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Introduction
· A reduced activation ferritic steel, helium-cooled ceramic breeder blanket (HCCB) concept has been considered as one of the blanket options for a fusion energy reactor application under moderate neutron wall loads of 2.5 to 3 MW/m2. Research on this blanket concept has been carried out mainly in Japan and in the EU. In the US, several R&D projects were discontinued and/or not pursued in depth due to program changes. Except for structural materials development, HCCB related R&D in the US is conducted on a university level, which currently consists of four graduate students at UCLA along with some IEA collaborations.  
· Because water is being used as a coolant for the ITER device, a low-temperature water-cooled ceramic breeding blanket is a potential option for the breeding blanket concept if ITER decides to have in-situ tritium breeding capability in its second phase of operation. (Japan has proposed a high temperature water-cooled ceramic breeder test blanket module to be tested in ITER.) Continued R&D efforts in this area through participation in the ITER ceramic breeder blanket testing program is crucial to maintain and develop the knowledge and expertise that would allow the US to play a key role in the development of critical tritium production technology in ITER and beyond. 
Current US Role in HCCB ITER Test Blanket Program 
· The US strategy for fusion energy blanket research over the last decade was oriented toward high-risk, high-payoff blanket concepts. The efforts on the HCCB have been modest but sufficient enough to maintain collaborations between the US and the international community.  This collaboration has warranted continued access to R&D results from the larger international programs in the EU and Japan. Continuing with this collaboration, the US role on the ITER HCCB test blanket program can readily be expanded to a supportive one. The US will contribute unit cell/submodule test articles that focus on particular technical issues through a collaborative test program. 
· If agreed upon by major responsible parties, the US in its supportive role would thus have a greatly reduced financial commitment, yet obtain critical data for technology development of a helium-cooled ceramic breeder blanket for tritium fuel production and electricity generation.
Overall Test Blanket Mission and Specific Testing Objectives

· The objective of the testing program in ITER is to utilize its testing capability to provide critical experimental data for the development of:
1) a breeding technology for producing the tritium necessary for the continued DT fusion research and the extended operation of ITER, and 
2) a blanket technology for the extraction of high grade heat and electricity production.   
Specific testing objectives in ITER include:
· validation of TBM structural integrity under combined and relevant thermal, mechanical and electromagnetic loads, 

· validation of tritium breeding predictions,
· validation of tritium recovery process efficiency, tritium control and inventories,
· validation of thermal predictions for strongly heterogeneous breeding blanket concepts with volumetric heat sources,
· validation of predictive materials behavior models, and 

· demonstration and understanding of the integral performance of the blanket components and material systems

HCCB Testing Strategy

· The unique testing conditions in ITER include a large test volume and a correct neutron energy spectrum for nuclear heating and tritium production. Both are essential in assessing the uncertainties that can not be easily addressed outside the fusion environment. In particular, these uncertainties include the effects of he thermomechanical behavior of the breeder and beryllium particle beds under temperature and stress (and irradiation) loading on the thermal contact with the cooled structure and its impacts on blanket performance. Furthermore, nuclear performance and blanket geometry are strongly coupled and its tritium production and temperature control can only be optimized in a fusion testing device.

· The US considers ITER an important fusion testing device for performing initial fusion “break-in” tests, including calibration and exploration of the fusion environment. This exploration includes the screening of a number of configurations.
HCCB ITER Test Plan 

· Tests of any blanket concept cannot be performed with a simple look-alike mock-up because the major parameters of ITER (such as neutron wall load, duty cycle) are too far from the assumed reactor conditions. One way to compensate for reduced operating conditions is to use many TBMs, with each dedicated to a class of experiments, while designing several TBMs, each devoted to a family of objectives. To reach the specific objectives of each TBM, it is desirable or even mandatory to establish representative operational conditions (“act alike” tests in comparison of the selected objective). 

· The test blanket units/submodules will be integrated and inserted into the helium-cooled ceramic breeder test port (port A). Four sequential phases can be envisioned in concert with the phases of ITER operation:  (1) FW structural thermomechanics and transient electro-magnetic (EM/S) tests will be performed during the HH phase, (2) neutronics and tritium(NT) production rate prediction (NT) tests will be performed during DD and the early DT phase, (3) tritium breeding and release and thermomechanics explorations (TM) tests during the DT-phase, and (4) integrated tests with irradiation to higher neutron fluences during the late DT-phase. The integrated testing objectives are to study configuration effects on tritium release and pebble bed thermomechanical performance. In addition, since several thermo-physical properties of breeding materials show the largest changes after initial exposure to irradiation, the initial study of irradiation effects on performance can be evaluated. Collected data can then be used to optimize future ceramic breeder blanket designs.
HCCB Mission and Major Deliverables
The mission of the HCCB “project” over the next 10 years includes the design, fabrication and qualification of the first HCCB test submodule to be tested in ITER on day one, and to prepare the module designs and qualification for subsequent modules and corresponding tests.

