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THERMAL-HYDRAULIC STUDY OF PASSIVE SAFETY SYSTEMS BASED ON THE HYDRAULIC DIODE PRINCIPLE FOR THE MANAGEMENT OF LARGE-BREAK LOSS OF COOLANT ACCIDENTS
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In the context of improvement studies for pressurized water reactors (PWR) in the post-Fukushima accident situation, passive safety systems have been identified as an interesting strategy for design-basis and severe accidents management. CATHARE code thermal-hydraulic studies, performed to evaluate the impact of two specific passive elements of safety systems during large-break loss-of-coolant-accidents (LB LOCA), are here presented. The two systems, namely the in-vessel flow limiter and the advanced accumulator, are based on the hydraulic diode principle: a singular pressure drop is added to the flow path by an induced fluid vortex, thus decreasing the mass flow. The in-vessel flow limiter is made up of some fins deflecting the fluid only in case of reversed flow, thus limiting the liquid mass exiting the primary circuit through the break. The advanced accumulator modifies its injection flow by switching the orientation of the injection pipe. After the reactor refill (high-rate injection phase), the flow regulation prevents the waste of the accumulator water: the lower the flow, the more lasting the injection. Parametric studies on the pressure-drop coefficient have been performed to evaluate each system's impact. The flow limiter coefficients validity domain has been verified by CFD studies (GENEPI code). Analyses on the maximum cladding temperature, the primary-circuit mass inventory and the core reflooding-front level have shown a benefit mainly depending on the pressure-drop coefficient value. The two systems' combined effect shows a great gain on the three mentioned parameters, even suggesting the possibility of reducing the active safety injection, thus reducing possible failures and investment costs.

INTRODUCTION

The present work sets in the context of Generation II and III Nuclear Power Plants innovation in the post-Fukushima accident situation. Since the French built reactors are mainly light water reactors (all the exploited ones anyway), the focus is set on these ones, notably the PWRs. Subsequently to the active safety systems failure after the tsunami in Fukushima, a great interest in passive safety systems arose. Passive systems being characterized by no need of external power forces, external input signals or moving mechanical parts, they have been detected as an appealing strategy in case of environmental disasters. Passive safety systems have gained (and are continuously obtaining) more importance in the last years, due to multiple factors. First of all there is the interest in a reactor which could handle LOCA accidents (still considered one of the most severe design basis accidents that may occur) without external help, under the condition of demonstrating the operation of those systems.

In this paper the focus is set on safety systems that work on the hydraulic diode principle. The hydraulic diode is a device that can be actuated under different forms. Basically the idea is the same as an electrical diode, where this component allows the passage of the electric current in one direction, but nearly blocks it in the opposite one. For the hydraulic diode the mechanism is the same but it is actuated by an increased pressure drop on one of the two sides of the flow orientation. This device has been applied to two different systems: the in-vessel flow limiter and the advanced accumulator. The standard PWRs do not employ any of these passive systems, but there are some examples of new Generation III reactors that adopt the advanced accumulator, notably the ATMEA1 reactor and the APR1400 (e.g. the South Korean reactor Shin-Kori3 and 4 under construction) [START_REF]Shin-Kori reactor characteristics[END_REF]. At the present day no designed reactor includes the flow-limiter between the vessel and the loops. Nevertheless, patents and studies have already been performed at the CEA in the past years and the interest towards this system is still alive. On each of these systems a parametric study has been done, to evaluate the efficiency of the device under LB LOCA conditions. LB LOCAs have been chosen as the reference accidental transients because of the rapid vessel emptying: these are the case in which it is the most important not to waste water. As that the main purpose of one of the two devicesthe in-vessel flow limiteris to reduce the amount of lost water, LB LOCA transients are the most suitable to highlight the system's impact. In this study we will consider a prototypal 3-loop PWR reactor (1150MWe, N4 SGs 1 ) that will be presented in Section 2 and modelled using the French thermal-hydraulic safety code CATHARE [START_REF] Barré | The CATHARE code strategy and assessment[END_REF]. In the two following sections we will describe specific hydraulic diode based safety systems, including their CATHARE model and accidental transient results on LB LOCA. Finally we will draw some conclusions and perspectives.

