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ABSTRACT 

In-vessel (corium) retention  (IVR) via external reactor pressure vessel (RPV) cooling is considered 
to be an effective severe accident management strategy for corium localisation and stabilisation. The main 
idea of IVR strategy consists in flooding the reactor cavity and transferring the decay heat through the wall 
of RPV to the recirculating water and than to the atmosphere of the containment of nuclear power plant. 
The aim of this strategy is to localise and to stabilise the corium inside the RPV. Not using this procedure 
could destroy the integrity of RPV and might cause the interaction of the corium with the concrete at the 
bed of the reactor cavity. Several experimental facilities and computer codes (MVITA, ASTEC module 
DIVA and CFD codes) were applied to simulate the IVR strategy for concrete reactor designs. The 
necessary technical modifications concerning the implementation of IVR concept were applied at the 
Loviisa NPP (VVER-440/V213). This strategy is also an important part of the advanced reactor designs 
AP600 and AP1000. 

1 INTRODUCTION 

Severe accidents are of a very low likelihood and can be caused only by multiple failures at nuclear 
power plant. Nevertheless, accident management is implemented for managing their course and 
mitigating their consequences. The fundamental safety principle applied in the field of nuclear safety 
analysis is defence in depth. The defence in depth is generally structured in five levels of protection [1]. 
The in-vessel retention as a severe accident management strategy discussed in this work is included in 
the fourth level. This level namely includes accident and severe accident management, directed to 
maintain the integrity of the confinement. The fifth level is the gravest and represents post-severe accident 
measures (is not discussed in this work). 

The severe accident with core melting can become only by multiple failures e.g. total loss of coolant 
water as well as failure of all emergency core-cooling systems.  The “mother” of the severe accidents is a 
Three Mile Island accident in 1979. This accident developed a large in core melt pool, which was 
surrounded by water. The large fractions of the reactor core were severely damaged and redistributed in 
the reactor pressure vessel. In spite of high temperatures there was no thermal attack on the reactor wall 
(Figure 1). 

One of the typical goals in severe accident scenarios is corium localisation and stabilisation. Two 
approaches are in principle possible to fulfil this requirement: in-vessel retention and ex-vessel retention. 
Only the first approach will be discussed in this work. The in-vessel retention is employed in the Loviisa 
VVER-440 in Finland. The strategy is a part of the project at Westinghouse AP600 and AP1000 nuclear 
power plants. The applicability of this approach is given by coolability limits of RPV lower head (actual 
heat flux on the external surface of RPV may not exceed the critical heat flux). Moreover, preventing the 
spreading/dispersion of such large amounts of radioactive materials would appear to be attractive for the 
post-accident tasks.  

The second approach is based either on corium retention in core catcher located in reactor cavity 
below RPV (e.g. VVER-1000 design under construction in Tian Wan, China) or corium spreading and 
retention in special spreading compartment (e.g. EPR). 
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Figure 1: TMI-2 final state 

2 BASIC PRINCIPLES OF IN-VESSEL RETENTION STRATEGY 

The severe accident scenario assumes the relocation of the corium to the lower head. The basic 
assumptions of the scenario are that if core degradation takes place, the primary system will be 
depressurized and the lower head will be fully submerged in cavity water. We also assume, that the water 
level in the cavity would be maintained indefinitely [2]. Generally we can state that the external flooding of 
a reactor vessel in a severe accident management strategy excludes the vessel failure by the thermal 
loading, mechanical loading or by steam explosion. 

 
2.1 Melt-pool formation 

The in-vessel melt progression scenario entails a gradual relocation of the contents of the core into 
the lower head. After melt relocates into the water in the lower head its fragmentation and quenching will 
eventually lead to a partially fragmented and cooled melt in water called particulate debris bed. The water 
will eventually evaporate and the fragmented and cooled debris will heat-up to form a melt pool. There are 
some possible layer configurations of this melt pool.  

First, the standard configuration (Figure 2 left) consists of oxide and metallic layer. The oxidic pool 
is assumed to contain about 90% of all the decay power. This pool is mainly composed with UO2 and 
ZrO2. The oxidic pool will be surrounded by crust all around as a result of the cooling. Inside, a convective 
natural circulation is expected. The topmost layer of the pool consists of molten metal (Zr and Fe). From 
this metallic layer the two heat transfer modes are attendant: thermal radiation from the upper surface and 
convection into the RPV wall. In case of the metallic melt, the crust is missing and the “focusing effect” is 
possible (see Section 2.2).  

