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Abstract

Passive safety systems are used in generation III+ evolutionary reactors and in generation IV advanced reactor designs, especially for the decay heat removal following an accidental event. A limitation of these systems is the lack of intrinsic mechanisms that allow the passive control of the power removed, and this is particularly important for reactor designs that involve the use of liquid metals as a coolant, as the solidification temperature is always higher than the temperature of the ultimate heat sink. Ansaldo Nucleare has patented a passive safety system for the ALFRED reactor that allows to control the power removed to the environment by making use of non-condensable gases placed in strategic positions of the safety system. The DHR system consists of 3 loops, each connected to one steam generator through the feedwater and the steamline. These circuits have an isolation condenser immersed in a pool and connected to an expansion tank. During safety system operation, the non-condensable gases are passively transported in the system between the tank and the isolation condenser proportionally to the decay heat, degrading the heat transfer in the condenser and strongly delaying the onset of solidification in the primary coolant. This paper is based on the scientific effort dedicated through the European H2020 PIACE project and reports the scaling verification of the decay heat removal system to be carried out at the SIRIO experimental facility. Pre-test analyses performed by means of the RELAP5-3D system code are presented, assessing the applicability of an existing facility configuration to the revised design of the DHR system of ALFRED. The results show how the experimental facility is able to represent the most important phenomena underlying the operating principle of the system such as pressure behaviour, noncondensables gas transport and coolant temperature control above solidification point. 
Introduction 
Passive safety systems are an innovation heavily used in the latest plant architectures currently under construction or in operation (Generation III) [1] as well as in revolutionary plant concepts (Generation IV) [2]. The reason for this great interest is constituted by a deep experimental basis developed over the years on different scales which has allowed the qualification of calculation codes for sizing and performance study ultimately leading to the certification by regulatory bodies. The concept of passivity finds application both for those systems that must perform the reactor shutdown function [3] and for those that must remove the decay heat power during accidental conditions [4]. In their general architecture, the latter provide for the use of a series of closed circuits which, starting from the heat source (the primary system), transfer the thermal energy to an ultimate heat sink which is generally made up of a water reserve or air from the external environment. This architecture guarantees the system to have a heat sink which has a very extended duration (grace time) and which can be extended indefinitely (air cooling). The precaution to be used for these systems is to exploit simple physical phenomena such as natural circulation, and for this the project requires systems with a combination of low pressure drops, large exchange surfaces and large hydraulic head. 
As anticipated, this type of system is also applied to generation IV reactors, part of which uses heavy liquid metals such as lead or the eutectic alloy of lead and bismuth for the transport of energy in the reactor coolant system. A characteristic of these coolants is the freezing point which is higher than the ambient temperature, and this entails the need to assess passive cooling systems which, as they are designed for water reactors, would ultimately lead to primary coolant freezing in the colder regions of the plant leaving an unknown of difficult resolution for the removal of power from the core. Some solutions have been studied in the past, some of which make use of radiative transfer phenomena to ensure a reduction in heat transfer at low temperature [5], however they seem to involve a not negligible footprint in the reactor coolant system, and for some coolants at very high melting point does not allow to eliminate the risk of freezing in the medium term. 
Ansaldo Nucleare, which in the context of the FALCON consortium develops ALFRED (Advanced Lead Fast Reactor European Demonstrator) together with ENEA and RATEN ICN [6], has patented a passive cooling system which, using non-condensable gases, passively limits the power removed to the external environment, while maintaining the primary coolant to a liquid state even for weeks and considerably extending the grace time of the system [7]. Even with the changes that have been made on the reactor coolant system in recent years, the system still seems to guarantee the fulfilment of its mission [8]. The system consists of a heat exchanger immersed in a water pool (isolation condenser) connected to the steam generator but normally isolated by means of valves and containing nitrogen. When it is actuated, the water contained within the steam generator boils and condenses in the Isolation Condenser (IC). The nitrogen is segregated in a tank connected to the lower collector of the isolation condenser and in the initial phases of the accident it remains inside it for pressure balance. As the decay power decreases a power mismatch is created between the isolation condenser and the steam generator, the gas expands from the tank and migrates to the heat transfer region of the isolation condenser, inhibiting the power transferred until the power is balanced to the one of the steam generator. A conceptual scheme of how the system is connected to the steam generator can be seen in Figure 1 [7]. 
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FIG. 1. ALFRED Decay heat removal system.

