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LESSONS LEARNED FOR NUCLEAR SAFETY STUDIES FROM THE QUANTIFICATION OF INPUT PARAMETERS UNCERTAINTIES APPLIED TO CATHARE THERMAL-HYDRAULICS CODE WITHIN THE PREMIUM BENCHMARK

In nuclear safety studies, Best-Estimate (BE) codes may be used provided that uncertainties are added to the relevant output parameters before comparing them with the acceptance criteria. The uncertainty of output parameters comes mainly from the lack of knowledge of the input parameters (initial and boundary conditions, parameters of physical models…). Moreover, the BEMUSE (Best Estimate Methods for Uncertainty and Sensitivity Evaluation) benchmark clearly showed that the quantification of input parameters uncertainty is a key point in uncertainty quantification.

In the great majority of the studies, the application of the Best-Estimate Plus Uncertainty (BEPU) analysis relies on three steps with a probabilistic representation of uncertainty:

1. The determination of the input parameters statistical characteristics 2. The propagation of uncertainties from inputs to output parameters 3. The evaluation of the 95th percentile of the output with a high degree of confidence.

The first step is usually based on expert judgments and comparing experimental data, especially for physical models parameters which cannot be directly measured. The user effect is also very important in the determination of the statistical characteristics: range of variation and probability law. To reduce this user effect and to help the experts in their evaluation, some mathematical methods have been specifically developed. However, determining the intrinsic uncertainty of such input parameters appears very complex. The PREMIUM (Post BEMUSE REflood Models Input Uncertainty Methods) benchmark is a follow-up activity of the BEMUSE programme dedicated to the quantification of uncertainties of the reflooding models in thermal-hydraulics system codes. For its contribution to this exercise, IRSN has used a quantification methodology called DIPE: Determination of Input Parameters uncertaintiEs. This paper presents a numerical application of the DIPE methodology related to the physical models involved in the prediction of core reflooding based on FEBA and PERICLES experiments. This work has been done with CATHARE 2 V2.5_2, a thermal-hydraulics system code developed by CEA, EDF, AREVA-NP and IRSN, used in particular in French safety studies. Lessons learned by IRSN from this exercise are discussed in the paper.

I. INTRODUCTION

Safety analysis aims at demonstrating that Nuclear Power Plants (NPPs) are designed to respond safely to various postulated accidents. In 1988, the United States Nuclear Regulatory Commission (US NRC) approved the use of so-called Best-Estimate numerical codes with uncertainty quantification for Loss-Of-Coolant Accident (LOCA) safety analysis in Appendix K to the paragraph 10 CFR 50.46 of the Code of Federal Regulation 1 . BE codes supply approximations of physical phenomena based on realistic models. Code predictions are not exact but uncertain, and the amount of approximation constitutes the goal of uncertainty studies. Uncertainty analysis methods are then needed to estimate safety margins around the BE results and applied to evaluate the output parameters uncertainties before comparing them with the acceptance criteria. In the field of the so-called BEPU approaches, a majority of methods are probabilistic and propagate input uncertainties in the model calculations up to the outputs by sampling, i.e. performing calculations varying these parameters in the associated ranges (Monte-Carlo). However, a key point of those approaches which may influence strongly the results concerns the identification of uncertain input model parameters and the quantification of their ranges of variation or/and probability distributions. This issue was pointed out in the conclusions of the BEMUSE 2 benchmark and constitutes the main topic of the PREMIUM project.

For many problems, the input parameters cannot be measured directly and must be inferred from observations of code outputs, like physical models in thermal-hydraulics system codes. PREMIUM deals with the uncertainty quantification of such model parameters. The main objective of the benchmark is to compare existing approaches, evaluate their quantification capabilities and produce recommendations for the difficult quantification of uncertainties of model describing phenomena for which no single Separate Effect Tests (SET) exist. The benchmark application is focused on both physical models involved in the prediction of core reflooding and appropriate methodologies solving a specific type of the so-called "inverse problem".

