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Abstract

Passive safety systems are somehow limited by the lack of power control. This is particularly restraining when applied to liquid metal reactors because the coolant solidifies at a higher temperature than the external environment, which commonly constitutes the final heat sink. Coolant solidification poses the risk of inhibiting the natural circulation of the primary coolant and with it the decay heat removal, as well as possible mechanical stresses induced by the volume change from liquid to solid states. Ansaldo Nucleare patented a passive safety system for decay heat removal able to passively control the power removed to the final heat sink, exploiting the presence of non-condensable gases in strategic positions of the circuit. The system consists of 3 loops, each one is connected to one steam generator and is equipped with an Isolation Condenser immersed in a pool and connected to a gas storage tank. In 2016, thanks to a partial funding from the Italian Ministry for Economic Development, Ansaldo Nucleare together with ENEA, SIET and SRS started a project called SIRIO to design, build and test a scaled experimental facility with respect to ALFRED's DHR system. The paper aims to describe the facility by showing the scientific scaling aspects and discuss the first experimental campaign carried out on the facility. The behaviour of the main parameters of interest for the safety system are reported, such as the total pressure and temperature in the various areas of the system, which allow us to infer the concentration and transport of non-condensable gases. The results also guarantee to quantify the regenerative heat transfer of the bayonet steam generator that contribute to the operation of the passive power control system. The experimental data will be used for the qualification of the operating principle and the detailed design of the full scale system. 
1. INTRODUCTION
Many fast spectrum reactors have structures, systems and components in their designs that use passive systems for heat removal in the event of an accident. Among the reasons why these systems are used is the ability to perform their safety function by minimizing the number of components required, with obvious advantages from an economic [1] and reliability [2] point of view. In the ASTRID project, the reactor involved the use of a Direct Reactor Auxiliary Cooling System (DRACS) [3] which consists of a sodium loop connected to the reactor by means of a heat exchanger immersed in the primary pool and connected to the external environment by means of a sodium/air heat exchanger where heat is transferred by natural circulation of fluids. Also in India for the PFBR reactor currently under construction, a system with the same characteristics was evaluated, and it was also tested in the dedicated SADHANA experimental facility [4]. In the MYRRHA reactor, the secondary and tertiary circuits respectively fed by water (closed cycle) and air (open cycle) naturally transition from a forced flow condition to the passive natural circulation condition, removing the decay power in accidental conditions [5]. Given the innovative characteristics both for the type of circuit and for the low pressure operating conditions, the system will be tested in the dedicated HEXACOM facility to evaluate its effectiveness in conditions of normal operation and in natural circulation [6]. In the BREST-OD-300 reactor currently under construction in the Russian Federation, the decay heat in emergency conditions is removed by means of a system equipped with open air cycles connected to the reactor via heat exchangers [7]. For the ELSY reactor developed within the same European project [8], two completely independent passive decay heat removal systems were envisaged. In the first, a water tank if actuated fed a double-tube bayonet heat exchanger immersed in the reactor pool. The steam generated was then released via a stack. The second system instead provided for an isolation condenser connected to the main (helical) steam generator and was actuated following the isolation of the feedwater and steamline lines [9]. In the case of the SEALER reactor, the passive power removal from the reactor is carried out by exploiting the radiative heat transfer of the reactor vessel towards the reinforced concrete pit that surrounds it [10]. A similar concept is the one pursued by the Westinghouse LFR in which a Passive Heat Removal System (PHRS) is adopted where a series of thermal conduction and radiative heat transfer barriers connect the lead inside the reactor with an external pool of water that once completely evaporated leaves room for a natural circulation of air [11]. 
In the design concept envisaged for the ALFRED reactor [12], the main system for removing the decay heat involves the use of isolation condensers directly connected to the steam generators, a diagram for one of the three loops of the system is shown in figure 1. 
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FIG. 1. ALFRED Decay heat removal system.
In this system, as in many others previously mentioned, the temperature of the final heat sink, be it the external air or a boiling pool at ambient pressure, the minimum temperature is below the freezing temperature of the primary coolant. As a direct consequence of this, over time and depending on the type of design, the primary coolant will freeze with possible inhibition of the natural circulation of the liquid metal. At an experimental level, to date there are insufficient data to investigate the topic and the risks associated with this phenomenon, including but not necessarily limited to a reduction in natural circulation, localized precipitation of oxides, mechanical stresses linked to the volume variation in the change of state from fluid to solid. Ansaldo Nucleare in addressing this problem has devised and patented a variant of decay heat removal capable of passively modulating the power removed from the reactor coolant system towards the isolation condenser pool, making use of non-condensable gases inside the circuit [13][14]. 