The qualification of the calculation codes with which the performance analyses were carried out and ultimately the certification of the operation requires experimental supporting activities. For this reason, a project partially funded by the Italian Ministry for Economic Development supported the construction of an experimental facility that represents the scaled system on ALFRED (the SIRIO – Sistema di rimozione della potenza di decadimento per reattori nucleari innovativi – project), while a research project, supported by the European Commission funds under the H2020 program has been launched to extend the experimental campaigns, the PIACE (Passive IsolAtion CondEnser) project. Since the experimental facility had been scaled on the basis of a past system configuration, it is necessary to carry out an assessment of the facility to verify that the distortions with respect to the new ALFRED configuration are acceptable and duly accounted. 
The paper presents the SIRIO experimental facility explaining the general architecture, the major components of which it is composed and the principle of operation. The PIACE European project is then presented, which uses the facility, in particular with the objectives of extending the system also to water reactors currently in operation, i.e. Pressurized Water Reactor (PWR), Boiling Water Reactor (BWR) and Pressurized Heavy-Water Reactor (PHWR) technologies. Finally, the verification of the scaling of the experimental facility is reported with respect to ALFRED revised design, with a description of the experimental matrix to be carried out and the numerical analyses that have been performed using the RELAP5-3D© v4.3.4 thermal-hydraulic system code [9] to verify the observation of the physical phenomena relevant for the innovative safety system. The information presented here is therefore the result of the work carried out during the Work Package 2 (WP2) of the PIACE project for Lead Fast Reactor (LFR) technology. 
SIRIO Facility 
The SIRIO facility is a closed circuit physically located at the SIET laboratories in Piacenza [10]. With a total height of over 20 meters, the experimental facility aims to simulate ALFRED's Decay Heat Removal (DHR) system on a reduced scale, being equipped with a bayonet steam generator, an isolation condenser with its own non-condensable tank and a bypass heat exchanger to simulate steady state conditions before testing. The heat exchangers are connected by means of piping whose size is between 1’’ Sch. 160 and 1 ¼’’ Sch. 160. A general plant scheme is shown in Figure 2. There are two operating conditions for SIRIO, bypass mode and testing. During the bypass mode, the steam generator produces steam which naturally circulates upwards in the facility, before being condensed in the bypass heat exchanger to return to the steam generator (IC isolated). During the testing phase, the flow of the fluid is the same but the vapor is conveyed towards the isolation condenser (bypass heat exchanger isolated). The transition between these two phases takes place through the actuation of isolation valves across the two cooling branches. In the case of the isolation condenser these valves also perform the function of keeping the nitrogen separated from the liquid before the testing phase. 
[image: ]
FIG. 2. Conceptual scheme of the SIRIO facility

The bayonet steam generator shown in Figure 3 is composed of a feedwater collector, a steam collector and 11 bayonet tubes, 6 m long, arranged in parallel. Each bayonet tube consists of 3 coaxial tubes: the water descends to the bottom through the first (inner) tube, then it rises through the annular region formed between the second (middle) tube and third (outer) tube, while being heated from the outside. The heating system is carried out by placing a bath of molten salts externally heated by means of electric cables around each bayonet, for a nominal power of about 55 kW and maximum power up to 100 kW.

[image: ]
FIG. 3. SIRIO steam generator 

The isolation condenser consists of a single tube immersed in the pool as shown in Figure 4, partially isolated on the upper section to obtain the correct heat transfer surface with respect to the scaling of the real system. Overall, the circuit is equipped with thermocouples, differential pressure transducers and absolute pressure transducers for a complete view of the relevant physical phenomena in the system.  
[image: ]
FIG. 4. SIRIO isolation condenser 
The PIACE project 
[bookmark: _GoBack]The PIACE project is co-financed by the European community to increase the Technology Readiness Level of the innovative safety system. The project is led by the Italian national research body ENEA and envisages the involvement of 11 research centres and private companies in the nuclear sector (see Figure 5) to ensure an interconnection between the world of research and the world of industry. The project aims to develop the technological solution for two macro-plant fleets, the existing water-cooled reactors and the evolutionary reactors cooled by heavy liquid metals. 
As far as water reactors are concerned, it is observed how passive systems with actuation similar to that of this system (think of the isolation condenser system of BWR type reactors) determine a rapid cooling of the structures with induction of non-negligible mechanical stresses and which ultimately result in a reduction of the number of actuations due to stress fatigue phenomena. The passive system conceived here would have the possibility, by reducing the rate of removed power, of guaranteeing softer pressure and temperature transients in order to increase the number of actuations available for this system.
As regards to liquid metal reactors, as previously introduced, this system configuration favours a passive control of the reactor coolant system temperature, thus preventing the coolant from freezing in the short and medium term while continuing to remove the decay heat. 
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FIG. 5. PIACE project partners

