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Abstract

The paper presents the methodology used by the IRSN to establish the physical models of the Accident Progression Event Tree for level 2 PSA. The methodology supposes to realize intensive sensitivity studies to cover the situations calculated by the APET and the uncertainties. Three examples of application are proposed: ex-vessel steam explosion, direct containment heating and containment failure.

1. Introduction
For level 2 PSA and the construction of the Accident Progression Event Tree (APET), the IRSN has opted to use, as far as possible, results obtained directly from validated physical codes. 

One aim of this approach is to take benefit of R & D investments in the development and validation of severe accidents physical codes.

To illustrate this approach, this paper briefly presents a general methodology and three examples of its application for the French 900 MW PWR level 2 PSA :

· the evaluation of ex-vessel steam explosion and of its consequences,

· the evaluation of direct containment heating,

· the containment failure assessment due to pressurization effects cumulated with thermal effects obtained in the case of a severe accident.

2. The physical models of the Accident Progression Event Tree
2.1. Principle of the method

In the current IRSN level 2 PSA methodology, the different physical phenomena that may occur during a severe accident progression are explicitly represented in the APET within « physical models ». Physical models must :

· give a “best-estimate” evaluation of a physical phenomenon and of its consequences,

· take into account uncertainties,
· be very fast running,
· replace the sophisticated codes used for severe accident with relative accuracy.

Models are constructed with respect of the simple rules explained below:

· two separate physical models are linked by a limited number of state variables transferred by the APET,

· these state variables provide relevant information on the plant state for the evaluated physical phenomena: physical conditions (primary pressure for e.g.) or systems information (pressurizer valves aperture for e.g.),

· other variables are used to take into account uncertainties on the result and are defined by a probabilities distribution; these uncertain variables can have different natures and have to be discussed by experts ; in the quantification of the APET, the values taken by these variables are obtained by a Monte-Carlo method.

Some examples of uncertain variables are proposed hereafter:

· parameters of a sophisticated code correlation or model which is obviously (from expert’s judgment) not well-known but has a strong impact on the results (heat exchange coefficient between corium particles and containment atmosphere in a direct containment heating model for e.g.),

· expert’s judgment on the accuracy of a code result (pressure limit of containment for e.g.),

· statistical uncertainties due to the construction of the model.

Figure 1 gives a schematic view of a APET physical model :
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Figure 1 – Schematic view of a APET physical model

The main models concerned by this approach  are given below:

· advanced core degradation,

· in-vessel steam-explosion (and consequences for RCS and containment buiding),

· ex-vessel steam explosion (and consequences for containment),

· direct containment heating,

· melt-core-concrete interaction,

· mechanical behavior of containment building.

2.2 Construction of a “physical model”

A physical model must replace a sophisticated code and must give a relevant evaluation of a physical phenomena consequences for all scenario calculated by the APET. As a response to this requirement, the following general methodology has been proposed. In that method experiment plans technique is used to minimize the number of calculations.

First step: choice and hierarchy of upstream variables

· experts have to propose a first list of upstream variables; these variables may be state or uncertain variables; for each variable, a possible interval of variation is defined,

· a first experiment plan is defined; each variable can only takes the extreme values of its variation interval,

· for each combination of upstream variables values obtained in the experience plan, a calculation of downstream variables is realized with the sophisticated code,

· a statistical analysis is achieved for each downstream variable: a hierarchy between the upstream variables is established in function of their influence on the result 

· some upstream variables may be eliminated,

· at the end of this step, the initial choice of upstream variables is adjusted.

Second step: elaboration of a response surfaces for each downstream variable

· a second experience plan is defined with more possible values of each upstream variable,

· for each combination of variables values obtained in the experience plan, a calculation of downstream variables is realized with the sophisticated code,

· for each downstream variables, the best mathematical function (response surface) of upstream variable is constructed with statistical analysis (minimal regression),

· the statistical uncertainties of the surface response are estimated.