The system is made of three circuits each having an isolation condenser. The latter have connected to their lower header a vessel or expansion volume which serves to accumulate the non-condensable gases. The system works as follows. During normal reactor operation, the three DHR circuits are isolated thanks to isolation valves; they are empty and contain nitrogen at a pressure lower than that of the feedwater and at a temperature in equilibrium with the surrounding environment. Upon their actuation, the feedwater and steamline interception valves are closed, the trapped water continues to receive energy from the reactor coolant system through the steam generator and therefore the pressure increases abruptly up to a set-point value, lower than that of safety relief valves, which involves opening the inlet valve of the isolation condenser. At this point, the steam enters the DHR and the gases are pushed into the non-condensable tank. After a delay, the DHR return valve opens and the water begins to circulate naturally by boiling in the steam generator and condensing in the isolation condenser. As long as the primary system temperatures are high and maximum removal power is required, the gases are trapped in the tank by pressure. With time and natural reduction of the decay heat, a mismatch occurs between the power produced and the power removed in the DHR, which would lead to a reduction in pressure. At the beginning of this moment, the nitrogen expands from the tank and is drawn back into the tube bundle of the isolation condenser. Due to the degradation effect of the heat transfer due to non-condensable gases [15], the power of the isolation condenser is passively reduced and the pressure in the DHR is maintained, ensuring, being a saturated system, the maintenance of the temperature above lead solidification point.
Even with an extensive numerical analysis to support this system, the experimental verification of the operation is mandatory, because although the physical phenomena underlying the operation are widely known, their combined use for the performance of the DHR functions has never been proven. To this aim, the SIRIO project has been underway for some years, partially financed by the Italian Ministry for Economic Development, in which SRS, ENEA, SIET and Ansaldo Nucleare have the task of designing, building and operating an experimental facility scaled down from the DHR of ALFRED to verify its functionality. This paper aims to present the SIRIO project as a whole, describe the experimental facility currently under construction at the SIET site in Piacenza and report the preliminary results obtained from the first experimental tests that were carried out on the facility. 
2. SIRIO PROJECT 
The SIRIO project has been active since 2016 and involves SRS, ENEA, SIET and Ansaldo Nucleare as main players in research and development and industry in Italy for the nuclear field and is divided into 6 Work Packages (WP) as shown in figure 2. 
In the first WP, the conceptual design of the experimental facility was carried out, thus starting from the full scale configuration of the DHR system integrated in ALFRED to define the size of the experimental plant that could simultaneously achieve the scientific results of the project and be feasible for the project budget. In addition to this, the operating procedures of the plant have been defined in the WP and the experimental test matrix has been defined, also used to carry out sensitivity analyses using the RELAP5-3D code to verify the existence of physical phenomena of interest for the full scale system [16]. 
In the second WP, the executive design of the facility took place, detailing the definition of the main components, including the innovative ones such as the bayonet heat exchanger and the isolation condenser, as well as the choice of instrumentation and electrical power supply and mechanical supports. In parallel, the assessment of integration of the facility within the existing structures took place with the use as far as possible of components already present on site for a sustainable use of available resources. 
In the third WP, the process of supplying the facility and all the elements of which it is composed took place, with relative transport to the construction site area and installation of all the components. In the same WP, the activities of as-built verification and the preliminary tests of the system are included (hydraulic test, verification of the measurement chain, thermal and hydraulic characterization of the system sections). 
The objective of the fourth WP, on the other hand, is the actual implementation of the first experimental test campaign on the facility. The test matrix identified in the previous WPs was carried out and experimental tests of interest were added as a function of the results that were analysed in parallel. 
In the fifth WP the analysis of the experimental data obtained by the facility takes place. In this context, the team analyses the experimental measurements obtained identifying which parameters affect the operation of the system and which are the most important terms for its optimization. In order to also qualify the numerical codes used for the performance analysis, the post-tests are carried out with different calculation codes (for example RELAP MOD 3.3, RELAP5-3D, CATHARE) to validate them for this system. In this context, it is emphasized how the experimental correlations for condensation in the presence of non-condensables have a very high intrinsic uncertainty due to the complexity of the mass and energy transport phenomena between the fluid phases and the structures. Finally, a qualified calculation model is produced within the WP for the study of the full scale DHR system applied to ALFRED. 
Finally, the sixth WP deals with disseminating the results obtained from the project for the good of the scientific community and young researchers through scientific articles and dedicated conferences. 
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FIG. 2. SIRIO Project.
3. SIRIO FACILITY 
The SIRIO experimental facility was born within the project having the same name to experimentally evaluate the operation of the innovative decay heat removal system of the ALFRED reactor, providing the necessary experimental data in a relevant environment at a significant scale, also allowing the qualification of several calculation codes with respect to the most important physical phenomena. The size of the plant was identified by balancing the need for a significant loop size to demonstrate the safety system with the funds available for the project. Ultimately, the choice fell on a scaling ratio of about 47, which determines a maximum power of SIRIO of about 55 kW, compared to a system configuration that manages a total power of 300 MWth through 8 steam generators, reduced to about 21 MWth following shutdown. SIRIO scaling was carried out by adopting the power-to-volume criterion characterized by the following main elements:

The power density is kept constant; the volumes are reduced according to the thermal power,
The heights are prototypical,
The operating pressure is prototypical.

This approach guarantees to correctly represent various physical phenomena such as:

natural circulation and mass transport in general
Flow patterns,
Type of heat transfer,
Time scales.

The scaling ratio made it possible to use some components already present in the SIET laboratories, such as a tank initially used in the SPES-3 facility which, due to its volume and design conditions, could be used as the non-condensable tank. Finally, since it is a system characterized by water, steam and gas, the scaling process guarantees to maintain the ratios of phases inventories representative of the real system. The facility consists of some main components, such as (1) The bayonet steam generator, (2) The isolation Condenser, (3) The bypass heat exchanger, (4) The noncondensable tank and (5) The isolation valves. Figure 3 shows a simplified scheme of the loop. 
[image: ]
FIG. 3. Conceptual scheme of the SIRIO facility 

The bayonet steam generator is made of ASTM A 240 TP 316 and consists of 11 bayonets placed in parallel, each of them having 3 pipes inside which the water circulates: the innermost pipe connected to the feedwater collector is open at the bottom and descends for the first 3 meters of the active length, the second pipe always connected to the feedwater collector is also open at the bottom and descends for the whole 6 meters of the active length while the third, connected to the steam collector, is closed at the bottom and contributes together with the second pipe to generate the riser for rising the fluid. The innermost pipe has the function of thermally insulating for half of the active length the water that descends with respect to the riser, forming a cavity that contains water and steam together with the second pipe. This is due to the desire to isolate the superheater zone and avoid regenerative heat transfer in favour of component performance as identified by previous studies [17]. Figure 4 schematically represents the 3 tubes of each single bayonet while figure 5 shows a photograph of the component before installation. 
[image: ]
FIG. 4. Conceptual scheme of the SIRIO facility 
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FIG. 5. SIRIO steam generator 
To provide electrical power to the component, it was taken care of the fact that during the various test conditions the liquid level inside the bayonet changes considerably, passing from a steady state condition at a constant level to conditions of only vapor or only liquid. This posed some problems from the point of view of electric heating as it seemed evident that the power control would be very onerous. To overcome this problem, it was decided to interpose a fourth tube around each bayonet containing molten salts, and to provide heating via heating cables wrapped around the salt tubes. This solution guarantees to provide homogeneous power on the salts and to allow the component to modify its own power performance along the height independently, as if it were actually immersed in the primary circuit of ALFRED. 