Secondly, thanks to the MASCA experiments another configuration was put in evidence (Figure 2 
right). It assumes that a large part of the metallic phase is relocated below the oxide pool. It consists 
mainly of metals (stainless steel, zirconium), which melt at relatively low temperatures and, therefore, 
relocate first and find their way to the very bottom. Also the presence of uranium in the metal (which has a 
high density) could cause that a part of the metallic layer could be relocated below the oxide pool. 

 
2.2 Thermal failure criteria 

One of the most critical mechanisms, which may cause the failure of the vessel, is the focusing 
effect. The metallic layer on the top receives the heat from the volumetrically heated oxidic pool and only 
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a certain amount of heat is released from the metallic layer to upper part of RPV by radiation. The main 
part of heat is transferred to its sides, which are touching the part of the vessel wall above the crust of the 
oxidic pool. Contrary to the crust, which has a low thermal conductivity, there is a high heat transfer 
coefficient between the metallic layer and RPV wall. When the thickness of the layer is decreasing, the 
heat flux density into RPV wall increases. Thus, one of the most important aspects of the in-vessel 
retention is the potential for the formation of a thin metallic layer on the top of oxidic pool. 

Failure of the lower head submerged into water may be caused due to the boiling crisis on the 
external (i.e. cooled) RPV surface. It occurs, when the heat flux through RPV wall exceeds the critical heat 
flux (see Section 3). The result is that the flow regime transits suddenly from nucleate to film boiling, what 
results in significant decreasing of heat transfer coefficient and thus increasing of RPV wall temperature. 
As soon as there is subcooled or nucleate boiling on external RPV surface, the heat transfer coefficients 
here are sufficient for reliable cooling of RPV. 

Under the high-temperatures the reactor vessel steel loses its mechanical strength. The necessary 
condition for successful application of the in-vessel retention concept is that sufficient thickness of the 
vessel wall will remain relatively cold. This thickness should be sufficient to withstand the weight of molten 
pool in lower head. This condition could be fulfilled only for heat flux values lower than critical heat flux 
values. 

 
 
 
 
 
 
 
 
 
 
 

Figure 2: General corium and MASCA configuration 

3 EXPERIMENTS CONCERNIG IN-VESSEL RETENTION 

The series of experiments concerning the outer vessel cooling of RPV of VVER-440/V213 were 
performed in Finland for Loviisa NPP. There have been designed an experimental facility ULPU. The first 
ULPU experiments for Loviisa concentrated on studying the possible flow oscillations (induced by flow 
restriction at the exit from reactor cavity to confinement) and the CHF at the vertical portion of the heating 
surface. The main finding in the experiment was that the CHF could not be exceeded with the power 
surface available even if there is a presence of oscillations. The maximum heat flux used was about 1,2 
MW/m2. Because of one-dimensional experiment, the results can be considered conservative.  

Next series of experiments ULPU were concerning the configuration of AP600 and AP1000 nuclear 
power plants (Figure 3). In the ULPU experiments for AP600 and AP1000, different shapes of thermal 
insulation (baffle configuration III, IV and V) and the effect of water chemistry and surface morphology on 
CHF enhancement were studied. The streamlined geometry significantly increases the coolability margins 
previously defined in ULPU in connection with the AP600 certification. In the upper region, a critical heat 
flux of 1,8 to 2 MW/m2 was obtained and offers an appropriate estimate of the AP1000 performance 
(including plant specific inlet and exit geometries). 

In the FOREVER experiments the lower head of a RPV is simulated with a geometrical scale of 
1:10. The main idea of experiments FOREVER (Figure 4) was to identify the time, type and the place of 
the vessel failure without external reactor cooling. The outer vessel wall surface has reached 
approximately 950°C. Without external vessel cooling, the typical vessel failure was after 4-5 hours [3]. 
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Figure 3: An overall view o ULPU facility as it exists today 

 
 

 

Figure 4: FOREVER- vessel at failure time and post-test view of the failure site 

4 RESULTS OF COMPUTER CODES  

4.1 Computer Code MVITA 

MVITA (Melt-Vessel InTeraction Analyses) code has been developed at KTH during Doctoral 
studies of Bui Viet Anh with a cooperation of prof. Sehgal and prof. Dinh. This code simulates the 
temperature field of molten pool, and of the vessel wall surface. Moreover, a heat flux distribution through 
the vessel wall is computed.  

First, the MVITA model calculations for AP600 and a thick metallic layer (0.8 m) were performed. 
The values of heat fluxes through the vessel wall (<300 kW/m2 at the upper part of the vessel) were under 
the values of critical heat flux measured at ULPU facility (<1800 kW/m2). The temperature filed on the 
vessel wall is shown on Figure 5 (left).  

