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Abstract

A comprehensive Severe Accident Management (SAM) approach has been implemented at the Loviisa NPP in Finland. The approach is based on unique features of this VVER-440 plant with ice condenser containment. In-vessel retention with reactor pressure vessel external cooling, forcing open the ice condenser doors as a hydrogen mitigation measure and the external spraying of the steel shell containment to avoid containment over-pressurisation are features that affect the whole structure of the PSA level 2 approach and the source term evaluation.

Source term evaluation in PSA level 2 is carried out with a tool that is specific for the Loviisa NPP. This so called SaTu system has been implemented as an Excel application, and initially it was designed for evaluating of radiation levels and activity releases during accident situations. The model itself is more simplified than the integral codes used usually as source term evaluation tools. However, with this tool it is possible to concentrate on the issues that are most important from the releases point of view in more detail. All of the relevant phenomena and SAM measures affecting the behaviour of the fission products in the pipe systems and in the containment are taken into account.

Recently an uncertainty environment has been built into SaTu system as a Monte Carlo simulation. The uncertainties being considered are caused by the system's fixed parameters that the user cannot change. The accident progression based on measurements is not taken into account at this point. The results from the uncertainty analysis can show what assumptions affect the releases most significantly and what issues should be further studied or improved.

1.
Introduction

A comprehensive Severe Accident Management (SAM) approach has been implemented at the Loviisa NPP in Finland [e.g. Kymäläinen & Tuomisto 2000]. The approach is based on unique features of this VVER-440 plant with ice condenser containment. In-vessel retention with reactor pressure vessel external cooling, forcing open the ice condenser doors as a hydrogen mitigation measure and the external spraying of the steel shell containment to avoid containment over-pressurisation are features that affect the whole structure of the PSA level 2 approach and the source term evaluation.

The total free volume of the containment (excluding the dead-ended compartment) is 58 000 m3 (see Figure 1).  The absolute design pressure of the containment is 1.7 bar that is rather low considering the loads that could take place during severe accidents. Two ice condenser (IC) sections connect the lower compartment (LC) and the upper compartment (UC). In the UC, a dome part and the reactor hall can be separated. The containment is surrounded by the outer annulus (OA). In the figure, the global convective loop flow is shown, as well.
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Figure 1. The Loviisa NPP containment. 
Our SAM studies have been structured around the identified containment-threatening mechanisms, and have aimed at finding solutions that would reliably protect the containment. It has to be recognised that even though there are certain well-known vulnerabilities to severe accident phenomena of the plant, it also presents some unique opportunities for selection of mitigation strategies. For example, water from melting the ice would quickly (and passively) flood the small-sized cavity in an accident. This feature, in combination with the fact that the decay power level is low and the reactor pressure vessel lower head has no penetrations, makes in-vessel retention of molten corium feasible through external cooling of the RPV. A well-known vulnerability is that the ice condenser containment has a rather low estimated failure pressure in relation to loads from e.g. global hydrogen deflagrations. On the other hand we have found that the ice condenser configuration would ensure efficient mixing of the containment atmosphere, in case the ice condenser doors would be forced open. The containment steel shell makes it possible to control long-term pressurisation through external cooling. All of these elements (and many more) are now part of the overall SAM approach for ensuring the selected SAM safety functions. 

2. Overall SAM approach 

Implementation of the SAM approach at the Loviisa NPP includes several different lines of action. The most notable tasks are the following:

· Hardware modifications have been carried out at the plant in order to ensure that core damage can be reliably prevented and severe accident phenomena can be mitigated.

· Substantial new I&C (instrumentation and control) qualified for severe accident conditions has been installed.  

· New SAM guidelines,  procedures, and a SAM Handbook have been written.

· The emergency preparedness organisation has been revised.

· Versatile training approaches, including the development of a severe accident simulator, APROS SA [Lundström et al. 2001a] are being developed. 

The Integrated ROAAM approach was applied for the development of an overall SAM strategy for Loviisa [Theofanus 1996, Lundström et al. 1996]. The strategy that ensures a sound balance between prevention of core damage and mitigation of containment-threatening phenomena consists of four steps:

1. The reliability of prevention of core damage should be demonstrated by a PSA level 1 to meet our prevention requirements.  