Each participant had to quantify (with the chosen methodology) and to validate the uncertainty of the input parameters associated with the physical models considered as influential in the reflooding phenomena (for the chosen system code). To achieve this goal, FEBA (Flooding Experiments with Blocked Array) tests have been selected as experimental data for the quantification of uncertainties, and PERICLES experiments for the validation phase (inputs uncertainty propagation) in order to evaluate the quality of the performed quantification.

For its contribution to this exercise, IRSN has selected a very simple mathematical methodology of quantification called DIPE (Determination of Input Parameters uncertaintiEs) and the CATHARE 2 V2.5_2 thermalhydraulics system code used in French safety studies. This paper is organized as follows. The first section of this paper consists of a brief description of PREMIUM benchmark, FEBA / PERICLES experiments and CATHARE code. Sections two and three describe the DIPE approach and the numerical application performed within PREMIUM. The paper ends with lessons learned by IRSN and conclusions of its participation to the benchmark.

II. PREMIUM BENCHMARK

II.A. Schedule

The PREMIUM [START_REF]on the Safety of Nuclear Installations[END_REF] benchmark is an international activity endorsed by the Committee on the Safety of Nuclear Installations (CSNI) of the OECD Nuclear Energy Agency (OECD-NEA). The objective of the benchmark is to progress on the issue of the uncertainty quantification of the physical models contained in thermal-hydraulic system codes used in nuclear safety. The PREMIUM deals with quantification of input uncertainties of phenomena modelling for which no single separate effect tests is available to describe the isolated phenomena (physical models outputs are not directly measurable). Those model uncertainties have to be estimated with an appropriate approach solving a specific type of the so-called "inverse problem" through the comparison of code predictions and real experimental data.

The scope of the benchmark includes a review of the existing methods, the identification of potentially influential uncertain Input Parameters (IP) and the quantification of their uncertainties using experimental data as well as, finally, a verification/validation of the performed quantification on the basis of blind calculation of a new experiment.

The benchmark application is focused on a concrete case: the physical models involved in the prediction of core reflooding. The reflood phase is an important phenomenon for Large Break (LB) LOCA which involves a very rapid depressurization of the primary system and a core uncovery before the injection of water by the ECC (Emergency Core Cooling) systems. The complex process of reflooding begins as soon as the ECC water reaches the hot fuel rods at the bottom of the core and continues with a gradually rewetting of the rods (quench front progression). The model parameters encountered in the reflooding phase are typically wall and interfacial heat transfer coefficients or interfacial friction coefficient. Two reflood experimental test facilities have been selected: FEBA for the quantification of the uncertainties and PERICLES-2D for the validation step.

The benchmark has been divided into 5 phases: 

II.B. FEBA Experiment

The FEBA [START_REF] Skorek | Description of FEBA Test Facility and FEBA/SEFLEX Experimental Program[END_REF] programme was performed at KfK Karlsruhe, Germany. The test facility was designed to investigate the complex heat transfer phenomena in the core during the reflooding phase of a LOCA scenario.

The test section consists of a full-length 5x5 rod bundle of PWR fuel rod dimensions (3.9m), electrically heated with an axial power cosine profile approximated by steps. The rod bundle is placed in stainless steel housing in order to simulate the thermal environment of surrounding rods in a real fuel assembly. The cross-section of the FEBA rod bundle is shown in the Fig. 1.

Fig. 1. Cross-section of FEBA Rod Bundle with Housing

The operational procedure consists in two phases:

• Reaching initial steady-state operating conditions in stagnant steam with the required (low and constant) rod power to obtain the desired initial cladding temperature;

• Establishing reflood by increase of the bundle power to the required level (200 kW), by simulation of decay heat history defined according to the decay law 120% ANS (40 s after reactor shut down) and by activation of water injection at the bottom of the bundle with constant mass flow rate and temperature. Different series of tests were carried out under different reflood conditions (coolant pressure, temperature and reflood rate). For instance, the initial and boundary conditions of the reference FEBA test 216 are:

• System pressure: 4.1 Bar;

• Feed water temperature: 37 °C;

• Inlet velocity (cold water): 3.8 cm/s.