CATHARE REACTOR MODEL

CATHARE is a reference thermal-hydraulic safety code originally devoted to the study of different types of transients that can occur in water-cooled reactors (both standard operation and accidental transients). It is based on modules that are computed through a six-equation two-fluid model (mass, momentum and energy equations for the two phases) with the possibility of adding supplementary equations that model non-condensable gases and radiochemical elements. The reactor considered in the study is a PWR that takes inspiration from the ATMEA1 reactor [START_REF]Status Report for Advanced Nuclear Reactor Design -Report 99[END_REF], a jointventure of AREVA and MITSUBISHI. It has been modelled with the CATHARE code (cf. Figure 1), using axial, volume, boundary condition and specific modules (e.g. for the guillotine rupture).

Figure 1. CATHARE simplified reactor scheme view

Our vessel model includes the downcomer channel, the lower plenum, the core, the bypass and the upper plenum. The water enters the vessel in an annular zone that has been modelled through a small inlet volume and an axial downcomer, it is collected in the lower plenum and after that it ascends the core to cool the fuel elements: these last are 4.2 m long axial elements that model the average core and the hottest channel (point-kinetics neutronics modules constitute the fuel pins). A bypass element defines the amount of water that does not actually cool the fuel. The heated water is then gathered in a volume element that represents the upper plenum. From there, the water is then redirected towards the three loops. In order to take into account the parasite losses of water at the inlet of the vessel, a bypass towards the upper plenum has been defined. Specifically, on each intact looplocated just after the primary pumpsthere are three safety injection systems: a medium-head pump (MHSI priming pressure at 85 bar), a low-head pump (LHSI priming pressure at 20 bar) and an accumulator (initial pressure: 47 bar). The secondary circuit consists of three identical steam generators that are coupled with the three loops of the primary system. Each steam generator is made up of some axial modules representing the two specific parts of the downcomer and lower riser and the common upper riser. The steam dome volume element is connected by the steam line is to the steam head (just before the turbine). Some controllable BC modules model the ARE and ASG injections as well as the steam line output.

IN-VESSEL FLOW LIMITER

Description

Figure 2 illustrates the position and the design of the in-vessel flow limiter, which is applied on the connections between the hot leg of the loops and the vessel. The flow limiter is applied to fulfil two goals. First of all, it aims at reducing the water flow that exits the vessel in the direction of the break. Secondly, it is conceived to avoid the direct transfer of the intact loops injection water to the broken loop (and so eventually towards the break). From the intact cold leg, the water should flow into the downcomer and pass through the core to cool it before rise up and at last exit the circuit. In order to attain the first goal, some fins (composing the diode) are placed on the vessel-loops connections so that a large vortex is created in case of reversed flow. The pressure drop coefficient is so increased compared to the normal flow case (regular hydraulic path during normal operations). For the second objective there are three comparted slots that divide in three parts the annular downcomer (just one inlet/outlet per sector). 

The CATHARE Model

To get a first insight of the hydraulic behaviour of the in-vessel flow limiter, our model consists in modelling the effect of the hydraulic diode through the variation of the pressure drop coefficient between the downcomer and the cold legs. In the standard CATHARE case, the geometric model is made up of three separate loops which converge onto a single vessel, connected by junctions onto which are defined the pressure drop coefficients. These coefficients are symmetric. This means that the code will compute the same value of pressure losses, the flow being direct or reverse. For the standard case the IN/OUT pressure loss coefficient is arbitrarily taken as k IN = k OUT = 0.78. In the first and simplest modification that has been applied to the data setwith the same geometry of the standard casethe pressure drop coefficients for the reverse flow (in opposition to the default flow direction, which is defined by the steady state flow direction) have been increased to simulate the diode.

