine the kinetics of the non-

stationary thermal field and stress-strain conditions of the RPV. Due to an extreme thermal load a part 

of the inner reactor pressure vessel wall melts. After exceeding a temperature of about 400°C, a time 

dependent strain relaxation occurs due to creep process, the rate of which depends on the stress and 

temperature. With regard to this, the computations took into account a continuous strain relaxation due 

to the creep mechanism. 

 

RPV material properties 

 

The RPV of VVER-440/V213 is made of 15Ch2MFA steel. To carry out the computational analysis it 

was necessary to specify the following material properties in the wide range of temperatures: 

 

 thermo-physical properties (thermal conductivity, density, specific thermal capacity and latent 

heat of melting); 
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 linear elongation coefficient; 

 

 elasticity module; 

 

 plastic and creep properties. 

The thermo-physical properties and linear elongation coefficient were taken from available literature. 

The thermal inertia (thermal capacity change) of the RPV in computations was taken in account with 

the enthalpy change calculated of the density, specific thermal capacity and latent heat of melting. The 

plastic and creep properties of the 15Ch2MFA steel were determined experimentally using the 

available RPV specimen.  
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Fig. 3. LOCA 200 mm. History of temperature field in RPV 
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Fig. 5.  LOCA 200 mm, integral calculation. Heat flux through RPV wall at different times 
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At first, a chemical and metallographic analysis of the specimen material was performed in order to 

prove that the chemical composition and structure of the experimental material comply with 

15Ch2MFA steel. The general goal of the experimental program was to determine and verify constants 

for the creep numerical model chosen for the computational analysis. With regard to the relative short 

time interval of the analysed accident (~ days) and expected high stresses, the combined model of 

creep
 
(time hardening creep) was chosen that made possible to describe the primary and secondary 

phases of creep. 

 

Computational analysis and the results obtained 

 

At first, an axisymmetric FEM model of RPV was prepared (Fig. 6). The model includes the elliptical 

head and cylindrical shell up to the RPV support flanges. The analysis was performed in two steps. In 

the 1
st
 step, the non-stationary thermal field in the reactor pressure vessel during the accident was 

determined. In the 2
nd

 step the analysis of the stress-strain condition with the time dependent 

component of plastic deformation (creep) was performed, whereas the computational model was 

loaded with the non-stationary thermal field determined in the first step of the solution. 

 

From the results obtained it follows that the wall ablation is initiated at about 6 hours when the heat 

flux is still rising. The wall ablation reached the maximum size at about 10.5 hours (i.e. at about the 

same when the thermal load culminates) and this size doesn’t change during the next course of the 

accident (Fig. 7). The maximum ablation depth of the zone is at the transition part of RPV between 

cylindrical shell and elliptical head.  

 

The conditions for creep relaxation arise when the temperature exceeds 400°C. This process becomes 

more significant after the part of the inner surface of reactor pressure vessel is melted. In the time 

interval from the time of 5.5 hours up to a time of about 24 hours, there are created conditions for 

stress relaxation due to creep within a half-moon shaped zone situated neighbour to the melted zone. 

 

The radial dilatation of RPV due to non-uniform temperature distribution is determined primarily by 

the axial stress in the melted zone area. The wall of RPV in the transition zone from elliptical to the 

cylindrical shell is subjected to an additional bending load whereas the inner (hot) part of wall is in 

compression and the outer (colder) part is in tension. Maximum radial dilatation about 12.7 mm is 

reached at this point between 8.5 and 10.5 hours. Than the dilatation started to decrease due to 

decreasing of heat flux and, consequently, decreasing of wall temperature.  

 

6. Conclusions 
 

From the results obtained it follows, that even when the RPV is subjected to limiting loading 

conditions during SA, there should be sufficient gap width (~ 1 cm) between RPV wall and 

thermal/biological shield for the coolant flow in natural circulation regime alongside the outer surface 

of RPV wall. The coolability efficiency in such ERVC loop geometry was confirmed by RELAP 5 

analysis. Further research should be focused on confirmation of low maximum heat flux values. Here 

the outputs from SARNET 2 project and results of ASTEC V2 analysis should be valuable. The 

coolability limits in given ERVC geometry should be confirmed experimentally on Hungarian CERES 

facility (Cooling Effectiveness on Reactor External Surface), which is just under construction and the 

first experiments are planned to be performed during next year.   
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Fig. 6. RPV nodalisation for ANSYS code  
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Fig. 7.   Temperature field [°C] and axial stress [Pa] distribution at the time 10.5 hours 
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