II.C. PERICLES-2D Experiment

The PERICLES [START_REF] Deruaz | Study of Two-Dimensional Effects in the Core of a Light Water Reactor During the ECCS Phase Following a Loss Of Coolant Accident[END_REF] programme was performed jointly by CEA, EDF and FRAMATOME at the CEA of Grenoble, France. PERICLES aims at studying complex 2-D phenomena which are expected to occur during the reflooding phase of a PWR core due to the non-uniform radial power distribution (cross-flows of water and steam between hot and cold assemblies).

The rectangular test section consists of three 7x17 full length heater rod assemblies, denoted here by A, B and C (see Fig. 2). The 7x51 rod bundle is placed in a vertical housing. The electrical heating, with an axial power cosine profile approximated by steps, of each assembly is done independently in order to heat more the central assembly B (the 'hot' assembly) than the two lateral ones A and C (the 'cold' assemblies).

Fig. 2. The PERICLES-2D Experiment

The three assemblies are initially full of steam (empty of water). Contrary to experimental procedure of FEBA, the full power is set on at the beginning of the transient until reaching the desired initial cladding temperature in the hot assembly. This electrical power is kept constant during the whole transient.

Different series of tests were carried out under different experimental conditions (nominal heat fluxes in the hot and cold assemblies, inlet mass velocity, initial cladding temperature, subcooling of water entering the assemblies, pressure…). The RE0064 test is the reference test associated with the following initial and boundary conditions: • Subcooling of water entering the assemblies: 60 °C;

• Pressure: 3 bar.

II.D. CATHARE Code

The best-estimate system code CATHARE 2 V2. It should be noticed that the CATHARE code allows using multipliers related to many physical models or correlations directly in the input data deck.

III. DIPE APPROACH

III.A. Principle

IRSN has developed and used a very simple mathematical methodology of uncertainties quantification called DIPE 8 (Determination of Input Parameters uncertaintiEs). This approach is dedicated to the quantification of physical model uncertainties and can be viewed as a backpropagation of uncertainty from code outputs to inputs by comparison of code predictions with experimental data (inverse quantification method). The principle of the method (represented by the flowchart in 

III.B. Description of the DIPE-1D

The description of the method is illustrated by a simple separate effect test using only one input uncertain parameter noted X and one output parameter of interest. The measurement error is not significant or not considered.

Experimental Design: Several simulations are carried out by varying the parameter X on a chosen interval, and the time curves noted C(X) calculated by the system code (e.g. CATHARE code) are compared with the experimental data noted C exp , as shown in Fig. 4. 

Fig. 4. Experimental Curve Framed by Simulated Curves

Evaluation of the coverage rate: For each value of the uncertain parameter noted X i , the coverage rate is the ratio, noted P(X i ), of the number of experimental points above the corresponding simulated curve C(X i ) (if C(X) is monotonically decreasing) and the total number of experimental points, as indicated in Fig. 5. In order to verify P(X min ) = 0 and P(X max ) = 1, it becomes necessary to consider the number of experimental points below the simulated curve C(X i ) when C(X) is monotonically increasing. 

Fig. 5. Calculation of the Coverage Rate P(Xi)

If the experimental data are not bounded by the entire simulated curves C(X), we try to enlarge the experimental design of X to do it.

Pseudo-CDF: The function P(X) obtained can be considered as an empirical pseudo-CDF of the input parameter X. Thus, we can represent P(X) versus the value of the input parameter (see Fig. 6).

Fig. 6. Pseudo-CDF Built with the Coverage Rate P(X)

Determination of the uncertainty interval: We seek to bind 95% of the experimental data. It corresponds to search the curves C(X) having 2.5% of the experimental data above and another one having 2.5% of the experimental data below (see Fig. 7). These correspond to the values of X for which P(X) takes values 0.025 and 0.975, i.e. the 2.5 th and the 97.5 th percentile. A pseudo probability density function (PDF) can be obtained by derivation of P(X).