Third step : check the response surfaces accuracy 

· other calculations with sophisticated code are made with new combinations of upstream variables values,

· for each combination and each downstream variable, result of response surfaces is compared to the sophisticated code result,

· the first and second step may be completed if the accuracy of the response surface is not sufficient.

2.3 Comments

Application of this general methodology has shown that it must be adapted to each case:

· the number of runs with a sophisticated code depends on its execution speed,

· for the construction of the response surface a physical and a statistical approach must be associated

Examples are provided hereafter.

3. Direct Containment Heating Model

Calculations of Direct Containment Heating for level 2 PSA are performed with the RUPUICUV module and CPA system of the ASTEC system. RUPUICUV calculates the corium ejection out of the vessel and CPA, the pressure inside the containment. 

A standard case has been used to define containment atmosphere condition at the vessel rupture moment: a total loss of electric power without feedwater of steam generators. At vessel breach moment, pressure in containment is about 1.7 bar abs.

In the level 2 PSA APET, the DCH model has to calculate two downstream variables: the mass of dispersed corium and the pressure peak inside the containment. State variables are the vessel pressure and mass of corium at vessel-breach moment, the vessel-breach diameter and the hydrogen mass in the containment. Uncertain variables are the corium particles diameter, the heat exchange coefficient between corium particles and containment atmosphere, the average flying delay of the corium particles in containment, the vessel heat insulator state and the duration of hydrogen combustion.

Here is presented the construction of the model in case when hydrogen combustion is cumulated with the ejection of the corium in the containment.

First of all, experts have considered that the mass of dispersed corium (in RUPUICUV) is given, with a good accuracy, by an empirical correlation directly derived from experiments (KAERI). In this correlation, the dispersed mass depends on the vessel pressure, the vessel breach diameter, geometrical data and thermodynamic conditions in the containment. This correlation has been implemented in the DCH APET model. Uncertainties on the calculated mass are taken into account using an analysis of the results on the KAERI tests (Figure 2).


Figure 2 : relative difference between KAERI tests and empirical correlation

Then, an expression has been found for the pressure peak in the containment. A first experiment plan has been defined for the calculation of the dispersed corium mass (Table 1). Values have been chosen to obtain continuous values of dispersed corium mass outside the vessel. A second experiment plan has then been defined for other variables (Table 2)

	 N° l


	Pp (bar)
	Mc

(kg)
	C

(m2)
	Db

(m)

	1
	10
	20000
	4,546
	0,2

	2
	10
	40000
	5,278
	0,35

	3
	10
	65000
	6,01
	0,5

	4
	40
	20000
	5,278
	0,5

	5
	40
	40000
	6,01
	0,2

	6
	40
	65000
	4,546
	0,35

	7
	80
	20000
	6,01
	0,35

	8
	80
	40000
	4,546
	0,5

	9
	80
	65000
	5,278
	0,2


Table 1: experiment plan for dispersed corium mass

	 N°  
	MH2

(kg)
	Hgp

(W/m2.K)
	Tcomb

(s)
	Tvol

(s)
	Dp

(mm)

	1
	210
	200
	1
	2
	0,2

	2
	210
	500
	5
	5
	0,5

	3
	210
	1000
	10
	10
	1

	4
	210
	2000
	15
	20
	2

	5
	420
	200
	5
	10
	2

	6
	420
	500
	1
	20
	1

	7
	420
	1000
	15
	2
	0,5

	8
	420
	2000
	10
	5
	0,2

	9
	560
	200
	10
	20
	0,5

	10
	560
	500
	15
	10
	0,2

	11
	560
	1000
	1
	5
	2

	12
	560
	2000
	5
	2
	1

	13
	700
	200
	15
	5
	1

	14
	700
	500
	10
	2
	2

	15
	700
	1000
	5
	20
	0,2

	16
	700
	2000
	1
	10
	0,5


Table 2: experiment plan for other variables

After combination of the 2 experiments plans, 144 runs have been achieved with RUPUICUV-CPA. A statistical analysis of the results has led to a mathematical expression that allows calculation of the pressure peak in function of state and uncertain variables. The results of this mathematical expression are compared to the result of CPA-RUPUICUV runs in Figure 3. Uncertainties due to the construction of the mathematical expression are shown on the Figure 4.