2. Prevention of core melt sequences with imminent threat of a large release (usually sequences with an impaired containment function) that cannot be mitigated has to be demonstrated to be sufficiently reliable according to PSA.  

3. Reliable mitigation of severe accident phenomena that could pose a threat to containment integrity should be demonstrated for all relevant accident scenarios

4. In order to show a compliance with Finnish safety requirements with regards to SAM, we have to demonstrate that radioactive release limits are not being exceeded due to normal leakages out of an intact containment in a severe accident. 

Sequences with an imminent threat of a large radioactive release are e.g. primary-to-secondary leakages, interfacing system LOCAs, high-pressure sequences, and reactivity-induced accidents. The goal is to ensure that such sequences can be rendered into the residual risk category, which in some cases has warranted plant modifications in order to reduce their frequencies. In other cases we have taken the approach to update the PSA level 1 so that certain too conservative modelling assumptions could be modified into more best-estimate ones. Dealing with the containment bypass sequences identified in the level 1 PSA has forced us to develop our source term calculation capabilities, and to study aerosol behavior in containment and pipes. Retention of aerosols in narrow pipes may act as a significant mitigating mechanism in some of the interfacing system LOCA sequences.  

The mitigation part of the SAM approach is built around the following SAM safety functions:

1. Successful containment isolation: New approaches for actuating isolation signals, ensuring isolation status, and monitoring containment leak-tightness have been developed. 

2. Primary system depressurisation: Installation of high-capacity depressurisation valves (manually operated relief valves), which are separate from the primary system safety relief valves. 

3. Absence of energetic events (mitigation of hydrogen combustion, since successful in-vessel retention of molten corium excludes other energetic events.) A new hydrogen mitigation scheme based on containment mixing through forcing open ice condenser doors, and controlled removal of hydrogen through passive autocatalytic recombiners (PARs) and deliberate ignition has been developed [Lundström et al. 1996]. 

4. Cooling of reactor core or core debris (reactor pressure vessel lower head coolability and melt retention). The basic preconditions for RPV lower head coolability and melt retention are a flooded cavity, a lower decay power level, and a RPV lower head without penetrations are fulfilled in case of Loviisa [Kymäläinen et al. 1998]. Certain plant modifications were necessary in order to ensure e.g. access of water to the vessel wall and sufficient flow paths for steam at the boiling channel.

5. Mitigation of slow containment overpressurisation (long-term containment cooling):  The approach was taken to install a containment external spray system instead of filtered venting due to certain Loviisa-specific features such as sensitivity to subatmospheric pressures and low steaming rates [Tuomisto et al. 1994]. No other non-condensible gases than hydrogen are generated and containment steel shell makes it possible to cool from the outside. 

All aspects of the strategy, like hardware and I&C modifications have been targeted towards ensuring the safety functions in a highly reliable manner. The SAM guidelines and procedures and the SAM Handbook have also been structured around the SAM safety functions. 

3.
System description

3.1
General

The previous version of the Loviisa level 2 PSA for internal events in at-power states was carried out in 1997. After this, progress has been made and the update of this work is due by the end of 2004. The source term calculation was previously carried out with a rather simplified parametric model that used integral factors to model deposition mechanisms and other physical phenomena. The source term model to be used in the level 2 update is called the SaTu system, which was initially built as a support system for radiation experts [Routamo et al. 2001]. The support system was originally designed to be used in emergency situations, especially during severe accidents, to evaluate radiation levels at the plant and the releases into the environment.

The SaTu system is implemented as an Excel-application and thus the users usually are very familiar with the system environment. The system uses measurement data from the plant when inferring the accident progression. These consist mostly of so called SAM-measurements, which have been qualified for severe accident conditions. For example, the progression of core melting is estimated from the core exit temperatures and the melting of ice from the water level in the containment and depletion of ECCS water. All the relevant SAM functions and measures are included in SaTu, as well.
The system can be used in two modes: radiation level calculation mode and PSA 2 Source term mode.  For PSA level 2 source term evaluation purposes the radiation level calculation is not necessary, and thus many of the workbooks are not loaded when using the system in the PSA 2 source term mode. 