Results aggregation: The aggregation of pseudo CDFs of X obtained from different experiments or for different output parameters is simply obtained by averaging the individual curves.

III.C. Description of the DIPE-2D

When two parameters X and Y are considered, the 1-D process is performed for the first parameter X with given values for the second Y (inside its range of variation, see Fig. 8). This gives a set of coverage rates curves C(X, Y i ) and permits the construction of coverage rate contour lines (see Fig. 9). Thus, DIPE-2D permits to take into account the dependencies between parameters variability (coverage rates contour lines).

Fig. 8. Coverage Rates of X for Different Values of Y i

Fig. 9. Contour Lines of Coverage Rates (X, Y)

A similar approach may be used when more than two parameters are considered (DIPE-2D+), the coverage rate depending on the values of each parameter.

IV. NUMERICAL APPLICATION

This section presents the IRSN contribution of each phase of the PREMIUM exercise.

IV.A. FEBA Modeling

A 1-D nodalization has been developed for the CATHARE code (and the revision 6.1 of the physical models) in order to model the FEBA test section according to the "best practice" (i.e. without any special tuning to get the best possible agreement with experimental data).

The circuit is modelled by one single 1-D component representing the core bundle (heated part, 3900 mm) with only one heated rod, two boundary conditions at the inlet (velocity) and at the outlet (pressure). The heated part (1D component) is divided into 39 equidistant meshes (10 cm each). The CATHARE reflood model is used, taking into account the radial and axial conduction in the vicinity of the quench front (spatial zone marking the transition from wet-wall to dry-wall heat transfer regimes) with a meshing refinement.

Numerical results reproduce qualitatively the experimental data in spite of an early reflooding prediction (especially at locations in the upper part of the bundle) and a slight under-estimation of the maximum cladding temperature in the vicinity of 1.68 m (Fig. 10). This base case calculation is considered as suitable for performing the following step (sensitivity analysis). 

IV.B. Influential Input Parameters (IP)

The objective of phase II is the identification of physical models and associated uncertain parameters (multipliers) which are influential in the reflooding scenario. The influential IP identification has been performed based on the experimental test 216 of FEBA facility and its modelling with the CATHARE code.

An initial list of 23 input parameters has been selected by expert judgment. A sensitivity analysis have been performed with a OAT (One-At-a-Time) sampling by changing one input parameter at a time (to its extreme value in the initial range of variation) and keeping all other input parameters fixed to their best-estimate values.

The two relevant responses for reflood considered in this study are the heater rod surface temperature and the rewet time (time when abrupt change occurs in the rod surface temperature, see Fig. 10) at location Z=1.68 m (middle part of the bundle). Two criteria have been used for selection of influential input parameters:

• The absolute value of variation in rod surface temperature is ∆T clad (Z) ≥ 50°C; • The variation in rewet time is ∆t rew (Z) ≥ ±10%.

The Table I presents the more influential input parameters (multipliers) according to the criteria described previously:

• Both responses (cladding temperature -nominal value of 921 °C -and rewet time -nominal value of 270 s -at 1.68 m) are mainly sensitive to PQFDT, which can be considered as the more relevant parameter. P1K2FDT is almost exclusively influential for the rewet time (∆t rew ≥ ±10%) whereas TOIFDT is mainly related to the heater rod surface temperature (∆T clad ≥ 50°C). Those three input parameters identified as refloodinfluential have been retained for the Phase III uncertainties quantification step.

IV.C. Quantification of IP Uncertainties

In the Phase III, IRSN decided to quantify uncertainties of identified parameters in Phase II with the DIPE approach based on six FEBA tests (214, 216, 218, 220, 222, and 223). Two outputs of interest are considered for the quantification process: the cladding temperature (at 3 elevations from middle to upper part of the bundle) and the quench front time.