The major deliverables are: 
1) A test submodule that has a size of 1/3 of one-half port to be integrated with a host party’s test module and tested in ITER Port #16, and 
2)
Associated ancillary equipment including primary helium flow conditioners, and measuring systems for helium coolant, tritium, and test submodule performance. 
Test Blanket Module (TBM) Main Features
The main features of the TBM include:
a) Use of high pressure helium at ~ 8 MPa operating between 300oC and 500 oC. The helium flows in small channels (or tubes) embedded in the structure, and removes the surface heat coming from the plasma to the FW and the volumetric heating from the breeding/multiplier/structural materials.

b) Use of a ferritic/ferritic-martensitic steel as structural material. The maximum operating temperature of this material (550oC) dictates the maximum operating temperature of helium.   

c) Use of a ceramic pebble bed breeder. The choice is a single-size (0.6-0.8 mm) pebble bed of Li ceramic breeder material such as 40% 6Li enriched Li4SiO4 or 70% 6Li enriched Li2TiO3.
d) Use of Be as a neutron multiplier in the form of a single-size (1 mm) pebble bed 
e) Use of a low pressure (0.1-0.2 MPa) helium purge gas with 1000 ppm H2 to extract tritium produced in both the breeder and Be zones.
Since the breeder configuration impacts performances the US proposes to test two design configurations, including a layered configuration, where the breeding zones are parallel to the first wall, and an edge-on configuration, where the breeding zones are perpendicular to the first wall. The goal is to evaluate the effects of these configurations on tritium production and pebble bed integrity. 
Test Article (Unit Cell and Submodule) Designs

The unit cell design is constrained by the physical boundary and dimensions imposed by the host party, with a typical space of about 19.521.1 cm2 (or 18.8 x 20.1 cm2 in the revised configuration). As shown in Fig. 1, testing of three unit cells simultaneously is proposed in order to provide multiple test data with statistically significant results. The unit cell designed for neutronics and tritium production rate characterization tests during the early DT-phase will allow the breeder to operate at lower temperature regimes in order to immobilize the tritium inside the breeder regions during the testing. Subsequent removal of the breeder elements allows tritium concentration inside the breeder to be measured and compared with the neutronics code prediction. In this configuration, the breeder arrangement resembles a layered configuration, in which the breeder and beryllium multiplier are arranged parallel to the FW with thicknesses varying in the radial direction. This is considered a better arrangement for the neutronics tests since relatively flat tritium production and heating rates are possible and thus a high spatial resolution for any specific measurement can be achieved. On the other hand, the thermomechanical test unit cell retains an edge-on configuration for the breeder/beryllium pebble bed arrangement, in which the breeder and multiplier beds are perpendicular to the FW facing the plasma. The differences between the proposed US HCCB breeder unit cell design and that of the EU HCPB’s breeder unit design include: 1) the heat inside the US breeder unit is removed by conduction to the adjacent coolant panel perpendicular to the gravity direction, and 2) it uses less beryllium by applying a taper design to the breeder element. Examples of the proposed US breeder unit designs are shown in Figure 2.  
The proposed submodule will take up a testing space of a 1/6th port (40 x 71 cm2) and will have its own structural box. The design approach leads to two breeder design configurations housed in one submodule, as illustrated in Figure 3. The decision to test the unit cell or sub-module test articles will be made in the near future depending on the international test program, budgetary considerations, and technical merits.  
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[image: image1]Figure 1: Proposed solid breeder thermomechanical unit cell test blanket articles housed behind the EU structural box

Figure 2: Proposed unit cell test article designs for neutroincs tests (left) and for thermomechanics and tritium release tests (right)

HCCB Operating Parameters

Table 1 Design Features and Operating Parameters for Different US Ceramic Breeder Submodules
	Quarter Port Submodule
	EM/S-TBM
	NT-TBM
	TM/PITBM

	ITER Master Schedule 
	H-H   
	DD+Earlier D-T
	D-T

	ITER Operational Year 
	1-3
	4-6
	7-10

	Delivery Year
	-1
	2
	5

	Test article 
	Submodule
	Submodule
	Submodule

	Ancillary Equipments Helium Loop
	To Share 
	To Share
	To Share

	Ancillary Equipment Tritium Processing
	To Share
	To Share
	To Share

	Auxiliary Components in Port Cell Area
	ICC, OCM, DAS
	ICC, OCM, DAS, TMS
	TMS, ICC, OCM, DAS

	Space Required in Port Area
	1x 1 x 1 m3 
	1x 1 x 1 m3 
	2 x (1x 1 x 1 m3)

	Surface heat flux, MW/m2
	0.5 (maximum)

0.3 (average)
	0.5 (maximum)

0.3 (average)
	0.5 (maximum)

0.3 (average)

	Neutron wall load, MW/m2
	NA
	0.78
	0.78

	Maximum power to be removed, MW (with 1.1 multiplication factor)
	 0.08562
	0.33
	0.33