The approach in SaTu is to describe the fission product release from the core and transport in the primary circuit, in the containment and in some other areas outside the containment with rather simple models. The source in a single compartment is formed as a combination of the release from the core and the fission product flows from other compartments, and averaged in each time step. The flow chart of the SaTu system is shown in Figure 2. The compartments described with boxes with orange bottoms may have fission product deposition on the floor and those with blue bottoms also in a water pool. The bold solid line surrounds the compartments within the containment. Stack is not an actual calculation compartment, and in the figure it only shows a release path through the ventilation system. The pipe systems, e.g. primary circuit, have zero gas volumes, but part of the material is assumed to deposit on pipe surfaces.
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	Figure 1. Flow chart of the SaTu system


3.2
Fission product groups and nuclides

There are ten different fission product groups in the SaTu system. Noble gases, iodine, caesium, tellurium, barium, strontium, ruthenium, lanthanum, cerium, and uranium may have different release parameters from the core and decontamination factors in pipe systems. In the containment, all of the FPs in aerosol form behave similarly.

Except for noble gases, which are in gaseous form only, and iodine, which has its own chemistry, all the fission products are assumed to be in aerosol form. The majority of iodine is usually in aerosol form or dissolved in water pools. In water pools, however, gaseous iodine may be formed due to water radiolysis. The gaseous iodine in atmosphere is further assumed to form organic iodine species. Hydrogen release and transport is calculated similarly as the fission product transport.

When used in the radiation level calculation mode, only noble gases, iodine caesium and tellurium groups are enabled in SaTu. The fission product distribution is used for calculating the activity of radioactive nuclides within the compartments. The activities are further used for the radiation level evaluation. As the SaTu system is meant for the first hours and days of a severe accident, a limited number of nuclides are included in the system. The most important nuclides of the four groups above result in total of 20 nuclides. 

3.3
Modelled processes

The system calculates the fission product release from the reactor core during meltdown and the transport in the containment and in some other building areas. The deposition in the primary circuit and in the interfacing system piping is also taken into account. The fission product release from the core is estimated from the information on the core exit temperatures and depressurisation of the primary circuit. The release fractions are based on MELCOR calculations on several severe accident sequences for the Loviisa NPP [Pekkarinen 1996, Dienstbier & Duspiva 2000]. In SaTu, the release model from the core is described with constant release rates of fission products from the core. The release rate is assumed to be proportional to the decay heat of the core. Different constants are used for release during core degradation, from molten pools and from core material in the reactor cavity after the RPV failure. 

In case of ECCS injection recovery yet another set of release rates is introduced depending on the tim​ing of the recovery. Injection of water into the degrading core in a specific time window leads to rapid hydrogen formation and heat-up of the core resulting also in high release rates of fission products.

Transport of fission products in the containment and areas outside the containment takes place mainly along with gas flows. The containment flows during severe accidents are driven by a global loop flow through ice condensers after forcing open the ice condenser doors. The stratification of the upper compartment (UC) between the dome and the reactor hall is modelled, as well. Leakages out of the containment are calculated from the containment pressure and leak sizes. Transport ouside the containment is driven by the leak from the containment and by ventilation system that forces the air flow into the exhaust stack. In addition to the stack, five other release locations are included in the model.

In the containment, as well as in other areas, the fission products aerosols may deposit due to diffusiophoresis and by sedimentation. Diffusiophoresis is vastly enhanced in ice condensers, and these are used as aerosol scrubbers with decontamination factors (DF) dependent on the amount of ice. Spray system washes the aerosols efficiently from the containment atmosphere, and this is modelled with a relatively high removal rate that decreases along with time.

During ECCS recirculation mode the spray water is sought from the sump in the lower compartment (LC) and injected into the UC. The water accumulated in the UC floor flows back into the sump, but in this case, the water pools in the UC and in the sump are treated as a single pool in order to avoid loop flows for water.

The gaseous iodine formation in the water pool is highly dependent of water pool pH, acidic solution enhances the production of gaseous iodine species. The fraction of gaseous iodine in equilibrium  is calculated by setting a constant pH in the system. Due to borax in the ice in ice condensers, the sump pH in Loviisa is clearly alkaline. The gaseous iodine partitions between water pools and atmosphere, and may form volatile organic iodine species. The amount of different species is calculated assuming equilibrium concentrations of different forms of iodine [Furrer et al. 1985, Kress et al. 1993].

