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Abstract

The in-vessel retention of molten corium through external cooling of the reactor pressure vessel is one of the essential Severe Accident Management measures at nuclear power plants. The aim is to terminate the progress of a core melt accident and to ensure the final coolability of the reactor core remains. Demonstration of the in-vessel melt retention capability of a plant requires that many various issues are successfully solved. It is a demanding task to study all thermal aspects of the in-vessel retention. Until now studies have been carried out for several plants or plant concepts and they have been based both on theoretical work and on experiments done with simulant materials. The OECD Rasplav and MASCA projects have been successful in producing results with prototypic reactor materials. Thus they have provided confirmatory information on various thermal hydraulical and thermal chemical issues of in-vessel retention.

Introduction


Ensuring the final coolablility of molten core is one of the crucial tasks of a successful Severe Accident Management (SAM) strategy of a nuclear power plant (NPP). Depending on the plant design, there are various possibilities to achieve the final coolability. The four ways that are frequently considered as possible ones are

· in-vessel cooling and retention of the molten corium by adding water on the core debris inside the vessel,

· in-vessel retention (IVR) of the molten corium on the lower head by external cooling of the reactor pressure vessel,

· cooling and stabilizing the molten corium in dedicated device below the reactor vessel, normally called a core catcher, and

· spreading of the molten corium on the containment basemat and cooling by adding water on the top of the molten layer (or cooling the molten material later by dedicated system) from below.


The topic of this paper is to discuss the IVR concept, i.e. cooling and retaining molten corium inside the pressure vessel by flooding the reactor cavity and thus, submerging the vessel into water. The externally cooled lower head experiences many loading mechanisms varying from impacts during the corium relocation and mechanical loadings during high temperature gradients over the vessel wall to loadings related to possible water additions on the corium pool on the lower head. 


There are various issues that have a definite impact on the IVR, and they can be grouped as

· Thermal behaviour and loadings, i.e. thermal regime, 

· Energetic loadings due to relocation and water addition,

· System-related issues.


Thermal regime has been extensively studied experimentally by applying simulant materials. The role of the OECD Rasplav and MASCA projects has been in providing confirmatory information for resolutions of thermal regime. In the following sections, we will consider thermal regime in more detail.


In order to ensure successful operation of in-vessel cooling, it is also necessary to ensure that mechanical impacts due to various possible energetic loading mechanisms such as

· metal jet impingement during core relocation,

· fuel-coolant interactions during core relocation, and

· stratified steam explosions in consequence of water addition on top of the molten corium pool on the lower head,

do not jeopardize the reactor pressure vessel integrity.


System issues are related to ensuring the full submergence of the reactor vessel up to the level of the vessel supports and ensuring sufficient flow paths for the coolant circulation. The issues are strongly dependent on the design of the plant.  Furthermore, successful depressurization of the primary circuit should take place in order to ensure low-pressure core melt scenario. The mechanical and thermal loadings might turn to be excessive for the high-pressure scenario. The compatibility with the other SAM measures, such as long-term heat removal from the containment and hydrogen control, should be checked as well.


The system aspects were clarified for the Loviisa units by Kymäläinen et al. (1997) before carrying out the respective plant modifications. Later, particularly connected to a EU funded research action, system issues were studied for such VVER-440 plants that are equipped with a bubble condenser (see (Lundström, 2003).   

Plants and plant concepts with IVR


The concept of IVR was first proposed (by Theofanous in 1989) and subsequently investigated in detail for the Loviisa VVER-440 type reactor in Finland. Soon, the stuides started to assess the IVR as a mitigating measure for several other existing plants. After extensive studies that employed simulant material experiments, the IVR was accepted as a basic SAM measure of the plant by the Finnish regulatory authority STUK in 1995 (Kymäläinen et al, 1997).


In the USA, the AP600 passive plant design employs the IVR as a principal SAM measure. The studies for AP600 took place parallel with Loviisa studies, by using partially same facilities and same persons (Theofanous et al., 1997). Later, the AP600 study has been extended to bigger units of the same origin, namely to EP1000 and AP1000. In addition to these, there are initiatives for several other existing plants and for plant concepts such as those mentioned in the Rasplav application report by Tuomisto et al., 2000.