This quantification phase has been performed considering a full factorial design of experiment (all combinations of every level of the three parameters):

• PQFDT: 20 levels in the initial range [0.3; 2.];

• TOIFDT: 10 levels in the initial range [0.1; 10.];

• P1K2FDT: 10 levels in the initial range [0.1; 5.].

At first, DIPE-1D has been applied to the most influential parameter PQFDT producing one empirical pseudo-CDF (coverage rate) for each FEBA test and for each output. The aggregation of multiple pseudo-CDFs is simply obtained by averaging the individual curves. Fig. 11 shows the aggregation of pseudo-CDFs obtained from the six experiments merged for each output: cladding temperature (blue curve) and quench front time (green curve). The mean value of those two overall coverage rates corresponds with the global pseudo-CDF of PQFDT (red curve).

Fig. 11. Pseudo-CDF of Parameter PQFDT

Then, the ranges of variation of TOIFDT (Fig. 12) and P1K2FDT (Fig. 13) are assessed with DIPE-2D and depend on the sampled value of PQFDT, randomly drawn from its own range of variation according to its 1-D pseudo-CDF. In other words, for each value of PQFDT inside its range, we estimate the corresponding range of variation of P1K2FDT covering 95% of the quench front curves and of TOIFDT covering 95% of the temperature curves. 

IV.D. Verification

The first step in Phase IV was a verification of the quantified uncertainty bands, by performing uncertainty analyses of the six FEBA tests. The statistical analysis is based on a Simple Random Sampling (SRS). The (95%, 95%) two-sided interval has been assessed considering the first order statistics [START_REF] David | Order Statistics[END_REF] (minimum and maximum values of 93 calculations according to the Wilks' formula) in order to cover 95% of the experimental data with a 95% confidence level.

We present some results of FEBA test run n°216 analysis including (95%, 95%) uncertainty bands for the following parameters: cladding temperature time trends at level 2.23 m (see Fig. 14) and quench front propagation (see Fig. 15). It shows that calculated uncertainty ranges bound the experimental data. 

IV.E. PERICLES Modelling

PERICLES experiment was the subject of the second step in Phase IV. First, it was decided to use for the PERICLES calculations the same features as used for the uncertainties quantification step with FEBA: 1-D components with roughly the same meshing (see section V.B for explanations concerning no 3-D modelling).

The circuit is then modelled by one single 1-D component representing the core bundle (heated part, 3.66 m) with only 3 heated rods, 2 boundary conditions at the inlet (velocity) and at the outlet (pressure). The hot and cold rods are in the same hydraulic 1-D component. The heated part is divided into 40 meshes. In the same way as FEBA modelling, the CATHARE reflow model is used.

IV.F. Validation

The second step in Phase IV has been a validation of quantified uncertainty ranges, by performing blind uncertainty analyses to the six PERICLES tests. The same uncertain parameters and the same quantified coverage rates were used for both FEBA and PERICLES (see Fig. 12 and Fig. 13).

The derivation of uncertainty ranges, defined by the 2.5% and 97.5%-percentiles, is based on the use of order statistics as recommended by the coordinators of PREMIUM Phase IV. Then, in order to propagate the variability of the three considered parameters (PQFDT, P1K2FDT and TOIFDT), 119 triplets were randomly sampled and 119 calculations performed. The following Fig. 16 presents the results of PERICLES test run RE0064 analysis, comparing the experimental results and the reference calculations and including the (97.5%, 95%) onesided uncertainty bounds. First, the reference calculations are rather close to the experiment results: it must be reminded that the PERICLES tests are part of the CATHARE validation matrix. Often, the calculated temperatures are higher than the experiment ones: given the chosen modelling, the code is slightly conservative.

Then, the obtained uncertainty bands most of the time cover the experiments but are very large. This is due to the method used to estimate the FEBA "uncertainties": first, the uncertainty range of PQFDT was chosen to bound 95% of the experiment results; then, for each value of PQFDT within its range, the range of TOIFDT had to bound 95% of the experiment temperatures and the range of P1K2FDT had to bound 95% of the quench times. This can be considered as a kind of multiple one-at-time approach.