As a gaseous compound, hydrogen is transported similarly as noble gases, but removal of hydrogen but catalytic recombiners is taken into account in the LC and in the UC dome. This, however, is carried out for information purposes only and hydrogen distribution has no effect on the source term.

Several parameters affecting the fission product behaviour are implemented in the system, but they are not visible for the user. These parameters are based on experiments [e.g. Lundström et al. 1996] or on different code calculations (APROS, MELCOR [Pekkarinen 1996], COCOSYS [Mäkynen et al. 1998], RAFT [Lehtinen & Jokiniemi 1997], etc.) and models describing the complex phenomena in much more detail that would be possible in SaTu. The amount of information that the user needs to provide is kept rather limited, and the most important parameters come from the plant measurements. The required measurements are part of the overall SAM scheme, and have been adequately qualified for SA conditions.

3.4
Transport solution

The basic idea is to calculate the transport in one compartment at a time by assuming constant source (S) and removal rate (k) for each compartment within one time step. Hence, the differential equation system describing the amount of fission product (N) in two consecutive compartments is 

	
[image: image3.wmf]î

í

ì

-

=

-

=

,

2

2

1

1

2

,

1

2

1

1

1

1

N

k

N

k

f

dt

dN

N

k

S

dt

dN

   
	(1)


where f1,2 is the fraction of the fission products leaving compartment 1 flowing into compartment 2. In SaTu system, the equations above are transformed into 
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By solving the first of the equations above, we get 
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and the amount transported from compartment 1 into compartment 2 becomes
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The source in compartment 2 is now averaged over the calculation period
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and the latter equation can be solved similarly to the first one:
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This way it is possible to calculate even rather long flow paths between different compartments without solving the exact behaviour in precursor compartments. This approach, however, does not give a quite accurate solution, and a specific problem arises when there are loops in the transport path. This could be described as the following system.
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Now we study the solution of this system in SaTu by simplifications presented above. SaTu calculates the compartments one by one along the flow direction. This means that the averaging in (5) can be done when there are no loops in the flow path. By assuming the compartments in (7) to be treated in the order from 1 to 2, the amount of fission products returning from compartment 2 into 1 would be neglected, which would thus result in mass loss out of the system.

Let us now consider that this problem could be avoided by calculating once the amount returning from 2 to 1 (0SR) that would be included in the source in compartment 1 (S1). Now the system would lose the amount resulting from 0SR that would return to compartment 1. Therefore the loop would have to be calculated again and the returning amount (1SR) should be added into S1. Finally this would result in pseudo source
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Now we study the loop (1 ( 2 ( 1) in (7) with only S1 in effect. From (6) it can be seen that by averaging in the time step the ratio of the fission product rate returning into compartment 1 to S1 is 
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In addition, it can be easily shown that 
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Hence, the pseudo source to be used in compartment 1 becomes
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This way the loop has to be precalculated only once, which results in return flux from compartment 2 to 1 (0SR). The information for calculating the fraction of the returning flux from S1 (fR) is readily available in the SaTu system, and therefore the recalculation has to be carried out only once to solve the loop. 

Despite of inaccuracy of the transport solution above and relatively large errors with specific parameter combinations, most of the fission products flow into correct compartments [Routamo 2003]. Thus, this approach can be considered adequate for PSA level 2 source term evaluation purposes.

3.5
Input data

It should be noted that since SaTu is originally meant to be used during accident situations, the user input information is somewhat different that usually in the source term evaluation codes. The system uses plant information to calculate some essential release and transport phenomena, and thus the thermal-hydraulics is not solved in SaTu. Therefore, e.g. the containment behaviour should be demonstrated with other calculation codes in order to feed SaTu with proper input data.

