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Abstract

:

The HCPB TBS (Helium-Cooled Pebble Bed Test Blanket System) is one of the two European TBSs that will be installed and tested in the ITER reactor. The use of flanged connections in the Helium Coolant System and the Tritium Extraction System of the HCPB TBS would make the remote maintenance operations easier and faster. Therefore, investigating the helium leakage from flanges becomes a fundamental step toward the control of the tritium activity in the Port Cell, as the helium flow will contain a variable but not negligible amount of tritium. The first set of experiments on helium leakages from flanged connections is described in this paper. The experiments were performed in a HeFUS3 facility, an eight-shaped helium loop designed to work at HCPB-TBS-relevant conditions. The facility can provide a helium mass flow rate in the range of 0.27–1.4 kg/s and can reach a pressure as high as 80 bar and a temperature up to 530 °C. Two types of gaskets were tested in this campaign: a spiral-wound gasket and an oval ring joint. The gasket/flange assemblies are described in detail in this paper, together with the test section that hosts them and the performed commissioning tests. The tests were carried out at 500 °C and 80 bar. In these conditions, the leak rate from the flange with the oval ring joint resulted in being, on average, 1.42·10−6 mbar∙L/s, while the leak rate from the flange with the spiral-wound gasket resulted in being, on average, 3.73·10−3 mbar∙L/s.
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1. Introduction


Following the expected high gamma irradiation, maintenance operations on the Test Blanket Systems (TBSs) of the ITER fusion reactor are required to be fully remote. The maintenance requirements for the European TBSs are described in detail in Galabert et al.’s study [1], which includes a description of inspections, predictive maintenance, and corrective maintenance procedures for the various subsystems.



In order to facilitate and shorten the Remote Maintenance (RM [2]) of the HCS (Helium Cooling System) components of the HCPB TBS (Helium Cooled Pebble Beds) [3], IO (ITER Organization) requested to design and manufacture the critically positioned components with flanged connections. For example, pipes of the Ancillary Equipment Unit (AEU) will need to be dismantled, and Remote Maintenance operations on flanged connections are much faster than on welded joints. Considering this preference for flanged connections expressed by the Remote Maintenance team, ITER Organization required a first estimation of the leakage rate from flanged connections. The results of this activity can be used as the basis to decide the type of connection and possible mitigation strategies. For instance, the use of guard pipes can help both in preventing tritium from contaminating the building and in detecting increases in the leak rate [4]. This could also prevent long and painful decontamination operations.



The importance of helium leakages on the total tritium release rate has been recognized since the early development of TBSs, together with the need to quantify them and prepare mitigation strategies (e.g., see the study by Wong et al. on helium cooling for fusion reactors in general [5] or Farabolini et al.’s analysis, which is more focused on helium-cooled TBSs [6]). Instead, the possibility of significant amounts of tritiated water to leak from seals and flanges was excluded by the analysis of Fütterer et al. [7].



Following the decision to reduce the equatorial ports available for TBM (Test Blanket Module) testing from three to two [8] and the current strategy of optimizing the testing of different coolant–breeder combinations, the HCPB TBS will likely not be directly included in the testing program. However, the results described in this paper are also relevant for other helium-cooled TBMs, such as the Korean-supported Helium-Cooled Ceramic Reflector [9], which has similar operative conditions and RM needs.




2. Materials and Methods


HeFUS3 (Figure 1) is an eight-shaped helium loop designed and built by ENEA that has working conditions that are relevant for the HCPB TBS. The facility can provide a helium mass flow rate in the range of 0.27–1.4 kg/s and can reach a pressure as high as 80 bar and a temperature up to 530 °C [10]. HeFUS3 has been used in the past to test instrumentation and to simulate accidental transient scenarios (LOCA and LOFA). Moreover, simulations with RELAP5-3D have been carried out with the aim of reproducing the experimental campaign in steady-state and transient conditions [11].



The eight-shaped configuration allows for the two separate loop regions to have different temperature regimes: the one containing the helium turbo-circulator, which tolerates a maximum temperature of 100 °C, and the region of the test section, where a maximum temperature of 530 °C can be reached. An economizer, which is placed in the middle between the two regions, allows for the recovery of enthalpy. Two coolers reduce the helium temperature to below 100 °C: a water-cooled heat exchanger is always under operation, while the air cooler is only switched on with the most challenging operative conditions. The main loop components in the present configuration are as follows:




	
The compressor, which is able to deliver a maximum flow-rate of 1.4 kg/s;



	
Three electrical heaters, for a total power of 210 kW;



	
Two cooling systems: a shell-and-tube helium–water heat exchanger (1 MW) and an air cooler (about 300 kW);



	
A shell-and-tube helium–helium heat exchanger (economizer);



	
The electrical cabinet, which is able to supply 1.3 MW.