The project is structured into 6 distinct WPs (see Figure 6) as follows: 
WP1: System analysis behaviour
WP2: Test matrix definition for SIRIO facility
WP3: Technology demonstration in relevant environment
WP4: System prototype design and system analysis behaviour 
WP5: Dissemination, Education and Training
WP6: Project management 
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FIG. 6. PIACE WP Structure 

In the first WP the integrations of the system within the various plant configurations are studied, together with "full scale" numerical analyses to evaluate the potential benefits. In WP2, the structure of the SIRIO facility is considered and any changes were assessed to make it representative of the various safety system solutions applied to the types of plant. In WP3 it is planned to test at least 3 different types of plants, one for LFR technology and two others for technologies to be decided according to the efforts necessary to make the facility representative and the prospects for integration, with a cost-benefit assessment. In the fourth WP the information of the previous WPs are inherited to carry out on the one hand the post-test analysis with qualification of the calculation codes, and on the other hand drafting a detailed technical specification for the safety system in the different types of plants to act as a basis for a possible installation project. Finally, The fifth WP deals with dissemination and training activities while guaranteeing the achievement of the objectives with the set times and costs, as well as maintaining communications with the European Commission, is the objective of WP6. 
Results and discussion 
Scaling verification and experimental matrix 
The main purpose of the scaling phase is to correctly reproduce in a reliable way, and preserving the time scales, several physical phenomena occurring in ALFRED during transients involving DHR systems and, in general, in DHR systems applicable to the LFR technology, such as mass transport, flow patterns and heat transfer. The scaling approach has been followed for the definition of the SIRIO layout, on the basis of the ALFRED configuration developed in the framework of the European project LEADER (Lead-cooled European Advanced DEmonstration Reactor) [11]. The “power-to-volume” scaling has been applied, which allows to keep the following parameters constant:

power density, so volumes are scaled in agreement with thermal power;
the height of loop, so full-scale elevation in order to guarantee a correct reproduction of the buoyancy forces and natural circulation phenomenon;
operational pressure.

The approach also allows to keep constant the ratio between volumes and masses of the liquid region (water) and the gas region (non-condensable gases). The scaling factor is obtained considering the gas tank available in SIET laboratories, originally manufactured for other experiments but suitable for the test conditions foreseen in SIRIO. Thus, the volume scaling factor obtained is around 47. The scaling factor has been applied to design heat transfer components and piping. 
Since the most updated configuration of ALFRED has been subject to modifications with respect to the one developed in LEADER, it is mandatory to verify that SIRIO is still representative of the new layout. For this reason, an analysis of the scaling has been carried out considering the new features of ALFRED. First of all, the geometrical features have been analysed. The ALFRED configuration in LEADER foresees a total of 8 Steam Generators (SGs) of bayonet tube type. Each SG is composed by a bundle with 510 tubes and each tube consists of a double wall bayonet with four coaxial pipes and a total length of 6 meters. The new ALFRED configuration, considering the Stage 2 described in [12], foresees 3 SGs, each one composed by a bundle of 880 tubes. Furthermore, the double wall bayonet tubes have been replaced with single wall bayonet tubes, each one consisting of an assembly of 3 coaxial tubes instead of 4 tubes. The total length of each tube remains the same (6 m). As mentioned above, during the scaling phase, the SIRIO SG has been simplified in geometry for technical and economic considerations, adopting the solution with single wall bayonet tubes with 3 coaxial tubes. This means that the geometrical features of SIRIO SG are still well representative of ALFRED and the components are suitable for its configuration designed for Stage 2. For the aspects related to the geometry of the single bayonet tube, it can be said that the design of ALFRED is now closer to that foreseen in the SIRIO facility. Tab. 1 reports a summary of the comparison.

TABLE 1.	COMPARISON OF THE SG OF ALFRED (LEADER), ALFRED (STAGE 2) AND SIRIO

	Parameter
	ALFRED (LEADER)
	ALFRED 
(Stage 2)
	SIRIO

	Number of steam generators
	8
	3
	1

	Number of tubes per steam generator
	510
	880
	11

	SG Type 
	Double wall bayonet
	Single wall bayonet 
	Single wall bayonet 

	Number of coaxial tubes
	4
	3
	3

	Tube length (m) 
	6
	6
	6




After that, a second analysis has been carried out to evaluate the deformations introduced by the scaling on the main operative parameters (see Tab. 2), taking into account the most relevant parameters which determine the representativeness of the system, i.e. the thermal flux and the power density. Firstly, it must be highlighted that the size of some components does not completely reflect the ideal scaling (as an example, commercial pipes are used for the piping) leading to a deviation from the pure theoretical approach. The deformation between the theoretical scaling and the adopted scaling has been calculated, obtaining a discrepancy between the theoretical scaling and SIRIO of about -1.0% for the thermal flux, the decay power and the power supplied for each tube. Furthermore, concerning the volumes, a deformation of 13.0% for water volume, -1.8% for gas volume and 1.63% for the total volume (water + gas) have been found.