The user gives information on some well-known parameters, e.g. different water levels and containment pressure. Table 1 shows the essential information required as user input. First, the user needs to define the accident type, which includes definition of the plant unit (Loviisa 1 or 2), the LOCA type and possible main deck openings. The LOCA type directs the initial leakage according to the selection of six different possibilities: to the lower compartment i.e. the steam generator space, to the upper compartment either through accumulator lines or directly from the RPV (during shutdown states), through an interfacing system either to the reactor building basement or to the auxiliary building, or to the environment through primary-to-secondary leakage. The openings through the main deck allow direct leak paths from the lower compartment to the upper compartment, whereas the normal flow path goes through the ice condensers. This option is meant for shutdown states and it affects the global loop flow mode in the containment and thus also the FP deposition.

Different single events are used for timing of events and information on the SAM measures. Date and time of the initiating event is used for all later timings. An additional delay may be given for the reactor scram, which affects the decay heat that is especially important feature in shutdown states, but as default the scram is assumed to take place simultaneously with the initiating event. The time to the cold loop flashing is used with the availability of the high pressure (HP) injection to evaluate the initial break size, which is used for estimation of the FP deposition in the primary circuit, and for the evaluation of the leak distribution between different paths.. The break size may be given also directly by user, as would be the case in PSA 2 source term calculations.

When the core exit temperatures at Loviisa exceed 450 (C, the core has started to uncover. At this point, the primary circuit depressurisation valves are to be opened, and the ice condenser doors are to be forced open. Also some other procedures are to be carried out in order to ensure in-vessel retention, but as they are not so important in SaTu, they are not included in the system. The opening of the depressurisation valves affect the fission product deposition in the primary circuit, and opening the ice condenser doors create a global loop flow between the lower and upper compartment. In the ice condensers, the fission product aerosols deposit quite efficiently.

The initiation of the containment external spray has some minor effect on the fission product deposition in the upper compartment dome, due to enhanced steam condensation on the dome steel shell.

The time dependent information includes the sump water levels, containment internal spray flow rate, containment pressure and leakages. These affect the fission product transport in the containment and in the buildings outside the containment, as well as release into the environment. 

Table 1. Essential user-given information to the SaTu system
	Information: Application in the SaTu system

	Accident type

	Plant unit where the accident takes place (Lo1/Lo2): Radiation level evaluation

	LOCA type: The initial leak location

	Openings through the main deck (Yes/No): Global containment loop flow mode

	Single events

	Time of the initiating event: Timing of different phenomena

	Time to the coolant flashing in cold legs and status of the HP injection: Initial break size evaluation

	Time when core exit temperature exceeds 450 (C: FP release from the core

	Initiation time of the external spray: FP deposition in the dome

	Time of the ECCS injection recovery: FP release from the core and core cooling

	Time dependent information

	Water level in the ECC tanks: The amount of water in the containment from the ECC tanks

	Sump water level: The amount of sump water and ice melting

	Containment internal spray flow rate: FP deposition and the amount of water in the UC

	Containment pressure and leak size of the containment: Leak rate of the containment

	Status of the air ventilation system: Air flows outside the containment and in the stack

	Operation of the stack filters: Stack release and radiation levels near the filters

	Radiation levels: Comparison to the calculation and feedback


4.
User interface

The SaTu system is built on several Microsoft Excel spreadsheet workbooks including some essential parts as Visual Basic code. This brings advantage, as Excel applications are familiar to the user group, and thus the user interface can be adopted quite easily. In addition, the users other than source term experts can achieve reasonable results with the system without knowledge on large integral codes.

The user gives the accident sequence description in an input workbook and specifies the times at which the results are to be calculated. The workbook also contains a lot of detailed calculation on the fission product transport and deposition, and user can only view the numerical results. There is a separate workbook for figures that show the fission product distribution and releases. In order to make the calculation times shorter, the workbooks dedicated to radiation level calculation do not load when using SaTu in PSA 2 source term mode.