The isolation condenser is the second main component of the facility. To maintain a consistent scaling, the isolation condenser initially equipped with 16 2-meter tubes was reduced to a single tube of about 700 mm, to maintain a correct representativeness of the effective heat transfer surface. The scaling involved two important deviations: firstly, the transition from a bundle of tubes to a single tube modifies the heat transfer on the pool side, and secondly, the difference in height modifies the difference in thermal centres of gravity between the steam generator and the isolation condenser. As regards the first distortion, the supporting numerical evaluations have shown that for the purposes of the objectives of the experiment the type of heat transfer on the pool side is secondary, and as regards the change in height of the centres of gravity, it is less than 2%. The secondary side is constituted by a pool which heats up to a boil. The steam is then conveyed outside the workshop. Figure 6 shows on the left an axial section of the component, while on the right is a photo of the component inside the pool seen from below. 
[image: ]
FIG. 6. SIRIO Isolation Condenser 
The third heat exchanger of the facility is the bypass. On ALFRED, the normal operation involves the alignment between the steam generator and the Balance of Plant; the water then reaches the steam generator at a temperature of 335 °C and is sent to the turbine in superheated conditions between 430 and 450 °C depending on the power level of the reactor [18]. In the case of SIRIO, a prototypical secondary system with condenser and pump is not available, so it was necessary to add an auxiliary branch that would remove the power during the steady state phases of the plant before the test phases, allowing also to reach representative conditions of the plant before the accidental phases. The heat exchanger bypass is installed on this branch, formed by two parallel pipes placed in a shell with boiling water, whose level, which defines the active length, is controlled to maintain the desired pressure before the tests (between 170 and 180 bar as appropriate). 
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FIG. 7. SIRIO Isolation Condenser 
Lastly, the non-condensable tank consists of a cylindrical vessel placed vertically on the deck with a total volume of 127 litres and a total height of approximately 3600 mm produced in ASTM A 240 TP 304L. For this component, although already available, a design qualification was required for the prototypical conditions of the SIRIO facility. 
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FIG. 8. Power supply and data acquisition infrastructure 
Figure 8 shows the power supply and data acquisition infrastructure foreseen for SIRIO facility. The main facility areas are displayed in the dashed rectangles and are the following: 
Control room: in this area the facility operator can check and operate the facility components by the facility PC.
Electrical cabinet: inside this cabinet there are installed the electrical and electronic components needed to manage the facility, the cabinet is installed close to the real facility. Inside the cabinet there is the facility control PLC, its work is to manage the working and safety issues of the facility, to execute the command received by the facility operator and to acquire all the facility information. In the electrical cabinet there is also the Ethernet network switch, its work is to exchange all the facility communication by a set of Ethernet cables.
Thermocouple acquisition cabinet: inside this cabinet there are the acquisition cards needed to acquire the temperature inside the steam generator. The cabinet is installed close to the steam generator in order to have a very accurate acquisition. The acquisition cards are connected to the facility control PLC by Ethernet cables. 
SIRIO facility: this area is the real facility, it contains all the facility components like the steam generator, the isolation condenser, the valves, the piping and all the other facility components.
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FIG. 9. Data acquisition software architecture
The software infrastructure, see Figure 9, designed to control the SIRIO facility is composed of two main application:
RT-Application: the software running on the PLC (real time controller National Instrument CRio 9036).
SCADA: the application user interface running on the facility PC.