Figure 3 & 4 : relative difference between CPA-RUPUICUV results and APET model

Analysis of Figure 3 shows that the model gives a quite good evaluation of the pressure peak for a large disparity of upstream variable values. Nevertheless, when the pressure peak is about 8 bar, the mathematical expression seems to underestimate the pressure peak. This has been checked using an independent test with fixed values of all variables except primary pressure (Figure 5).


Figure 5 : difference between ASTEC and mathematical expression results
For that raison, it has seemed reasonable to add 0.3 bar to the analytical calculation of the pressure peak to ensure conservatism in the domain of high pressures..

4. Ex-vessel steam explosion model

The objective of this APET model is to quantify the risk of structures damages in case of vessel failure and interaction between corium and water that might be present in the vessel pit. The vessel pit flooding is not currently a safety procedure of French reactors but some water can be present after use of spraying system (CHRS).

Detailed calculation of ex-vessel steam explosion for French PWR 900 MWe level 2 PSA are performed with MC3D and EUROPLEXUS codes. MC3D is a multi-phase thermal-hydraulic code specifically developed for Fuel-Coolant Interaction (pre-mixing of corium and water, explosion). EUROPLEXUS is a structural code devoted to rapid dynamic (damages on the structures).

Figure 6 shows schematically the configuration of the reactor pit. The aim of the level 2 PSA approach is to give a risk assessment of containment failure due to a floor displacement after an ex-vessel steam explosion.


Figure 6 : configuration of the vessel pit

Figure 7 presents 

· the vessel and reactor pit grid used for MC3D calculations,

· the structures grid used for EUROPLEXUS calculations.

With that modeling, the corium ejection from the vessel is directly calculated by MC3D.
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Figure 7 : nodalization of vessel, pit and structures

Figure 8 shows the 3 steps of the calculation :

· pre-mixing

· explosion

· displacement of the structures


Figure 8 : 3 steps of calculation

For the ex-vessel steam explosion APET model, the state variables are the vessel pressure before failure, and the corium overheat. The uncertain variables are the water height and temperature in the reactor pit, and the vessel breach diameter. 

Calculations are quite complex to achieve. This is the one of the reasons why no uncertain variables have been defined for explosion and displacement of structures calculations. An other reason is that MC3D and EUROPLEXUS are mechanistic codes validated on many academic and experimental tests; uncertainties on the results are supposed to be negligible compared to other ones (upstream variables, time of explosion, …). For MC3D calculation, main physical characteristics have been adjusted to “best estimate” values after qualification of the code on available experimental data.

Each upstream variable can take 4 values (Table 2). To define calculations, an experiment plan with 16 combinations has been used.

	Upstream variables
	Values

	State variables
	vessel pressure (bar)
	2
	4
	10
	50

	
	break diameter (m)
	0.2
	0.4
	0.7
	1

	
	corium overheat (K)
	2
	3
	4
	5

	Uncertain variables
	water under-saturation(K)
	10
	30
	50
	70

	
	water height in vessel pit (m)
	2
	3
	4
	5


Table 2: values of upstream variables for APET ex-vessel steam explosion model

The probability of steam explosion has not been evaluated: for each pre-mixing calculation, up to 50 steam explosion calculations at different times have been achieved. For each pre-mixing calculation, explosions that lead to a containment rupture are identified. Pre-mixing conditions are then classified, by expert’s judgment; in 5 categories that correspond to a probability of containment failure.

For each pre-mixing condition, an analysis of explosion and structure displacement calculations at different moments, allows experts to classify the situation in one of the five categories. Then, with a statistical analysis, it becomes possible to establish a mathematical expression that estimates the risk category as a function of the upstream variables.

With that method, the APET model for ex-vessel steam explosion easily gives an evaluation of the containment rupture risk due to the displacement of structure around the vessel pit.