CATHARE LB-LOCA transient analysis

A parametric study on the value of the pressure drop coefficient k OUT has been realised. CATHARE does not allow running CFD (Computational Fluid Dynamics) simulations including the effective geometry of the fins and the turbulence that derives from it, so it is really tough to evaluate the exact value to be set as coefficient. The input data for the parametric study will be assessed by CFD evaluations in order to demonstrate the feasibility of the device (cf. Section 3.4). The k OUT (coefficient for the reverse flow) has been incremented by applying various multiplicative factors: K = 5 -10 -15 -100, leading to the following pressure drop coefficients k OUT : 0.7783 -3.8915 -7.783 -11.6745 -77.83. Taking into account literature [START_REF] Gautier | Development of the safety systems for a simplified, low pressure, medium size PWR[END_REF], K =15 has been chosen as the reference, since it is the highest value that remains realistic (K = 100 is not likely to be feasible). Computations have been performed under two safety injection logics. The first case is run with only one accumulator per intact loop ("without MHSI/LHSI" case). The second case accounts for one MHSI pump and one LHSI pump per loop in addition to the accumulator ("with MHSI/LHSI" case). The three main effects related to the diode application have been identified into short-term and long-term effects. They will now be analysed in details, through some comparative graphs (cf. Figure 3, Figure 4 and Figure 5). The short term is referred to the first 30-50s of the transient. During this extent of time the diode helps to reduce the emptying of the primary circuit and the early-peak of the cladding temperature. Whichever the safety injection case, the results of the first 30s are the same in the two transients (with or without SI pumps), because the additional injection sources begin to work with a small delay (at 32s), thus not influencing the first part of the accident. In Figure 3-left it is possible to see the first major effect of the diode. Comparing only the case with K = 15 to the standard case (K = 1), the minimum value of the primary mass is clearly higher in the case where the diode is in place. During the first 30s the curves representing the behaviours "without MHSI/LHSI" and "with MHSI/LHSI" are superposed and just at the pump activation moment there is a consistent difference between the two cases. Figure 3-right shows the core inlet flowrate: the second beneficial effect of the hydraulic diode is notably the possibility to have a non-negligible flowrate that enters the core during the first instants of the transient. The red curve (diode with K=15) well describes this behaviour if compared to the standard case. Figure 4 shows the temperature profiles of the hot pin cladding ("with MHSI/LHSI" case), with a zoom on the first 100s, detailing the short term physical impact of the diode on the system. The cladding temperature peak is consistently decreasing with respect to the increase of the multiplicative coefficient: the blue curve (K=15) experiences a peak reduction of almost 100°C compared to the standard case. This means that, if a diode with a k OUT = 11,6745 can be created, the gain in terms of temperature decrease will be appreciable. After the peak, a consistent decrease of the temperature is due to a reverse flow that comes from the top of the core. The cladding cools down and the system begins to store the injected water in the lower plenum. It is for this reason that after ~10s the temperature rises again, even with the accumulators' injection. Until the lower plenum and the downcomer are not full, it is not possible to cool the core. This is achieved at about 50s, and finally the water can cool the fuel elements. On the long term the transient differs depending on the safety injection logic: in this section we focus on the case "with MHSI/LHSI" (cf. Figure 4 and Figure 5), the detailed results concerning the case "without MHSI/LHSI" can be found in Section 4.3. The core re-flooding is the most important parameter to be analysed, from which also the cladding temperature is dependent. If the re-flooding is attained, the meltdown of the core will be prevented (even if maybe just temporarily), as well as all the consequences that follow. Figure 5 shows that the hydraulic diode improves the core reflooding: thanks to the flow limiter, the top of the core is attained earlier by the quench front. Compared to the standard case, the blue curve (K=15) anticipates nearly of 40s, which is absolutely not negligible during an accident in a nuclear reactor. Moreover, when the water level is high enough to completely cool the cladding, the cladding temperature drops (cf. Figure 4). In Section 4.3, the figures of the "without MHSILHSI" case show that clearly the liquid water does not reach the total height of the fuel. However, thanks to the diode, the attained level is higher than the standard case. As a consequence, the limited water safety injection cannot avoid (on the long term) the temperature divergence under the heating of the decaying residual heat, even if the effect of the diode is present also on the long term: the heating is a bit delayed in time and lower than in the standard case. The obtained results are coherent with the literature ones [START_REF] Gautier | Development of the safety systems for a simplified, low pressure, medium size PWR[END_REF], even if the comparison is not always easy because the operation pressure of the reactors is different, the safety injection is not always the same and finally because the absolute values for the pressure drop coefficients are not known. We can notice that, due to nonlinear-behaviour of the final reflooding level and consequently of the final temperature, the choice of the multiplicative coefficient K is to be optimized. Anyway, it is clear that the diode effect is always beneficial compared to the standard case. Table I presents results for a diode that increases the pressure drop coefficient 15 times. In case of full SI, the re-flooding is always reached because of the great injection of water due to the pumps. Anyway, the increase of the pressure drop coefficient k OUT allows the maximisation of the primary mass (almost 3 tons more) and the reduction of the reflooding delay (about 40s). On the other hand, it is remarkable that, even with two accumulators only, the diode-like device allows to reduce the short term cladding temperature peak (almost 100°C) and avoid the core melt-down. In terms of safety it is clearly an interesting benefit.

