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1. INTRODUCTION[image: ]
Fig. 1 Schematic drawing of (a) WCCB TBM bolted with ITER TBM frame, and (b) Submodule design

To gather data on heat extraction and tritium self-sufficiency, the Water-Cooled Ceramic Breeder (WCCB) Test Blanket Module (TBM) is being developed as a prototype for Japan's DEMO breeding blanket (BB), as illustrated in Figure 1(a). The submodule, shown in Figure 1(b), is a critical component of the WCCB TBM, essential for both tritium breeding and withstanding plasma heat loads. It operates with a coolant at 15.5 MPa and 300°C, circulating through a container and U-shaped pipes. The pebble bed packing in the container consists of beryllium (Be) and lithium titanate (Li2TiO3), which function as the neutron multiplier and tritium breeder, respectively. Since the TBM will be subjected to plasma heat loads within the ITER environment, it is imperative to ensure sufficient structural integrity. Structural integrity assessments have confirmed that the current submodule design can withstand both coolant pressure and plasma heat loads [1]. Building on this success, it is essential to fabricate a physical submodule mock-up [2, 3] for design validation prior to its installation in ITER. Simultaneously, a heat flux testing system has been established at the Rokkasho Institute for Fusion Energy of the National Institutes for Quantum Science and Technology in Japan. This system is designed to simulate the heat load intensity and operational states (normal, incident, and accident) expected in ITER. Before conducting heat flux testing on the mock-up, it is crucial to calibrate the equipment to accurately measure the beam profile, heat flux intensity, and distribution, in addition to performing non-destructive and non-contact temperature measurements. For this study, we have designed and fabricated a Faraday cup and a Calorimeter to measure the beam configuration and net heat flux intensity, respectively. An infrared (IR) camera has also been introduced for surface temperature measurements during beam bombardment based on the physical submodule mock-up. Preliminary results will be reported to aid in optimizing the subsequent design work of the WCCB TBMJapan is considering the water-cooled ceramic breeder (WCCB) concept as the primary candidate for the DEMO breeding blanket (BB) to advance fusion power generation in its early stages. The WCCB Test Blanket Module (TBM), illustrated in Fig. 1(a) and designed as a prototype for the DEMO BB, will be installed in equatorial port No. 18 in ITER. It aims to demonstrate and accumulate data on heat extraction and tritium self-sufficiency for developing the DEMO BB. A key component of the WCCB TBM is the submodule, depicted in Fig. 1(b), which is essential for the primary functions of TBM: tritium breeding and resistance to plasma heat loads. The system utilizes coolant resembling that of a pressurized water reactor (PWR), operating at 15.5 MPa and 300°C, which circulates through containers and U-shaped pipes. The pebble bed in the container consists of beryllium (Be) and lithium titanate (Li2TiO3), serving as neutron multiplier and tritium breeder, respectively. Given that the TBM will be exposed to various physical environments within ITER, it must endure not only individual loads, such as thermal and electromagnetic forces but also combinations of these loads. Previous studies have performed structural integrity assessment [1], mock-up fabrication [2] and preliminary design of WCCB TBM [3]. Therefore, physical mock-up fabrication and relevant testing are crucial for design validation before installation in ITER. Based on above, four experimental apparatuses have been established at the Rokkasho Institute for Fusion Energy within the National Institutes for Quantum Science and Technology in Japan to replicate the load intensity and operation state (normal, incident, and accident) expected in the ITER TBM. These apparatuses focus on heat flux testing, flow-assisted corrosion testing, coolant ingress testing, and Be-H2O reaction testing. Relevant preliminary results have been reported [4]. In this study, a physical mock-up has been fabricated, and preliminary results focused on the heat flux testing will be reported to aid in optimizing the subsequent design work of the WCCB TBM.
2. HEaT FLUX TESTING SYSTEM
The heat flux testing system is illustrated in Fig. 2 (a) and (b), which show the general layout and a cross-sectional view of the vessel, respectivelyshowing the general layout and a cross-sectional view of the vessel, respectively. A PWR-like water coolant loop, will operateing at 15.5 MPa and 300°C conditions, will be used to simulate the actual high-temperature and high-pressure operational state in ITER. This loop will be connected to the mock-up and installed on the specimen port of the vacuum vessel. An electron beam (EB) gun, capable of delivering a full power of 600 kW, is positioned to target the mock-up directly, allowing the EB to be applied to its surface. The heat flux intensity can be uniformly distributed across the full mock-up (comprising 56 submodules, H 1.7 m×W 0.5 m) at levels of 0.30 MW/m² and 0.84 MW/m² levels through EB scanning. Additionally, the system can supports transient heat loads on the physical mock-up (consisting of 1 submodule), capable of achieving rates of 2.4 MJ/m² in just 10 ms. An infrared (IR) camera will be used to monitor and measure the temperature of the mock-up's first wall, enabling allowing for a quantitative evaluation of both temperature and its variations. In the early stages, a uniform cyclic heat flux distribution at low-level energy will be applied to the single submodule for system calibration, aimed at accumulating data and operational experience. Furthermore, larger-scale heat flux tests for design validation will be conducted.
3. Calibration of heat flux testing[image: ]
Fig. 2, (a) Layout of heat flux testing system, and (b) cut view of vacuum vessel.

[bookmark: _Hlk191405430]Before conducting heat flux testing on the mock-up in this system, it is essential to calibrate the equipment used for measuring the intensity of the net loading heat flux. The calorimeter designed for evaluating the net loading heat flux intensity applied to the mock-up is depicted in Fig. 3. It features a φ10 mm heat receiving element made of F82H (the structural material of WCCB TBM), which is connected to a thermocouple and operates in an isothermal state to prevent interference with the heating process. A shielding structure, with an effective area of φ5 mm, is positioned for the EB bombardment and serves as a collimator as shown in Fig.3 (a). Seven collimator matrices are located within an area of 102.4 mm in diameter (the current submodule design), which facilitates temperature recordings at both the center and the edge of this area, as depicted in Fig. 3(b). The measured temperature variations will be analyzed using the equation shown in Fig. 3(c) to calculate the net loading heat flux of the heat receiving element. To simulate the design heat flux of 0.3 MW/m² for ITER, the cathode current is set to 550 mA, and the beam voltage is adjusted to 30 kV. The relationship between the collimator locations and the net loading heat flux is calculated and presented in Fig. 3(d). A minimum net heat flux exceeding 0.30 MW/m² is consistently observed regardless of location. The average heat flux summarized by the seven collimators is 0.34 MW/m². Furthermore, the variation in heat flux across the submodule design is maintained within a range of 0.02 MW/m² (1σ). This indicates that the design heat flux for physical mock-up testing, under the specified intensity of 0.30 MW/m², can be successfully achieved. The heat receiving elements located in the top-right area (elements ①, ②, and ④) exhibited a lower net heat flux compared to the others. To investigate whether this difference in net heat flux is due to measurement errors or issues with the manufacturing process between the heat receiving elements and the thermocouples, we will conduct a position exchange of the heat receiving elements. Relevant investigations shall be reported.[image: ] 
Fig. 3 (a) Design of heat receiving element, (b) Assembly state of calorimeter, (c) Equation of heat flux evaluation, (d) Heat flux distribution.
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