Hence, it may be concluded that the application of DIPE for quantifying ranges of reflood-related input parameter of CATHARE on the basis of FEBA tests is acceptable provided that the PERICLES experimental data are within the uncertainty bands. Furthermore, it can be noted that IRSN has also analyzed and compared the results obtained by all participants for FEBA and PERICLES tests with a quantitative method (not presented in this paper, see 3 ).

V. LESSONS LEARNED

It must be emphasized that during the whole process of uncertainty evaluation, expert judgment is required at every step: choice of representative experiments, of code parameters to quantify, of physical values to select, of code modeling, of probability density laws, of validation experiments, etc.

In order to reduce this user effect, IRSN has suggested some remarks and recommendations.

V.A. Experimental Basis

The experiments chosen for uncertainty quantification must be representative of those used for validation and indeed both must be representative of those anticipated during a plant transient.

It appeared that FEBA physical conditions were not representative of PERICLES ones: higher subcooling of injected water, higher initial temperatures. Nevertheless, it seems difficult to ascertain which conditions would be closer to those occurring during a real plant transient. It is therefore advisable to cover both sets of experimental results with the selected uncertainties.

V.B. Code Modelling

Calculations of PERICLES with a 3-D model showed a very different sensibility of the results to the three concerned parameters. Therefore, it was decided to use for the PERICLES calculations the same features as used for FEBA: a 1-D component with roughly the same meshing.

The "uncertainty" of a physical model depends on its "environment": the code, the kind of component (e.g. 1-D or 3-D), the meshing, etc.

It is thus necessary to use, as far as possible, the same modelling for both steps of uncertainty quantification and validation and of course for uncertainty propagation for a power plant transient calculation.

V.C. Probability Density Function

If the code used during the process is supposed to be best-estimate, the PDF modelling the uncertainty multiplying factor must have a median of 1, i.e. 50% of probability below and 50% above this value. Otherwise, the code is recalibrated and is no more best-estimate: the whole code validation procedure may then be redone.

It must be noticed that the "uncertainties" obtained from Phase III are FEBA specific. They give information permitting the "coverage" of selected output parameters of the six FEBA tests, but are not the intrinsic uncertainties of the three input parameters.

More generally, the empirical PDF obtained during PREMIUM cannot be the intrinsic PDF of the parameters considered uncertain. This is due to the fact that the sampling of both the experimental test runs and the experimental values of interest is not random.

Obviously, the test runs are chosen with deterministic boundary and initial conditions covering, at best, the whole space of experimental states, i.e. mainly at the corners of the hyper-cube of representative situations. Therefore they cannot be random. Furthermore, the experimental values of interest are deterministically chosen, at given locations or given times. They neither are random.

The lower and upper bounds obtained (k min and k max ) may be representative of the corresponding range of variation for the FEBA experiments, if these experiments and the experimental values of interest have been well chosen to cover all the possible situations. These bounds are, however, FEBA specific.

Given the hypothesis that the code models are bestestimate, the unitary value of the uncertainty multiplying factor must correspond to the median of the PDF. The only information available being k min , k max and 1, it seems reasonable, within a probabilistic frame, to consider a histogram PDF:

• Uniform between k min and 1, with a value of 0.5 / (1-k min ); • Uniform between 1 and k max , with a value of 0.5 / (k max -1).

If at least two uncertain parameters permit the coverage of the experimental results, there is an infinity of possible variation bands for these parameters, ranging from one parameter covering alone the data to another one covering them alone, with all the intermediate combinations of covering bands. It is therefore dangerous to select the uncertainty bands that cover the results "at best" i.e. with the narrowest possible width.

V.D. Epistemic vs. Aleatory

It must be kept in mind that the uncertainties associated to physical models (correlations) are epistemic, i.e. obtained from limited knowledge, and reducible by performing more experimental tests or by improving the correlations. However, these uncertainties are generally modelled with random variables in a probabilistic framework. Other more appropriate approaches (the possibilistic one, e.g.) should be considered but require much more calculations which could be incompatible with an industrial application.