5. Containment thermo-mechanical model

The objective of the containment model in the APET is to predict the cases of containment leak during severe accident loading. The APET model has to give a leak size according to pressure and thermal loading on the containment building..

To establish this model for the French PWR, IRSN approach was to use a full 3D model elaborated with the mechanical finite elements code CAST3M. The results in terms of leak size have then been discussed in the framework of an experts group.

French PWR 900 MWe containment building is made of prestressed reinforced concrete. The structure mainly consists in a basemat, a cylinder and a dome. A 6 mm steel liner covers inner surface of the containment. Initial design pressure is 0.5 MPa abs. A 30 years ageing of the structure has been considered. Interaction with the ground has been modeled.

Three steps of modeling have been performed:

· a 3D 360° model calculates the initial containment building state (30 years aged) , with effects of structure weight, prestressing system with relaxation in tendon and concrete creep and shrinkage (Figure 8), 

· a 3D 90° model calculates the non linear behavior of the containment with respect of thermal and pressure loading; (Figure 9), the initial conditions of the model are issued of the 3D 360° calculation ;

· a 3D local model for equipment hatch which has been identified as the more sensitive part of structure (Figure 10) in the framework of the previous studies; boundary conditions of this local model are provided by the 3D 90° model.


Figure 8 : 3D – 360° global model for initial state calculation (concrete, passive steel, prestressed tendons of cylinder)



Figure 9 : 3D – 90 °- model for  non



Figure 10 : 3D local model for linear calculation of a severe accident



equipment hatch

A reference severe accident loading (pressure and temperature) has been used :

· an initial large RCS break at full power cumulated with initial CHRS failure and late safety injection failure,

· vessel rupture is supposed to occur 25 hours after initial break; a 11 bar pressure peak is due to hydrogen combustion (reference value, non realistic),

· a long term loading is then due to concrete-corium interaction and inner containment water vaporization.

Two sensitivity studies have been performed to assess temperature and hydrogen combustion effects:

· the same loading but without temperature variation,

· the same loading without pressure and temperature peaks at vessel rupture but only with the long term loading (MCCI phase).
The analysis of the results shows that the containment leak resistance depends on steel liner integrity because cracks appear quite early in the concrete and lead to leakages way through the concrete walls. Experts have used in particular NUPEC-NRC-SANDIA PCCV tests to define local criteria for liner rupture. With such a criteria, liner rupture has been predicted to occur around 1 MPa if no local defect exists. To reach such a pressure is very improbable for French 900 MWe PWR . 

Local calculations of equipment hatch have confirmed that it can be a critical part of the structure: mechanical contacts between the flanges of the equipment hatch closing system may be lost at a pressure inside the containment not far above the containment design pressure with current bolts. Containment tightness depends then only on the seal efficiency which could be damaged by irradiation (model results show that closure efficiency could be improved by a bold change.)

The expert’s group has evaluated the uncertainties on the leak section of the equipment hatch according to the CAST3M calculations.

With such a result, the APET model has been constructed to provide the evaluated leakage section by equipment hatch closing system. Break section is the CAST3M calculated value in function of loading multiplied by an “uncertain” term that represents uncertainties evaluated by experts.

6. Conclusion
This paper presents the current IRSN methodology to establish the “physical models” for the different physical phenomena of level 2 PSA Accident Progression Event Tree.

According to this methodology, for each “physical model” are identified upward (state or uncertain variables) variables and downward (results) variables.

Calculations with severe accident codes are done for combinations of upward variables values. 

Experiments plans are used to reduce the number of these calculations. 

The “physical models”, consisting in mathematical expressions that connect downstream with upstream variables, are then established. No distinction is made between state and uncertain variables for the construction of APET model. 

In the APET quantification, uncertain variables values are obtained by random choice (Monte-Carlo technique) and previous APET models determine state variables values.

With this methodology, validated severe accident codes are used in junction with expert’s judgment if necessary and large sensitivity studies are performed.

The three proposed examples (direct containment heating, ex-vessel steam explosion, and containment failure) show how this methodology can be adapted.
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