Main functionalities offered by SCADA application are collecting and driving by the RT-Application software. SCADA software displays the plant status and register on a Labview based database all the plant signals. Moreover, SCADA selectively disable the possibility to interact with certain facility components depending on SIRIO status, safety and security procedures, and current software-view prompted to the user. Aiming at simplifying the software usability, those components that could not be operated are usually grayed out and/or a warning message is prompted to the user if an action to a locked component is performed/required. It should be noticed that SCADA application could not be executed on a computer that is not connected to the facility network.
RT-Application is not only devoted for the physical interfacing between the plant and the SCADA, thus acquiring the signals produced by all the facility’s sensors and producing the commands controlling actuators, but also for plant control and monitoring, generating control signal such as actuator activation, and rising/handling warning/error conditions. It should be noticed that command actions, generated by the operator interacting with SCADA application, are not directly reported to SIRIO facility, as safety checks have to be formerly performed by RT-Application as to verify those requests not generating safety failures. Because this application have to assure plant safety conditions, the RT-Application remain in execution even if the SCADA application is not running on the facility PC. 

As regards instrumentation, the facility is supplied with the following:
the isolation condenser has 3 thermocouples at different levels that measure the temperature inside the pipes immersed in the pool, and 6 thermocouples that measure the temperature of the water in the pool at different levels.
The steam generator has 33 thermocouples that measure the temperature on the pipes heated by the heating cables, 101 thermocouples that measure the temperature at different points of the steam generator on the steam side and 94 thermocouples that measure the temperature at different points of the steam generator on the salt side.
25 thermocouples are installed along the circuit to provide an overall assessment of the temperature field. 
The pressure is evaluated by 4 relative pressure transducers and 11 differential pressure transducers, 
Both heat exchanger pools have level sensors, 
The heating cables have voltage meters to evaluate the input power.
4. RESULTS AND DISCUSSION 
During SIRIO project, all the commissioning activities of the plant were carried out, including verification of the acquisition system, pressure testing and procedures testing. Following, some preliminary experiment was carried out to verify facility functionality. The results obtained in one of the tests that characterized the first experimental campaign are reported in this section.

The first phase of the test involved the preparation of the initial conditions. To this end, the system was filled with water and the electric resistances were turned on to favour melting and heating of the salts, before increasing the power to obtain the raise the total pressure. In this process, approximately half of the initially contained mass was drained, condensed and weighed, in order to obtain an initial inventory of approximately 51 kg. To maintain the initial conditions the water level in the shell of the bypass heat exchanger was controlled to ensure stable heat removal at the desired system pressure. The initial conditions reached are recalled in Table 1.

TABLE 1.	EXPERIMENTAL BOUNDARY AND INITIAL CONDITIONS
	ID
	Unit
	Value

	Primary circuit water inventory (kg) 
	kg
	51

	Water pressure (bar) 
	bar
	181.2

	IC line gas pressure (bar) 
	bar
	109.4

	Thermal power (kW) 
	kW
	55.0

	SG fluid inlet temperature
	°C
	356.0

	SG fluid outlet temperature
	°C
	358.3

	HX fluid inlet temperature
	°C
	358.4

	HX fluid outlet temperature
	°C
	355.0

	Gas Tank temperature (avg.)
	°C
	15.0



The test provides for the isolation of the bypass heat exchanger with automatic activation of the isolation condenser branch to evaluate the heat removal performance, and the behaviour of pressure and temperature field. The main events of the transient afferent to the mechanical components are in Table 2. 

TABLE 2.	TEST MAIN EVENTS
	#
	Event
	Time (s)

	1 
	Closing valve PV616 upstream HX
	0

	2 
	Closing valve PV617 downstream HX
	0

	3 
	Opening valve PV613 upstream IC
	95

	4 
	Opening valve PV615 downstream IC
	155

	5
	Decay heat ramp start
	2006

	6
	Closing valve PV616 upstream HX
	0



During the test, the power is supplied according to the curve in Figure 10. The power remains constant for about 2000 seconds from the start of the test to account for heat capacity of the structures in the isolation condenser branch, which in a full scale system would be negligible, but which impact the transient trend at reduced scale. Following this, the curve follows the trend of the ALFRED decay curve, properly scaled for the size of SIRIO. 
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FIG. 10. Electrical power supplied

To crown the essential information introducing the test conditions, it should be pointed out that in an unspecified moment of the test, a crack on the non-return valve that connects the loop in the upper part with the drainage system broke. This resulted in a continuous loss of water inventory during the test towards the experimental hall, with a not negligible influence on the results obtained. During the maintenance phases of the plant the day following the test, it was certified that all the mass contained in the plant was lost. 