These differences lead to a deformation of about 11.5% for the power density (calculated with respect to the total volume of water stored). The analysis of the scaling between SIRIO and ALFRED in LEADER configuration showed a deformation of -2.86% for the thermal flux and -12.4% for the power density. In the same way, also some differences between SIRIO and ALFRED Stage 2 have been calculated, highlighting a deformation of -5.7% for the thermal flux and 13.1% for the power density. The comparison showed that, despite the facility has been scaled for the LEADER configuration of ALFRED, its features are representative also for the most-updated configuration (ALFRED Stage 2), since the deformations of SIRIO and the two ALFRED layouts analysed are of the same order of magnitude. It can be also noticed that the water inventory, which leads to the higher scaling deformation with variations in power density, is a parameter that can be easily managed during the tests. Such deformations are acceptable as long as the expected physical phenomena are kept.

TABLE 2.	DEFORMATION OF SIRIO RESPECT TO THEORETICAL SCALING AND ALFRED

	Parameter
	Deformation Scaled Facility – SIRIO
	Variation to ALFRED (LEADER)
	Variation to ALFRED (Stage 2)

	Decay Power (kW) 
	-1%
	--
	--

	Power/tube (kW)
	-1%
	-2.86%
	-5.66%

	Thermal flux (kW/m2)
	-1%
	-2.86%
	-5.7%

	Water volume (l)
	13.0%
	--
	--

	Gas volume (l)
	-1.8%
	--
	--

	Total volume (l)
	1.63%
	--
	--

	Power density (kW/l) 
	11.5%
	-12.4%
	13.1%



Test matrix and Pre-test analysis 
Considering the need for validation of the safety system applied to LFR technology and in particular to ALFRED, the preliminary experimental matrix in Tab. 3 was produced. 

TABLE 3.	TEST MATRIX 

	Parameter
	Unit
	Case 1
	Case 2
	Case 3

	Water Inventory 
	(kg)
	38
	38
	46.4

	Water loop pressure 
	(bar)
	175
	175
	170

	Gas pressure 
	(bar)
	110
	130
	110

	Thermal power supplied during the steady state
	(kW)
	55
	55
	27.5

	IC Valve 100-PV613 set-point
	(bar)
	190
	190
	190

	IC Valve 100-PV615 delay
	(s)
	60
	60
	60

	Orifice diameter
	(mm)
	5
	5
	5



The cases reported in Tab. 3 were studied using the RELAP5-3D© v4.3.4  system code to evaluate the response expected from the experimental facility and to be encouraged to predict the physical phenomena of interest for the passive safety system. For the purposes of this paper, the results associated with Case 1 transient phase  are presented. The transient starts from a steady state condition having 175 bar as pressure and 55 kW as input power. Then, the bypass line is isolated through the isolation valves. The system is therefore in a condition of nearly adiabaticity where the power generated in the steam generator is no longer evacuated to the environment, except for heat losses. Over time, the circuit pressure increases to reach the value of 190 bar, set-point of the admission valve of the branch containing the isolation condenser (Fig. 7). 

[image: ]
FIG. 7. Main loop pressure during Transient 1

Once the valve is opened, the steam enters the region initially occupied by the noncondensable (nitrogen) by pressure difference, pushing the noncondensable gases towards the gas tank. Since the charge pressure is lower than the circuit pressure (the gas tank is kept at 110 bar), the total pressure initially tends to decrease. The steam entering the isolation condenser is condensed and collected in the form of liquid drain upstream the return valve (located downstream the IC) which remains closed in this phase. After about 60 seconds from the opening of the inlet valve, the return valve opens, allowing the onset of the natural circulation. However, in this phase there is a series of complex phenomena of heat transfer where the liquid goes down towards the steam generator while it exchanges heat with the walls of the piping and the collectors of the steam generator, warming up and forming steam again. This is how the pressure starts to rise again and reaches a local maximum of about 180 bar while the natural circulation develops, before eventually reaching the equilibrium value of ~105 bar. Fig. 9 shows the average temperature of the salts. At the beginning of the transient, for a certain period of time, the system operates at its maximum nominal heat removal condition, where the noncondensable gases are substantially completely isolated in the gas tank. In this phase the sum of power removed by the IC and the heat losses exceeds that absorbed by the steam generator (and also the input power in the salt) and the temperature of the salts decreases. The heat transfer in the IC is governed in this phase by the saturation temperature of water at the total pressure of the system. 
[image: ]
FIG. 9. Average temperature of the molten salt during Transient 1