The compressor (K300) is a turbo-circulator designed as a one-stage centrifugal turbo machine driven by a built-in high-speed asynchronous motor. The turbo-circulator has a single-stage impeller with the electrical motor immersed in helium inside a pressure vessel closed at the two ends by dismountable flanges. The electric motor shaft is supported by magnetic bearings. The working stage of the TC consists of a blades wheel, a vane diffuser, and a spiral case. The wheel is fixed to the shaft of the high-speed asynchronous motor, which is supported by magnetic bearings.



The heater system is subdivided into three identical heating modules (E219-1/2/3 in Figure 1), and each of them is constituted by a bundle of 30 U-bent active rods immersed in a vertical cylindrical pressure vessel. The rod bundle is provided with diaphragm plates for heat-transfer improvement. Each heating module can be controlled separately.



The air-cooler component (E240) is located at the compressor inlet in order to reduce the corresponding helium temperature below the maximum design value (100 °C). It is a counter-flow helium–air heat exchanger, where the helium flows inside the tube bundle, whilst the air flows outside the external surface of the tubes. A helicoidal stainless-steel sheet is welded on the outside surface of the tube to increase the overall thermal conductance. The bundle arrangement is as compact as possible, with the finned tubes in a triangular array and welded to two cylindrical distributors. Meanwhile, the tube-and-shell helium/water heat exchanger (E215) is characterized by a nominal thermal duty of 900 kW. It is in the cold branch, downstream of the air cooler, that it further cools the helium flowing towards the TC suction line. The primary fluid, helium, flows towards the tubes, and the water flows towards the shell zone with a series of diaphragm sheets.



The economizer (E214, Figure 2) is a high-efficiency (>79%) vertical shell-and-tube configuration helium/helium heat exchanger. It is placed at the crossover point to recover the gas enthalpy before recirculating the helium through the compressor. The hot helium coming from the Test Section flows through a bundle of straight tubes that are welded between two tube plates and immersed in a cylindrical pressure vessel. The cold helium counter-flows in the shell zone, where a series of diaphragm sheets allow the enhancement of the global thermal exchange.



The loop was designed to operate at the following operative modes:




	
Long-term isothermal cooling flow;



	
Slow thermal cycling flow;



	
Fast cold thermal shock flow;



	
LOCA/LOFA simulation.








The helium tank V205, located on the compressor outlet, with a capacity three times the overall volume of the piping (around 3 m3), has the main function to control the pressure variations due to the temperature excursion during the experimental test activity. The loop can be managed by the Data Acquisition and Control System for each functioning mode. An independent system is used for the control and monitoring of the turbo-circulator.



Pictures of the test section are shown in Figure 3. Each flanged connection is isolated from the environment and from the other flanged connections by a box welded around it. Each box is just slightly bigger than the flanged connection it encircles. Two Swagelok fittings are welded to each box: one to insert a K-type thermocouple in the box (in contact with the external surface of the flange) and the other to connect a pipeline to the box. A schematic of the test section is shown in Figure 4. The pipeline connects the boxes to the leak detector and to a calibrated leak (2.9·10−9 mbar∙L/s). An actuated Swagelok diaphragm valve can isolate each box from the rest of the line.



The selected leak detector Is the ASM 340, supplied by Pfeiffer Vacuum (Asslar, Germany), which can detect a minimum leak of 5·10−12 mbar∙L/s in vacuum mode. The leak detector is equipped with a vacuum station that pumps the vacuum in the boxes around the flanges under testing and a mass spectrometer that can measure hydrogen, helium-3, and helium-4 and that, in this experimental campaign, performed an integral measurement of the leaking helium in mbar∙L/s, from which it is possible to evaluate the average leak rate.



The calibrated leak was conceived to check If the leak detector was correctly measuring the leak, when the valves were closed (boxes isolated from the detector) and when the valves were open, but the facility was not filled with helium. This step was useful to assess the tightness of the whole test section and to exclude possible leaks from the external environment.



The experiments are relevant for the Helium Coolant System of the HCPB TBS and for the high-pressure leg of the Coolant Purification System (CPS), and they were carried out at the most challenging conditions (about 500 °C and 80 bar) [12]. Moreover, the results of the testing can be later extrapolated to the less challenging conditions of the Tritium Extraction System (TES).