Secondly, the MVITA calculations for thin metallic layer (0.1 m) are published in [1]. The 
temperature field is shown on Figure 5 (right). The heat flux at the upper part of the vessel (<1200 kW/m2) 
was closer to the value of critical heat fluxes (1800 kW/m2). On the other hand, this margin obtained by 2-
D representation in MVITA was satisfactory compared to 1-D representation where CHF limit was 
substantially exceeded. 
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Figure 5: Left: Temperature field (K) on the wall (15cm width), MVITA calculations for AP600, thick 
metallic layer (hemispherical bottom is spread); Right: Temperature field (K) for AP600 thin metallic layer  

 
4.2 Computer Code ASTEC  

ASTEC (Accident Source Term Evaluation Code) is an integral source term code for severe 
accidents in Light Water Reactors. The code is being developed jointly in France and Germany. The 
ASTEC code consists of several computational modules, devoted to analysis of specific problems (e.g. 
thermal-hydraulics, core degradation, fission product release and transport, etc.). 

 On the Figure 6 there are shown the results of in-vessel retention modelling in ASTEC/DIVA for 
VVER-440. The main assumption for the calculations was Loviisa configuration [6]. The amount of the 
steel together with internal structures was set to 46 tons. In a version ASTEC V1.3, there is possible to 
simulate multiple layers configurations of molten pool. On the Figure 6 (right), there are results of MASCA 
configuration for VVER-440. In a case of standard configuration, the calculated maximum heat flux was 
<690 kW/m2. As for the MASCA configuration, the calculated heat flux was <550 kWm2. These values 
were under the values of critical heat flux measured at ULPU (<1200 kW/m2) 

5 APPLICATION OF IN-VESSEL RETENTION CONCEPT 

The in-vessel retention strategy is proposed to be applied for AP600 and AP1000 NPPs. Many 
experience from experimental and theoretical research were used in the design of IVR concept. In these 
Pressurized water reactors (PWR), the circulation loop for ex-vessel cooling was optimized in order to 
reach an efficient cooling performances and high CHF values. That is main advantage compared to 
Loviisa NPP and standard VVER-440 units where, the IVR concept was not considered in the original 
design and technical modification were (are) necessary for additional IVR implementation. Due to some 
differences between Loviisa NPP (equipped with ice condenser) and standard VVER-440/V213 units 
(equipped with bubbler condenser) the application of Finish experience (see section 5.2), is not 
straightforward. 
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Figure 6: Temperature field for VVER-440, standard configuration (left), MASCA configuration 

(right), Temperature of the wall and the scale are in K. 

 
5.1 AP600 and AP1000 Nuclear Power Plants 

As for the AP600 next generation nuclear plant, IVR constitutes a key element of severe accident 
management, and the certification review by the U.S. Nuclear Regulatory Commission (USNRC) is 
complete. The AP600 has a low power density and a lack of lower head penetrations. Moreover, the 
passive containment cooling system (PCCS) has been suggested by Westinghouse to remove heat in the 
containment by evaporative heat transfer during postulated accidents [5].  

Intensive experimental program was performed on ULPU facility at University of California in Santa 
Barbara (see Section 3) in order to optimise streaming of the flow along RPV surface, heated surface 
characteristics, and coolant chemistry.  

The arrangement of flow paths (especially the inlet opening, shape of the thermal insulation of the 
lower head and steam/water vent into confinement) was optimised in order to promote the IVR.  

The shape of the thermal shield of lower head and the width of the gap between shield and 
hemispherical RPV bottom was changed several times before finding optimal solution (see Figure 7). 

The AP1000 and its predecessor AP600 discussed in a text above are the nuclear reactor designs 
widely using passive safety technology. The safety systems include passive safety injection, passive 
residual heat removal, and passive containment cooling. These systems provide long-term core cooling 
and decay heat removal without the need for operator actions and without reliance on active safety-related 
systems. 

Concerning in-vessel retention design, extensive testing and computer code analysis followed its 
implementation for AP1000. The simulations of the AP1000 geometry were measured and experimental 
results were obtained in the ULPU facility (discussed in Section 3). The in-vessel retention has been 
shown to be applicable to the AP1000 through testing and analysis that was reviewed by the USNRC. The 
initial evaluations indicated, that the in-vessel retention as the cornerstone feature would be feasible at the 
higher power as well [7].  
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Figure 7: IVR concept for AP600 

 
5.2 VVER-440 Nuclear Power Plants 

The Loviisa plant consists of two VVER-440 reactors modified during the design and construction 
phase to meet typical Western safety requirements for PWRs. In additions, in-vessel corium retention was 
adopted recently in order to cope with the consequences of severe accidents. In contrast to AP600 or 
AP1000, the Loviisa plant is an existing plant and IVR was not taken into account during the design 
phase. 