Table I. In-vessel flow limiter main results

Standard

(GENEPI) CFD Pressure drop coefficients Assessment

The motivation of CFD studies concerning the in-vessel flow limiter is the consolidation of the CATHARE results based on parametric studies of the pressure-drop coefficient k OUT . Section 3.3 highlights the benefice brought by the value k OUT = 11.6745 (or multiplicative coefficient K = 15). As the value of the pressure-drop coefficient is linked to the fan design geometry, we have to consider an optimized design to assess the pressure-drop magnitude values used in the CATHARE study. Optimizing the in-vessel limiter design needs a huge number of computations needing small CPU times. For this reason, we choose to use the GENEPI2 code [START_REF] Grandotto | Steam generator gwo-phase-flow numerical simulation with liquid and gas momentum equations[END_REF]. It was designed for the steam-generator two-phase flow steady-state 3D computations through the resolution of the mass and momentum balance equations of a dilatable liquid/steam mixture. Moreover, it incorporates the possibility to model thin no-penetration obstacles using Immersed Boundary Conditions (IBCs [START_REF] Belliard | Fictitious domain methods for two-phase flow energy balance computations in nuclear components[END_REF]): we consider simulations over a full computational domain including the in-vessel flow limiter and re-introduce its presence adding local external forces (fictitious domain method) in order to get a fast estimation of the pressure-drop coefficient.

The goal of this section is to get some preliminary elements to answer to the question: is the value k OUT = 11.6745 realistic? In this preliminary study, we restrict ourselves to mono-phasic liquid steadystate flows and to an approximated (not optimized) in-vessel limiter design. We only model one third of the down-comer, including one cold-leg entry in the vessel and one hot-leg pipe. The CFD computational domain is based on the CATHARE space discretization, cf. Figure 6. It is a simplified planar geometry to which was added the broken cold-leg nozzle starting 0.93 m before the down-comer. It extends up to 1.8974 m below the cold-leg axis. The geometrical dimensions are taken from the CATHARE data set, except for the thickness of the planar part. A compromise between the volumes and the radius leads us to set this data to about 0.20 m. For the purpose of a mesh convergence study, three meshes M 1 , M 2 and M 3 were built involving N 1 = 6.080, N 2 = 48.640 and N 3 = 164.160 elements respectively. Each mesh i can be characterized by a space-step index (N i ) -1/3 . The ratio between two consecutive space-step indexes is 2.0 (M 1 →M 2 ) and 1.5 (M 2 →M 3 ). 

𝐾 𝑔𝑙 = 2(〈𝑃 𝑖𝑛 〉 -〈𝑃 𝑜𝑢𝑡 〉)/(〈𝜌 𝑐𝑙 〉〈|𝑉 𝑐𝑙 𝑛 𝑐𝑙 |〉 2 ) (1) 
where the symbol <•> denotes an area average, P in the pressure at the in-flow surface and P out the pressure at the out-flow one. We compare this global pressure-drop coefficient to the CATHARE estimation of the same quantity K gl,cath . From a discrete-space point of view, considering the three meshes M i = M 1 …M 3 , we denote by K Mi the computed approximations of K gl .