Figure 11 shows the pressure trend in the water region of the loop and in the region of non-condensable gases. At the beginning of the transient, the water side circuit is at a pressure of about 180 bar, while the isolation condenser branch is at 110 bar. As soon as the branch containing the bypass heat exchanger is isolated, a pressurization of the steam generator is recorded up to the set-point value of 190 bar, the instant in which the inlet valve to the isolation condenser is opened. Once the two sides of the circuit are connected, they find a first point of balance around 145 bar. A transient phase is then observed which lasts about 1 hour in which the pressure remains almost constant, between 125 and 110 bar. Thereafter, there is a constant depressurization which after about 4 hours brings the system to a pressure of about 50 bar.

[image: ]
FIG. 11. Pressure trend in the water loop (PT717) and inside the gas tank (PT719)


Figure 12 shows the temperature trend at the steam generator inlet. The system starts at a feed temperature of approximately 350 °C, i.e. at saturation at the operating pressure of 180 bar. In a first phase, during the alignment between the steam generator and the isolation condenser, a significant decrease in the feed temperature is observed, mainly due to water overcooling caused by the thermal inertia of the initially cold IC branch. The temperature subsequently rises to remain in a range between 300 °C and 250 °C, before gradually reducing in accordance with the system depressurization. 
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FIG. 12. Steam generator fluid inlet temperature (TP201)

Figure 13 shows the trend of the outlet temperature from the steam generator. Regardless of the inlet conditions, it constantly maintains the saturation value at the total pressure of the system, a sign of a continuous removal of heat in all phases of the transient. 
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FIG. 13. Steam generator fluid outlet temperature (TP002/TP011/TP012)

The temperatures around the isolation condenser, i.e. at the inlet, outlet, and downstream of the orifice, are shown in figure 14. The trend of the TP201 thermocouple in the first phase of the transient should not be considered as it is subject to electromagnetic disturbances during the beginning of the experiment. It is noted how the inlet temperature follows a trend similar to that of the outlet temperature of the steam generator, shifted downwards due to thermal losses. The outlet temperature from the isolation condenser records a sharp drop between 1500 and 4000 seconds: in this phase it is inferred that due to the ingress of non-condensable gases into the isolation condenser, condensation takes place at the partial pressure of the component, therefore dictated by the high gas concentration. On the other hand, the temperature trend downstream of the orifice, just before entering the steam generator, shows a trend at higher temperatures which allows to certify the absence of non-condensable gases under the orifice. 


[image: ]
FIG. 14. Isolation Condenser fluid inlet temperature (TP204), outlet temperature upstream the orifice (TP211) and temperature downstream the orifice (TP201)
5. CONCLUSIONS 
Innovative generation IV reactors require tailored solutions for several systems and components to ensure their applicability with the specificities of the coolant. This principle applies in particular to decay heat removal systems that use passive principles, given the solidification temperature of the coolant which is higher than that of the external environment. The aim of the SIRIO project was to design, build and run an experimental facility representing an innovative safety system for the ALFRED lead fast reactor, based on principles patented by Ansaldo Nucleare. This paper has briefly shown the structure of the project and the main features of the facility, together with the results of one of the first experimental tests. The results were strongly influenced by unforeseen events on the plant which led to a reduction in the water inventory during the test, however, it is possible to find different phenomena of interest that will be important for the validation of the calculation codes. Over the next period, the plant will be the scene of a new experimental campaign that will serve for the validation of the calculation codes and for the demonstration of the operation of the safety system.
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