 The plant modifications required for in-vessel retention were carried out in the year 2000 for 
Loviisa Unit 1 and in 2002 for Unit 2 [8]. The most important technical measure was modification of the 
support structures of the thermal and biological shield of the bottom of RPV (Figure 8) in order to enable 
lowering of the thermal insulation and neutron shield of lower head in the case of severe accident. 
Because of the small gap between the RPV wall and the lower neutron shield and the thermal insulation of 
the RPV (only about 20 mm), the mentioned modification seemed to be necessary for free access of 
coolant from flooded cavity to RPV wall. 

 This solution assures to Finnish concept of IVR large safety margin (large margin between 
actually expected maximum heat flux and CHF). Disadvantage of this solution is high estimated cost and 
technical seriousness of its implementation and operation. 

Following the Finnish example it would be desirable to be apply the IVR concept also at standard 
VVER-440/V213 units. The arrangement of the cavity at Loviisa NPP and at VVER-440/V213 units is 
basically the same. On the other hand, the Loviisa NPP is equipped with ice-condenser whereas the 
standard VVER-440/V213 units are equipped with a bubble condenser. Advantage of this concept is the 
availability of large coolant volume in barbotage trays, which can be used for cavity flooding. 

The most important condition for the success of IVR is to ensure free access of coolant to the wall 
of RPV. The problem seems to be the area of elliptical bottom where the thermal and neutron shield is 
placed close to the wall of RPV. An alternative IVR concept was proposed for standard VVER-440/V213 
units by company IVS in [9]. The concept is based on Finnish experience as well as experience used for 
another IVR designs, in particular AP600 (AP1000) and available experimental results. Comparing to 
Finnish design, main difference consists in modification rather than lowering of the massive 
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thermal/biological shield of RPV lower head: a closable hole located in the central part of the thermal 
shield (Figure 9) was proposed in order to enable coolant flow to RPV wall. In case of an accident with 
core melting, the inlet hole will be opened passively as soon as water lever in reactor cavity reaches 
required level. The final configuration is principally similar to AP600/AP1000 IVR concept. Comparing to 
Finnish approach, main advantage of this solution is its simplicity and much lower cost of implementation. 
On the other hand, lower thermal margin (i.e. margin between actual and CHF) can be expected. 
Nevertheless, the analyses performed up to now confirmed feasibility of this idea.   

 
 

 
Figure 8: Hydraulic cylinder (depressurized) and support structure of lower biological and thermal 

shield used at Loviisa NPP 

6 CONCLUSIONS 

This article summarizes the basic idea of in-vessel corium retention and its importance during a 
light water reactor severe accident. Successful application of IVR results in arresting the corium inside the 
RPV and thus in termination of further progress of severe accident (e.g. vessel melt through, core-
concrete interaction). 

The basic principles of IVR concerning melt pool formation and a heat transfer to the vessel wall 
have been summarized. The theoretical research of the melt-structure (reactor vessel) interactions 
concludes an important condition for the success of the IVR application: the actual heat flux through the 
vessel wall should be lower than the critical heat flux. The heat transfer through the vessel wall to the 
recirculating water was studied experimentally on ULPU facility and its results were presented. Moreover, 
the experimental facility FOREVER without external vessel cooling, demonstrated vessel melt-through at 
the pool upper level, which leaded to global vessel failure. 

The models based on theoretical and experimental research were realised in computer codes 
MVITA and ASTEC (module DIVA). These numerical codes can be used to simulate the in-vessel 
retention strategy for different nuclear power plants. The results of computer modelling enhanced the 
applicability of in-vessel retention strategy for low or medium power reactors.  

The necessary technical modifications concerning the implementation of the in-vessel retention 
concept were applied at the Loviisa nuclear power plant (VVER-440/V213). Moreover, the in-vessel 
retention concept in the modified version is proposed in [9] for the existing nuclear power plants VVER-
440/V213 at Czech republic, Hungary and Slovak republic. Nowadays, the IVR concept was proved by 
USNRC and is implemented in technical design of AP600 and AP1000. 
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Figure 9: Proposal of IVR concept for VVER-440/V213 [9] 
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