As the GENEPI2's turbulence viscosity model 𝜇 T is quite rough (the Schlichting model [START_REF] Grandotto | Steam generator gwo-phase-flow numerical simulation with liquid and gas momentum equations[END_REF]: 𝜇 T = a S |G| L T with G the mass flux), a parametric study is performed on the coefficient a S and the turbulence characteristic length L T . The characteristic length is related to the biggest eddy structures. As reference, we choose L T ~ 1 m (azimuth scale in the down-comer) for the nominal-operation flow direction and L T ~ 0.3 m (radial scale in the down-comer) for reverse flow direction toward the broken cold leg. In GENEPI2, the standard value for the Schlichting coefficient is a S = 0.047. We present some field distributions on the finest mesh concerning the mixture pressure and the mixture velocity for the two studied flow configurations: the nominal-condition one and the reverse-condition one (LB LOCA). . This must be confronted with the primary-pump characteristics to check if this overhead can be offset.  However, for reverse flows, the global pressure-drop coefficient is multiplied by almost a factor two in case of flow limiter: [3.6; 3.7] → [5.4; 5.6]. This is a bit less that the increase computed by CATHARE in the case k OUT = 11.6745: a factor three (1.3 → 3.9). But the CFD simulation reaches pressure-drop coefficients bigger than those needed by CATHARE to get a beneficial effect on the LB LOCA transient: about 5.5 to compare to 3.9. Then, we can conclude that the CATHARE flow-limiter pressure-drop coefficient k OUT = 11.6745 is consistent with those issued from our preliminary GENEPI2 study. Nevertheless, considering the limitations related to the turbulence description, this conclusion needs to be consolidated by body-fitted CFD studies with more precise turbulence models.

ADVANCED ACCUMULATOR

Description

The second passive system using a hydraulic diode is the "advanced" accumulator. Figure 9 and Figure 10 show a simplified scheme of the design and the mode of operation. The special feature of this accumulator is the double-regime injection flowrate. At first the flowrate is huge, allowing the refill of the circuit, but after some time, the flowrate is automatically switched to a lower value, just to compensate the water that exits the reactor through the break.

Figure 9. Advanced accumulator [10]

The actuation mode is passive, because it does not need any mechanical activation. When the water level is higher than the height of the vertical standpipe (cf. Figure 9), there is a big flowrate that descends into the flow damper and is then injected directly in the circuit. When, instead, the level is lower, the injection is produced only by the horizontal small flowrate pipe that is placed on the limit of the flow damper. In this way, this particular injection point will induce a vortex in the flow damper, thus defining the "vortex chamber". As in the flow-limiter situation, the vortex will increase the pressure drops and so reduce the injected flow.

Figure 10. Advanced accumulator injection law [10]

The interest of this advanced accumulator lies within the possibility of reducing the waste of water. Normally the safety injection of an accumulator is done as in the left graph of Figure 10, which means that the water is rapidly injected and in this way early consumed. For this reason the low-pressure injection pumps must start very soon in the evolution of the accident. The advanced accumulator injection follows instead the curve of the graph on the right of the same figure: changing the regime, the remaining amount of water is spent "smartly", thus allowing a delayed time of the pump employment.

CATHARE Model

The CATHARE model consists of a standard accumulator which changes the pressure drop coefficient on the injection line outlet. For the large flow regime model, the standard accumulator pressure drop coefficient value (3.813 i.e. as in the computations of Section 3.3) has been used. For the small flow regime model, this coefficient is changed to a lower one as soon as the prescribed low level is reached. In the transient block some flag indexes have been defined to test the water level inside the accumulator. This is done through the evaluation of the total mass M acc that remains and the hypothesis that the fluid density ρ water (and the accumulator base section S acc ) is constant:

𝐻 = 𝑀 𝑎𝑐𝑐 /(𝜌 𝑤𝑎𝑡𝑒𝑟 𝑆 𝑎𝑐𝑐 ) (2) 
In order to appropriately define this system, the two degrees of freedom (H of the standpipe and the new pressure drop coefficient K sing ) have to be fixed. The regime switch level should be the one corresponding to the injected volume that allows the complete filling of the lower plenum and the whole downcomer. It is linked to the fact that after the complete filling of the lower plenum and the downcomer, the water that is sent into the circuit exits directly from the broken loop, thus being wasted.

The switch level H can be estimated by at least two approaches, one based on post-transient analysis (it can give the downcomer and lower plenum complete filling time, the remaining water volume in the accumulators and, hence, the level H) or on a priori geometrical considerations (for instance the sum of the geometric volumes of downcomer and lower plenum).