When the Finnish Parliament voted of the principal decision concerning the next NPP in May 2002, there were six candidate plant concepts mentioned in the application. The vendors of these six concepts presented different approaches to respond to the requirement of the corium coolability. Two of the designs (Framatome’s SWR and Westinghouse’s AP600/AP1000) relied on the IVR concept, two designs (ASE’s VVER-1000 and Westinghouse’s BWR) relied on a dedicated core catcher and two designs (Framatome’s EPR and GE’s BWR) relied on corium spreading and achieving coolability by separate cooling arrangements. The status of EPR’s coolability concept has been recently published in detail (Fischer, 2004).

Thermal regime of the in-vessel retention


Thermal regimes of AP600 and Loviisa studies assumed a fully developed molten pool, where molten metals and molten oxides separate, and liquid metals form a layer on the top of the oxidic pool. The focusing effect, i.e. higher heat transfer to the vessel wall from the liquid metal, was taken into account. The limiting failure mechanism of the lower head is related to occurrence of boiling crisis on the outer surface of the vessel. The boiling crisis would occur, when the local heat flux through the vessel wall exceeds the critical heat flux (CHF) value. For studying the possibility of exceeding the CHF, it is necessary to know the heat flux distribution from the molten corium pool on the lower head. As well, it is necessary to know the CHF variation on the outer wall. The evaluation of thermal regime is then done by comparing these two values in order to define the available margins to CHF.


Issues related to thermal regime of IVR have been studied in detail with dedicated experimental devices. The heat transfer distribution from a convective, volumetrically heated pool has been studied with facilities of various scale and geometry such as ACOPO, BALI, COPO and SIMECO using simulant materials. Many large-scale facilites, including CYBL and ULPU, have been used to investigate external heat transfer and CHF values.


The Rasplav and MASCA projects have employed real corium materials and thus played a significant role in confirming the applicability of the results obtained with simulant materials.

Confirmation of the IVR concept


The research carried out since the approval of the Loviisa IVR case in 1995, was successful in re​ducing the residual uncertainties that remained (Tuomisto, Kymäläinen 2000). The experiments carried out in Rasplav Salt, COPO II, BALI, SIMECO and ACOPO facilities were capable of confirming the heat transfer distribution from homogenous molten pools in various geometries and in the presence of crust and with large temperature difference between the bulk of the fluid and pool boundaries. The OECD Rasplav Projects confirmed that the heat transfer with the real corium materials correspond to those  from the simulant material experiments, even though it is recognized that the extent of Rayleigh numbers obtained in Rasplav is lower than in simulant material experiments and in the reactor case. 


Other aspects that can be considered to be well understood today are the heat transfer distribution from a molten metallic layer on top of the molten oxidic pool, and the critical heat flux profile on the outer surface of the vessel. The new research carried out on those items has essentially confirmed or shown that the obtained results are conservative with the models and assumptions used in the Loviisa IVR report.


Major new finding since the Loviisa IVR case are (1) the observed stratification of the oxidic melt in large-scale Rasplav experiments with corium, and (2) the density relations of metals and oxides observed in MASCA experiments. The former was successfully explained based on the work finally carried out within the MASCA project to be a consequence of corium containing carbon (see Asmolov, Tsurikov 2004). Implication of the latter to reactor applications — with the presence of large amounts of steel in particular — is not fully understood, yet. However, in the case of Loviisa, the margins to critical heat flux from the oxidic pool are wide enough, so that even a 100% thermal insulation of the upper surface would likely not lead to exceeding of the CHF. This is due to the low power density of the Loviisa corium. For reactors with higher power level, the issue of stratification could be crucial. Therefore, continued research in this area is of high importance.


Even though the heat transfer distribution from a molten metallic layer is relatively well known, there is still some uncertainty attached to the thickness of the metallic layer, which ultimately determines the magnitude of the focussing effect. In particular, the transient or intermediate states of molten pool before arrival of all the corium into the lower plenum are generally poorly known. In the case of Loviisa (VVER-440) the large mass of steel in the core and in the lower plenum together with a low power density ensure that the intermediate states will not be a concern. However, when attempting to apply IVR to reactor with higher power density, the focussing effect during intermediate states becomes a major issue. Efforts are still needed for better understanding of the corium relocation process into the lower plenum and the height of the metallic vs. oxidic layers as a function of time. 


Other areas where further research would be important — in particular for reactor with higher power density — are the relocation process of corium from the core area into the lower plenum and the formation of the molten pool there.


Another topic where further work is warranted is related to the partitioning of the fission products in the different layers of the pool. The partitioning could have an impact on the decay power distribution as well on the physicochemical properties of the corium. The MASCA projects have had an explicit objective to study various partitioning aspects with various corium material compositions and distributions. 
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