Figure 3 shows a part of a sample input view from the main user interface. The user input is given in cells with coloured background. The essential input information is shown with yellow background and the information that is less important or that is calculated from the essential input, is given in cells with blue background. The input cells have comments that guide the user to read correct measurements or help to fill in values correctly. The system does not accept invalid input.
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Figure 3. Sample user interface view from the SaTu system
Some sample results are shown in figures 4 and 5.  The shown results do not demonstrate any actual sequence arising from the PSA level 2 for the Loviisa NPP, but they are rather showing some specific issues of the system behaviour. The number of output points (25) is rather limited, but estimated sufficient for PSA level 2 purposes. The case represents intermediate sized LOCA to the LC, but with RPV failure at 20 h leading to a large failure of the containment.
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Figure 4. Sample noble gas distribution in the SaTu system
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Figure 5. Sample iodine distribution and speciation in the SaTu system
The results of iodine show increase in the amount in the containment atmosphere after some 12 hours from the beginning of the accident. This results from partial revaporisation of deposits from the primary circuit surfaces. Furthermore, it can be seen that gaseous iodine is dominating the releases at later stages of the accident, when most of the aerosols have been removed from the containment atmosphere.

5.
Uncertainty environment

The calculation parameters modelling the fission product transport are not accurately known, and changes in these affect the outcome of the source term analysis. To find out the effect of the variation of the parameters, an uncertainty environment has been built to the SaTu system. The overall effect of the parameter variations is evaluated by using Monte Carlo simulation. The same accident sequence is calculated a number of times with different parameter values following their own distributions. The parameters considered in the uncertainty evaluation are the fixed parameters of the system, and the information used for sequence description, e.g. timing of events, is not included.

The parameter distributions are evaluated by expert judgement, and depending on the nature of the parameter an even, normal, or log-normal distribution is used. The uncertainty evaluation is carried out for fixed parameters in SaTu, not for e.g. timing in sequence description given as user input.

The calculation time of a single case in SaTu is typically some seconds with a common office computer (in 2004). Thus, the Monte Carlo simulation runs a thousand cases in less than two hours. When using SaTu for only single case calculations, it can be considered to return the result immediately after making changes in the input.

Sample results of the uncertainty analysis for the sample case above after 1000 Monte Carlo simulations are shown in Figures 6 and 7. Different percentiles of the result curves show that the deviation seems larger when looking at the period before the RPV failure at 20 h. After the large containment leakage starts, the deviation decreases. 

Furthermore, it can be seen that the iodine release increases more at the later stages of the case. This is due to volatilisation of gaseous iodine from water pools. Since most of the iodine is dissolved in the sump, there is a long-lasting almost constant source of gaseous iodine in the containment, whereas the amount of caesium decreases due to aerosol deposition. The volatile species of iodine explain also the narrower distribution of the results compared to those of caesium. The distribution of noble gas releases would deviate even much less than the iodine releases.

Sequences with large releases can always be considered as non-satisfying situation, and thus the uncertainty analysis may not play a very important role in such cases. On the other hand, very small containment leakages should lead to releases well below the limits set to severe accidents. Therefore, the uncertainty analysis would be of most importance in cases with releases close to the predefined limits. These could be e.g. small containment isolation failures, where in some parameter combinations a part of the cases lead to releases higher than the limits. 

The uncertainty analysis may also show the modelling deficiencies that should be further improved if the parameter distributions are selected properly.
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Figure 6. Sample uncertainty calculation results for iodine
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Figure 7. Sample uncertainty calculation results for caesium
6.
Conclusions

SaTu system dedicated to the source term evaluation for the Loviisa NPP describes the severe accident phenomena and management measures in a satisfactory way for PSA level 2 purposes. Of course, there are models that should be improved, e.g. the revaporisation of deposits and the effect of pipe deposition should be further developed and properly implemented in SaTu. The work for these is already underway. Furthermore, the parameter value distributions in the uncertainty environment should be further improved by systematically going through the parameters and coming up with distributions with firm bases.

Nevertheless, SaTu at its current state can be already used for PSA level 2 source term evaluation with some precautions. It includes all relevant SAM functions and measures that affect the source term and issues specifically important for the Loviisa NPP have been considered in more detail. The system is fast-running and its usage is easy compared with integral codes making it a useful tool also for persons not very familiar with the source term calculation. The accuracy of the mathematical solution can be considered adequate for source term analyses in PSA level 2.

The lately developed uncertainty environment for SaTu improves the capability of satisfying the needs for licensing analyses of PSA level 2. Although not explicitly demanded in the administrative guides, the uncertainty calculation gives a good basis for justification of the reliability of the results.
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