The pressure drop coefficient corresponds to an injected flowrate which maintains a natural circulation condition, by compensating the core vaporised steam flowrate. This allows us to design the pressure drop coefficient K sing by recalling the expression of the singular pressure drops:

|∆𝑃| = (𝐾 𝑠𝑖𝑛𝑔 𝐺 2 )/2𝜌 (3) 
We consider the density ρ as constant (the temperature and pressure in the accumulator do not change in time). For the same pressure drop, it is necessary to increase the K sing so that the flowrate G decreases.

There is a quadratic inverse proportion that links the two variables G and K (where K 1 and G 1 are referred to the standard accumulator):

𝐾 1 𝐺 1 2 = 𝐾 𝑠𝑖𝑛𝑔 𝐺 2 2 → 𝐾 𝑠𝑖𝑛𝑔 = 𝐾 1 𝐺 1 2 /𝐺 2 2 (4) 
The value K sing = 236 corresponds to a flowrate G 2 = 100 kg/s. It will be the reference coefficient for this study.

CATHARE LB-LOCA analysis

We consider here the same LB LOCA transient as in Section 3.3 and we analyse the case "without MHSI/LHSI". We retain the switch level based on previous computations post-transient analysis.

We are interested in evaluating the performances of the reactor equipped with the in-vessel flow limiter (K = 15) and the advanced accumulator (K sing = 236). In order to highlight the interest of the two allied systems, we provide comparison to the cases with standard or advanced accumulators (K sing = 236) without flow-limiter on the vessel (cf. Figure 11 on the left column).

After the presentation of the case with K sing = 236, as experimental data or CFD simulations are missing, we will present a parametric study concerning this pressure drop coefficient (cf. Figure 11 on the right).

On the following graphs are compared the ACCU flowrate, the quench front level and the cladding temperature. The best possible case contemplates the conjoint effect of the flow-limiter and the advanced accumulator (cf. Table II). First of all the accumulator injection time is more than doubled (130s = +135%), which means that the pumps can start with a bigger delay from the beginning of the accident.

Secondly, the reflooding level is increased of almost 1m (+34%), even if the top of the fuel is not completely covered. Finally, the gains on the cladding temperatures are perceptible: the early peak is reduced of about 100°C (-10%) and almost 600°C (-43%) on the long term.

Concerning the parametric study, the standard accumulator case (K sing = 3.813) has been compared to the following ones: K sing = 236, 120 (50% of K sing_ref ) and 60 (25% of K sing_ref ). As a whole, the results are slightly dependant on the pressure drop coefficient of the accumulator. Anyway the cladding temperature histories show an interesting point. While at the end of the transient the temperature is clearly lower for the case with the lowest injected flowrate, during the middle part of the accident the situation is inversed. This is due to the fact that the reduced flowrate is not strong enough to rapidly cool the core. It will take more time. Actually this is not a problem, because the temperature is anyway lower than the earlier experienced peak and this evolution leads to a final temperature that is more interesting for safety reasons. Table III sums up the results concerning the three most important features of this study: the accumulator emptying time, the core reflooding level and the hot pin cladding temperature at the end of the transient.

As it is possible to point out, the advanced accumulator is always beneficial in case of accident and the effect is proportional to whichever coefficient in the range [0, 236]. Even considering the smallest coefficient (K sing = 60, whose feasibility still needs verification), it allows a +5% accumulator emptying delay (and clearly a bigger delay before the need of safety injection pumps), it helps reflooding (+10%) and finally it reduces the cladding temperature (-20%), leaving a higher margin before the melt down. 