That is the reason why in France, concerning the LOCA safety studies using a probabilistic framework, ASN (the Nuclear Safety Authority) asked to model the most influential epistemic uncertainties as deterministic conservative values.

VI. CONCLUSION

This paper presents the IRSN contribution to the international PREMIUM benchmark dedicated to the quantification of physical models uncertainties in thermalhydraulics system codes. We presented a numerical application of the DIPE approach related to the physical models of CATHARE involved in the prediction of core reflooding, based on FEBA and PERICLES experiments. This simple mathematical approach, developed by IRSN, allows considering the dependencies between input parameters ranges of variation. In this sense, the DIPE approach could be seen as an alternative to the standard use of independent random variables and probability distributions in order to better model these uncertainties.

It has been shown that the estimated uncertainty ranges of input parameters identified as reflood-influential based on FEBA experiments covered the PERICLES blind experimental data, which represents an acceptable application of DIPE.

Among the lessons learned from this exercise, it must be kept in mind that all quantification approaches only give information permitting the "coverage" of selected output parameters but not the intrinsic uncertainties of input parameters.

The benchmark has revealed the necessity of further development of inverse methods for uncertainty quantification of physical models, and the establishment of guidelines and procedures for the application of these methods.
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  Nominal heat flux (Hot Assembly B): 4.2 W/cm²; • Nominal heat flux (Cold Assemblies): 2.93 W/cm²; • Inlet mass velocity: 3.6 g/cm²/s; • Initial cladding temperature (HA): 600 °C; • Initial cladding temperature (CA): 475 °C;
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 7 Code for Analysis of Thermal-hydraulics during Accident and for Reactor safety Evaluation) has been used for reflood modelling and calculations in phases II to IV, especially for the assessment of the outputs of interest (cladding temperature and quench front propagation). The CATHARE code is the outcome of more than 30 years of joint development effort by CEA, IRSN, EDF and AREVA NP. It is a system code devoted to thermalhydraulics transient calculations for nuclear reactor safety analysis. Two-phase flows are described using two-fluid six-equation model and the presence of non-condensable gases can be taken into account by one to four additive transport equations. The code allows a three-dimensional modelling of the Pressure Vessel. It comes with a complete physical assessment. The CATHARE code comprises a specific reflooding model, solved on a local fine meshing moving along the wall with the quench front, modifying some standard physical models (vapor-convection, nucleate boiling or film boiling) and adding two heat exchange modes (2-D conduction wall to fluid heat transfer and an evaporation flux added to the interface-wall heat transfer).
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 33 Fig. 3) consists mainly in the estimation of an empirical pseudo-cumulative density function (CDF) based on the evaluation of a coverage rate of experimental data.
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 7 Fig. 7. Determination of the Range of the Parameter X
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 10 Fig. 10. Heater Rod Surface Temperature (FEBA test 216)

  Wall-fluid global heat transfer downstream quench front (PQFDT); • 2-D conduction near the quench front called K2 reflood parameter (P1K2FDT); • Interfacial friction downstream quench front (TOIFDT).

Fig. 12 .

 12 Fig. 12. Contour Lines of Coverage Rates for PQ/K2

Fig. 14 .

 14 Fig. 14. Cladding Temperature at 2.23 m (FEBA Test 216)

Fig. 16 .

 16 Fig. 16. Cladding Temperature at 1.83 m (PERICLES 64)* * PERICLES data are proprietary

Table I .

 I More Influential IP

	Name	Ref. value	Min. value	Max. value	T clad variation [ • C]	t rew variation [s]
	PQFDT	1.0	0.5	3.0	+144 / -97 +66 / -81
	P1K2FDT	1.0	0.5	2.0	+1 / -18	+37 / -59
	TOIFDT	1.0	0.25	4.0	+20 / -32	-21 / +23