After a certain period of time a pressure threshold value is reached, linked to equilibrium conditions between the water and nitrogen inventories, for which the noncondensable gases expand from the gas tank and migrate to the colder region of the circuit that is the isolation condenser. In practice, mass transport is driven by an excessive mismatch between the steam generated by the steam generator and that condensed by the isolation condenser. Fig. 10 reports the increase in concentration of noncondensable gases during the transient within the isolation condenser tube. This increase is in line with the decrease in decay heat power introduced into the salts. 

[image: ]
FIG. 10. Concentration of noncondensable gases in the IC during Transient 1

Fig. 11 reports the power trends in the SG, IC and the heat losses during the transient. In particular, Fig. 12 shows the power balance during the first hour, while Fig. 13 shows the power balance on long term. Thanks to the ingress of noncondensable gases, the IC heat transfer efficiency is degraded in proportion to their concentration and in this way the power fed into the salts, the power extracted from the steam generator and the power evacuated by the IC (adding up the heat losses) balance each other. In the first phase of the transient there are many complex phenomena where the primary fluid heats or cools as a function of the regions of the facility in which it flows, while once a quasi-stationary heat transfer condition has arisen the incondensable gases allow for power balancing.
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FIG. 11. Thermal power balance during the Transient 1
[image: ]
FIG. 12. Thermal power during the first hour of Transient 1 
[image: ]
FIG. 13. Thermal power in the long term of Transient 1

The power balancing is clearly visible also from the water pressure and molten salts temperature, where both parameters reach an asymptote that allows in fact to cancel the decrease in temperature. Even if the equilibrium temperatures reached are not within the acceptable margins for a coolant such as lead, it should be emphasized that the numerical values are secondary in this phase because they depend on the sizing of the system. In any case, it can be attested that the code predicts properly the phenomenologies underlying the freezing delay system. 
Concerning the steam generator, the phenomenon of water preheating in the bayonet tubes is shown in Fig. 14. While the inlet temperature in the steam generator feedwater collector decreases with time because it is a function of the partial water pressure in the condenser region, the temperature at the bottom of the bayonet remains linked to the saturation temperature at the total pressure of the circuit, thanks to the regenerative heat transfer between the descending tube and the steam riser. This second phenomenon of interest allows the total pressure of the system to be uniquely linked to the temperature of the salts. 
Finally, Fig. 15 shows the trend of the liquid fraction over the height of the bayonet; it can be seen how in the first phase of the transient the heat transfer region is almost completely occupied by the vapor phase, while then it is subsequently flooded to make room for a condition of - almost- pool boiling type heat transfer.

[image: ]
FIG. 14. Main loop water temperature during Transient 1

[image: ]
FIG. 15. Bayonet steam generator liquid void fraction during Transient 1
Conclusions 
Passive safety systems for decay heat removal are promising for plants currently in operation and for future generation IV plants cooled by heavy liquid metal. A problem that they face given the automatic operation consists in the almost constant removal of power during their operation, with effects that in the case of liquid metal reactors can lead to the early freezing of the primary coolant. Ansaldo Nucleare has patented an innovative passive safety system capable of autonomously controlling the power removed towards the environment by adopting non-condensable gases that move autonomously in the circuit and balance the power removed with the power produced in the core. In order to experimentally demonstrate the safety system, a facility called SIRIO was produced which represents the safety system applied to the ALFRED reactor. Subsequently, the European PIACE project started to increase the experimental campaigns and evaluate the applicability of the system to other types of reactors, both innovative and traditional such as light water reactors. This paper offers a general overview of the SIRIO experimental facility and the PIACE project, subsequently reporting the activities carried out in the second WP of the project where the scaling of SIRIO was verified with respect to the new configuration of ALFRED as well as pre-test analyses with respect to the experimental matrix to be carried out on SIRIO. The results are encouraging because they demonstrate the system's ability to represent the physical phenomena of interest. In the continuation of the activities, the work will focus on carrying out the experimental tests and analysing the data. 
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