CONCLUSIONS AND PERSPECTIVES

The study presented in this paper has been focused on the feasibility analysis of two passive safety systems that employ hydraulic diode devices: the in-vessel flow-limiter and the advanced accumulator. Considering a prototypal PWR, we have investigated the impact of these two passive devices on LB LOCA transients, using the CATHARE code. We have presented the CATHARE model of our prototypal PWR, of the in-vessel flow-limiter and the advanced accumulator. As a whole, each safety component has a beneficial impact on the transient, which is augmented when conjointly used. The benefices are to be found in term of reduction of peak cladding temperature, reflooding time and level. On the short term, the flow limiter helps the cladding temperature peak reduction, while the benefice on the long term depends both on the limiter (-22% if taken alone) and the accumulator (-30% if taken alone). However, the presented results have to be consolidated to qualify the physical achievability and economic feasibility of these passive safety components. Even if the present results are strongly encouraging, especially the conjoint use of the in-vessel flow limiter and the advanced accumulator, further CFD studies are needed to assess the input parameters of the study (in-vessel flow limiter and advanced accumulator pressure drop coefficients,…), by determining the best attainable geometrical designs. Let's notice in particular that the results on the flow-limiter are overall consistent with the mentioned literature [START_REF] Gautier | Development of the safety systems for a simplified, low pressure, medium size PWR[END_REF]. The two main effects that had already been enlightened by this literature are the presence of a core flowrate in the early instants of the transient and the consequent peak reduction for the cladding temperature. Actually, the studies are not easily comparable because of the different assumptions that are made at the beginning of the analysis: different primary pressures, dissimilar description of the safety injection systems and unknown absolute values of the pressure drop coefficients. Anyway, the resulting tendencies are in accord with the CEA previous examinations: for example, the peak reduction is weaker, but the overall evolution of the temperature is the same. Besides all the technical results that derive from the CATHARE computations, it is interesting to investigate the perspectives in term of active safety system reduction, which reduce investment costs and reactor operation, leaving unchanged (or even improved) the safety level. For example, analysing the obtained results in case of LB LOCA, even in the case "without MHSI/LHSI", the combined effect of the flow-limiter and the advanced accumulator, almost allows reflooding. Hence, the reduced requirement on the pumps efficacy (mass flowrate, …), forecasts a design that eliminates the large flowrate LP sources.
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 2 Figure 2. In-vessel flow limiter position and design[START_REF] Belliard | Fictitious domain methods for two-phase flow energy balance computations in nuclear components[END_REF] 
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 45 Figure 4. Parametric cladding temperature evolution with zoom -"with MHSI/LHSI" case
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 67 Figure 6. Part of the PWR geometry taken into account by the CFD study
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 7 For this study, the pressure range considered in GENEPI2 is only bar. It differs from the pressure addressed in the CATHARE simulations of the nominal operation or of the LOCA, but it is the pressure drop that is important. Mass flux is imposed on the in-flow surface and pressure on the out-flow surface. The in-flow and out-flow surfaces are the down-comer and the cold-leg nozzle surfaces depending on the main flow direction (default, as in normal operation, or reverse, as in LB LOCA situation). These values are given by the CATHARE computations. For the nominal operation (default flow direction), the imposed mass flow rate equals 4.690 kg/s (cold leg) and the pressure equals 50 bar (down-comer). For the LB LOCA (reverse flow direction), the imposed mass flow rate equals 5.200 kg/s (down-comer) and the pressure equals 50 bar (cold leg). On the wall, we consider a slip wall boundary condition. Concerning the used methodology to compare the CATHARE results to the CFD ones, we do not compare the value of the local CATHARE pressure-drop coefficients k OUT to CFD estimation. But, we consider the global pressure-drop coefficient K gl computed between the in-flow/out-flow sections of the CFD computational domain marked in red in Figure7. Taking as reference the normal mass-flux at the beginning of the cold leg nozzle (G cl • n cl = ρ cl V cl • n cl with n cl the surface normal, V cl the flow velocity and ρ cl the flow density), we define K gl as:
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 11 Figure 11. Accumulator injection flowrate -Reflooding level -Hot pin cladding temperature On the left: combined effect of the in-vessel flow limiter and the advanced accumulator On the right: parametric study for the accumulator pressure drop coefficient

  

  

  

Table II . Passive safety systems results

 II 

		Standard ACCU	Advanced ACCU 236	Advanced ACCU 236 + Flow-limiter
	Time end ACCU [s]	55	126	130
	Reflooding level [m]	2.80	3.23	3.74
	Tclad @short-time	916	916	820
	Tclad @600s [°C]	1360	958	778

Table III . Advanced accumulator results (with in-vessel flow limiter K=15)

 III 

		Standard	Advanced	Advanced	Advanced
		ACCU	ACCU 60	ACCU 120	ACCU 236
	Time end ACCU [s]	60	90	106	130
	Reflooding level [m]	3.22	3.57	3.67	3.74
	Tclad @600s [°C]	1063	869	833