	Maximum Helium Mass Flow Rate [kg/s]
	 0.33
	0.33
	0.4

	Helium Pressure [MPa]
	8
	8
	8

	Helium Pressure Drop in TBM [MPa]
	< 0.01
	< 0.01
	< 0.01

	Helium inlet/outlet temperature [oC]
	300/350  
	100/300
	300/500

	Helium temperature rise from first wall, oC
	50
	76
	53

	Bypass mass flow rate, kg/s 
	0
	0
	0.112

	Design Maximum temperature [oC] 
	
	
	

	FW Beryllium (2 mm)
	< 346
	486
	545

	FW Structure 
	< 340
	480
	539

	Coolant Plate Structure
	< 200  
	300
	550

	Beryllium Pebble Bed
	 TBD
	300
	650

	Ceramic Breeder Pebble Bed
	 TBD
	400
	900

	Helium Purge Gas Pressure [MPa]
	NA
	0.1
	0.1

	Total Helium Purge Gas Flow Rate [g/s]
	NA
	0.3 g/s (Batch process)
	0.3g/s [6 Nm3/s]

	Purge inlet/outlet temperature [oC]
	NA
	TBD
	TBD/450

	Diagnostics
	Field coils, Rogoski coils, pressure and displacement transducer
	Thermocouples,

neutron detectors, foils, etc. 
	Thermocouples,

displacement sensors, RGA, etc.

	Special feature
	
	Instrumented with activation foils capsules
	

	ICC: Inlet coolant conditionner; OCM: Outlet coolant mixer; 

DAS: Data acquisition system; TMS : Tritium measurement system 
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Figure 3:  This submodule approach shares the test space with Japan, which features to design the US blanket configurations into one of the three Japan’s submodules 
Material Procurement 
Table 2 Materials and their amount in the US HCCB unit cell/submodule test article
	Parameters
	Unit Cell
	Submodule 

	Size, m3
	0.188 x 0.201 X 0.6 
	0.402 x 0.71 x 0.6

	Total breeding volume (0.4 m) 
	0.015115
	0.133

	Number of units
	3
	1

	Breeder volume per unit, m3
	0.00589
	0.035

	Beryllium volume, m3
	0.006167
	0.052

	Total ferritic steel volume, m3 (He void about 40%)
	0.0063648 
	0.0506

	Total breeder weight, kg 

(for a packing fraction of 60%, and a pebble TD of 98%)
	3450 x 0.98 x 0.60 x 0.00589 x3=36
	3450 x 0.98 x 0.6 x 0.035= 71

	Total beryllium weight, kg
(1 mm pebble 60% packing)
	1850 x 0.60 x 0.006167 x 3 =20.5 
	1850x0.6 x 0.052 = 57.8 

	Total ferritic steel weight, kg 
	7730x0.0063648x3=148 
	391


R&D Plan (Project R&D: 2006-2015) 

The R&D prior to fusion testing in ITER is viewed as essential to the ITER TBM program from the following two perspectives: 1) the need for qualification to demonstrate performance and qualification acceptance, and 2) the need to acquire adequate knowledge to interpret data from ITER testing. In particular, it is necessary to eliminate any uncertainties existing in the proposed test submodules. 
The R&D to be performed over the next 10 years for the HCCB “project” has an assigned WBS number in the following Table. 
Table 3 R&D List for Ceramic Breeder Blanket Concepts

	R&D Item
	WBS #
	Comments 

	1. Ceramic breeder pebble fabrication, characterization, and recycling process technology development 
	
	Material program to decide 

	2. Beryllium pebble fabrication, characterization, and recycling
	
	Material program to decide

	3. Pebble bed thermo-physical and –mechanical property characterization and performance evaluation 
	1.8.2.1.2.2
	This R&D is “pebble” dependent. 

	4. Tritium release, permeation and inventory predictive capability
	1.8.2.1.2.4
	

	5. Tritium recovery and processing technology development 
	
	To adopt existing technology for now, while considering advanced R&D beyond 2015

	6. Thermal hydraulic and flow distribution performance evaluation
	1.8.2.1.2.1
	An outstanding issue which needs prototype testing to help to resolve 

	7. In-pile pebble bed assembly tests including irradiation test technology development 
	1.8.2.1.2.8
	Irradiation test is “pebble” dependent.

	8. Predictive capability development for performance as a function of fluences 
	
	Beyond 2015

	9. RAFS material and joint technology development 
	1.8.2.1.2.3
	

	10. Blanket component fabrication technology development
	1.8.2.1.4
	Partially addressed

	11. Blanket non-destructive testing and quality control development 
	1.8.2.1.2.7
	

	12. Diagnostics and instrumentation 
	1.8.2.1.2.6
	


Materials needs for HCCB yet to be resolved: 

Actions taken to resolve the needs impacting TBM Costing 

· Pebble ceramics and beryllium: evaluate US strategy for procurement (do we want to collaborate with EU, Japan and other parties on development or just purchase from EU/Japanese industry?)
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