Each test is started by opening one of the diaphragm valves after the testing conditions are reached. A vacuum in the corresponding box is created by the leak detector through its turbomolecular pump. After a stationary condition is reached, the acquisition of the measured leak is started. The test duration was adapted case by case, always trying to minimize the impact of random oscillations on the results. In the tests in which the signal was very stable, the test duration was shortened.



The tested flanges are compliant with the standard ANSI B16.5. The flanges, supplied by Stylflange S.r.l. (Ravenna, Italy), have a nominal diameter of 3 inches. Two types of gaskets were tested in this campaign: an oval ring joint in AISI 316 and a spiral-wound gasket with the metal part made of AISI 316L and mica-graphite as filler material. Both gaskets, shown in Figure 5, were manufactured by Tecnoservice Italia S.r.l. (Brescia, Italy), and they are compliant with ANSI B16.20. The flanges for the spiral-wound gasket have trapezoidal grooves, whose dimensions are shown in Table 1, while the dimensions and engineering tolerances of the oval ring joint are shown in Table 2.



Raised face flanges with concentric grooves were used with the spiral-wound gasket. Their dimensions are provided in Table 3. Table 4 shows the dimensions and engineering tolerances of the spiral-wound gasket. The spiral-wound gasket has the centering outer ring but not the inner ring.



Nine tests were performed: five on the oval ring joint and four on the spiral-wound gasket. Several other tests were rejected because of the unstable conditions or data-acquisition issues. Table 5 shows the conditions during the 9 tests.



Before we started the experiments, four commissioning phases were carried out. Firstly, the flanges with the spiral-wound gasket were tightened at 170 Nm, while the ones with the oval ring were tightened at 200 Nm. The tightening torques were suggested by the manufacturers. The tightness was later verified with a hydrostatic test at 160.7 bar and 20 °C with water for 4 h.



Secondly, the tightness of the test rig was assessed by using a leak detector in sniffing mode. A vacuum was created in the boxes, and then a small overpressure of helium was injected (using an external helium tank). Each welding and each fitting was sniffed with the detector to assess its tightness. This phase was preceded by X-ray radiographies on each welding joint that demonstrated the absence of porosities.



Thirdly, after the installation in HeFUS3, the vacuum was pumped for about 24 h in the entire facility to remove any trace of water and air. Then, the facility was heated up to 150 °C and kept at this temperature for about 24 h in order to degas the walls of the pipes and of the flanges. After 24 h, the vacuum was pumped again until the pressure reached an almost constant value at about 10 mbar. At this time, helium was flowing, and the pressure was about 20 bar. Then, a leak was simulated through a calibrated device to check the accuracy of the measurement. The outcome of this step was that the accuracy of the measurement was not significantly altered by the experimental setup.



Finally, a test in cold conditions, at about 40 bar, was carried out to check if the facility and the instrumentation were correctly working and to evaluate the flanges’ leak rate before heating up.




3. Results


The results of the tests are reported in this section. All of the tests were performed at about 80 bar and 500 °C, with flowing helium.



The leak rate of the oval ring joint resulted, on average, in being 1.42·10−6 mbar∙L/s, as shown in Figure 6. This average comes from the tests number two, three, four, and five, as the first test showed, on average, a leak rate of 1.54·10−5 mbar∙L/s, that is, one order of magnitude more than the other four. A deep investigation of the test parameters and of their trends during the first test revealed that the helium temperature underwent an abrupt excursion due to an unexpected transient in one of the three heaters. However, given that the test was repeated another 4 times, obtaining four very similar values among them, the first test was not considered in the average. The average standard deviation of the four tests is about 15%.



Instead, the leak rate of the spiral-wound gasket resulted in being, on average, 3.73∙10−3 mbar∙L/s, as shown in Figure 7. The average standard deviation is about 0.7%. As the leak rate of this gasket was considered with respect to expected values, the test section was disassembled at the end of the tests, and the bolts were checked to guarantee that they were not partially loosened during the heating and cooling processes. However, the bolts were still tightened with the same torque applied before the start of the experimental campaign (170 Nm), allowing us to exclude the theory that the leak rate values depend on the wrong installation of the gasket.



The time-dependent values depicted in the plots of Figure 6 and Figure 7 were averaged over the acquisition times to give an estimation of the leak rate. These average values are complemented by the standard deviation of the acquired data and by the estimation of the measuring error, which takes into account the accuracy of the instruments involved in the measurements, the errors introduced by the signal chain from the instruments to the data acquisition system, and the random oscillations of the measured quantities (by the so-called sum-root-squared method). The measuring errors evaluated in this way average to about ±20% for the oval ring joint measurements and to about ±5% for the spiral-wound gasket ones.




4. Discussion and Conclusions


An estimation of the leakage rate from flanged connections was requested by the ITER Organization, given the importance of flanged connections in the remote maintenance operations foreseen for the HCPB TBS. For this reason, leak rates were measured on two types of gaskets: oval ring joint (AISI 316L) and spiral-wound gasket (AISI 316L + mica-graphite). The test section was commissioned prior to the testing in order to verify the correct installation and to assess its capability to measure small leak rates. The tests were performed at about 500 °C and 80 bar, the most challenging conditions for flanged connections among the HCPB operating points.



The tests revealed a leak rate for the oval ring joint of about 1.42·10−6 mbar∙L/s, while the average value for the spiral-wound gasket was about 3.73·10−3 mbar∙L/s. The latter value is higher than expected and was originally associated with a possible issue with the flange tightening, maybe occurred during the heating of the facility. However, the test section was disassembled at the end of the tests, and the tightening was checked; the bolts were not loosened. It is the authors’ opinion that a further investigation could be worth performing to gain more insight into the use of spiral-wound gaskets in helium systems, for instance, by changing the flange design or the materials of the gasket itself.
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Figure 1. Main window of the Data Acquisition and Control System of HeFUS3 facility, with details of the test section. 
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Figure 2. P&ID of Hefus3 facility, with labels indicating the main components. 
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Figure 3. Pictures of the test section. The picture on the left shows, in the foreground, the leak detector used to measure the leak rates, while the test section can be seen in the background: the two cylinders host the flanged connections to be tested and are connected to the leak detector by two ¼″ stainless-steel pipes. The picture on the right shows the test section from the top, after thermal insulation was added to keep the temperature as constant as possible during the measurements. The ¼″ pipes can be seen in the top part of the picture, coming out from the thermal insulation. 
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Figure 4. Schematic of the test section assembly. 
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Figure 5. Schematics of the gaskets under testing. The picture on the left shows the spiral-wound gasket, with labels indicating the two parts that form it. The picture on the right shows the oval ring joint gasket, with a sketch of its peculiar cross-section. 
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Figure 6. Trends of the leak rate from the oval ring joint during the tests, from #1 (on the left of the top row) to #5 (on the bottom row). 
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Figure 7. Trends of the leak rate from the spiral-wound gasket during the tests, from #6 (on the left of the top row) to #9 (on the right of the bottom row). 
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Table 1. Dimensions of the flanges for the spiral-wound gasket.
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	Parameter
	Value





	Roughness
	8.0 μm



	Angle of the inclined side
	22.5°



	Depth
	7.9 mm



	Width
	11.9 mm



	Pitch diameter
	123.8 mm
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Table 2. Dimensions of the oval ring joint, with engineering tolerances.






Table 2. Dimensions of the oval ring joint, with engineering tolerances.





	Parameter
	Value
	Tolerance





	Width of the ring
	11.13 mm
	±0.50 mm



	Height of the ring
	17.53 mm
	±0.50 mm



	Mean diameter
	123.83 mm
	±0.18 mm
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Table 3. Dimensions of the grooves of the flanges for the oval ring joint.
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	Parameter
	Value





	Roughness
	250 μm



	Height of a groove
	0.4 mm



	Width of a groove
	0.8 mm



	Number of grooves per inch
	50










[image: Table] 





Table 4. Dimensions of the spiral-wound gasket, with engineering tolerances.
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	Parameter
	Value
	Tolerance





	External diameter
	149.35 mm
	±0.8 mm



	Width of the winding
	19.05 mm
	±0.8 mm



	Internal diameter
	101.60 mm
	±0.4 mm



	Thickness (winding)
	4.445 mm
	±0.127 mm



	Thickness (ring)
	3.20 mm
	±0.105 mm
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Table 5. Testing conditions for the 9 experiments performed during the experimental campaign.
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	Test Number
	P

(bar)
	Gasket

T (°C)
	He T

(°C)
	He Flow Rate

(g/s)
	Tested Gasket





	1
	78.0
	472
	494
	362
	oval ring joint



	2
	80.0
	461
	490
	362
	oval ring joint



	3
	79.7
	460
	485
	362
	oval ring joint



	4
	79.6
	458
	483
	361
	oval ring joint



	5
	79.6
	456
	483
	361
	oval ring joint



	6
	80.0
	482
	491
	360
	spiral wound



	7
	80.0
	482
	492
	360
	spiral wound



	8
	80.0
	482
	492
	360
	spiral wound



	9
	79.6
	484
	493
	360
	spiral wound
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