DCLL R&D Evaluation Summary Table 
Notes:

· This table has Evaluation Ratings but no comments, see complete table that follows for all comments
· The R&D for the ancillary loops and integration mentioned during the various presentations have also been included.

· Yellow indicates missing input
Evaluation
E = Essential for the qualification and successful execution of the TBM experiment, and no other party is doing it

I = Important for the qualification and successful execution of the TBM experiment, or Essential but is definitely being done by another party

D = Desirable but the risk is acceptable if not performed
Schedule

B = Beginning 3-4 years. Needed immediately for preliminary design choices

M = Middle 3-4 years. Needed in the middle of the next 10 years after initial R&D is performed (for instance for qualification or integrated effects tests).

E = Ending 3-4 years. Needed before performance of first experiments or is specific for subsequent modules

	Topic
	SubTopic
	WBS Area/

Coordinator
	Evaluator
	Eval

	Tritium Permeation
	Coatings for tritium permeation control 
	Test Module

Merrill
	Merrill
	I-M

	
	
	
	Zinkle
	D-?

	
	
	
	Pint
	E-B

	
	
	
	Morley
	D-E

	
	Modeling and analysis to predict tritium processing system performance and perform sensitivity analysis.  
	Tritium Proc.

Willms
	Willms
	?-?

	
	
	
	Morley
	D-B

	
	Extraction experiments for tritium from helium. 
	Tritium Proc.

Willms
	Willms
	?-?

	
	
	
	Morley
	I-E

	
	Extraction experiments for tritium from PbLi 
	Tritium Proc.

Willms
	Willms
	?-?

	
	
	
	Morley
	E-M

	Thermofluid MHD
	Modeling Tool Development
	Test Module

Smolentsev
	Smolentsev
	E-B

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	E-BM

	
	FCI Normal Operation Experiments (steady)
	Test Module

Smolentsev
	Smolentsev
	I-B

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	E-B

	
	FCI Transient Experiments 
	Test Module

Smolentsev
	Smolentsev
	D-B

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	D-M

	
	MHD Manifold Experiments
	Test Module

Smolentsev
	Smolentsev
	E-B

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	E-B

	
	Bulk Heat Transfer Experiment
	Test Module

Smolentsev
	Smolentsev
	E-M

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	D-E

	
	MHD Multiple-Effect Submodule Experiment
	Test Module

Smolentsev
	Smolentsev
	E-M

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	E-M

	
	Planning and Modeling ITER Experiments
	Test Module

Smolentsev
	Smolentsev
	E-E

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	E-E

	SiC/SiC Fab Process & Properties
	Technical Planning
	Test Module

Katoh
	Katoh
	?-?

	
	
	
	Zinkle
	I-?

	
	
	
	Morley
	E-B

	
	1st Generation FCI SiC/SiC
	Test Module

Katoh
	Katoh
	?-?

	
	
	
	Zinkle
	I-?

	
	
	
	Morley
	E-B

	
	2nd Generation FCI SiC/SiC
	Test Module

Katoh
	Katoh
	?-?

	
	
	
	Zinkle
	I-?

	
	
	
	Morley
	I-M

	
	Alternative FCI Concept Development 
	Test Module

Katoh
	Katoh
	?-?

	
	
	
	Morley
	D-M

	
	Low Dose Irradiation Effect – Differential Swelling
	Test Module

Katoh
	Katoh
	?-?

	
	
	
	Zinkle
	I-?

	
	
	
	Morley
	I-?

	
	Low Dose Irradiation Effect – Thermophysical Properties
	Test Module

Katoh
	Katoh
	?-?

	
	
	
	Zinkle
	I-?

	
	
	
	Morley
	E-E

	SiC/PbLi/FS Compatibility
	Strategy planning and detailed data analysis
	Test Module

Pint
	Pint
	I-B

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	I-B

	
	Capsule tests for dissimilar material effects
	Test Module

Pint
	Pint
	I-B

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	I-B

	
	Loop Testing and Analysis of 2nd gen reference sample
	Test Module

Pint
	Pint
	I-B

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	I-M

	
	Analysis of FCI samples from mockup exp
	Test Module

Pint
	Pint
	I-B

	
	
	
	Zinkle
	D-?

	
	
	
	Morley
	I-M

	FS Box Fabrication & Material Issues


	FM steel fabrication development and materials properties
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Fabrication technology for mock-ups
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Fabrication technologies for internally –cooled plates
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Fabrication technologies for TBM assembly
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Properties of FM steel joints
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Irradiated properties database
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Effects of irradiation on prototypic joints
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Irradiated properties of

FS/Be bonded joints
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Non-destructive examination methods


	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	I-B

	
	
	
	Zinkle
	I

	
	
	
	Morley
	?-?

	
	Concentric pipe slip joint
	Design Int.

Dagher
	Dagher
	?-?

	
	
	
	Morley
	E-B

	
	Vacuum and Cask Bellows


	Design Int.

Dagher
	Dagher
	?-?

	
	
	
	Morley
	E-M

	Helium Systems Subcomponent Tests
	Helium cooled first wall heat transfer enhancement
	Test Module

Wong
	Wong/

Baxi
	E-BM

	
	
	
	Zinkle
	I-B

	
	
	
	Morley
	D-M

	
	Helium cooled flow distribution
	Test Module

Wong
	Wong/

Baxi
	E-BM

	
	
	
	Zinkle
	I-?

	
	
	
	Morley
	E-B

	PbLi/Water Reaction
	PbLi/water hydrogen production via droplet contact mode
	Test Module

Merrill
	Merrill
	E-M

	
	
	
	Zinkle
	I-?

	
	
	
	Morley
	I-B

	Be Joining to FS
	Joining Research
	Test Module

Ulrickson,

Zinkle
	Zinkle
	I-?

	
	
	
	Morley
	I-B

	
	TBM PFC Development
	Test Module

Ulrickson,

Zinkle
	Zinkle
	I-?

	
	
	
	Morley
	I-B

	
	Prototype PFC
	Test Module

Ulrickson,

Zinkle
	Zinkle
	I-?

	
	
	
	Morley
	D-M

	
	Irradiation of TBM PFC
	Test Module

Ulrickson,

Zinkle
	Zinkle
	I-?

	
	
	
	Morley
	I-E

	Virtual TBM
	Data Structure
	Test Module

Abdou
	Morley
	I-M

	
	
	
	Zinkle
	D-?

	
	Integration of capabilities
	Test Module

Abdou
	Morley
	I-M

	
	
	
	Zinkle
	D-?

	
	Code Application and Benchmarking
	Test Module

Abdou
	Morley
	I-M

	
	
	
	Zinkle
	D-?

	Advanced Diagnostics
	Monitor ITER diagnostic developments
	Test Module

Morley
	Morley
	I-B

	
	Monitor international diagnostic developments
	Test Module

Morley
	Morley
	I-B

	
	
	
	Youssef
	E-B

	
	Testing of first TBM diagnostics on mockups
	Test Module

Morley
	Morley
	E-M

	
	Testing of nuclear diagnostics with in-pile mockups
	Test Module

Youssef
	Morley
	I-E

	
	
	
	Youssef
	E-All

	Integrated mockup tests
	He Loop (modification of SNL or similar loop)
	Test Module

Tanaka
	Tanaka
	?-?

	
	
	
	Morley
	E-B

	
	Integrated FW heat flux and overpressure test of ½ scale DCLL TBM
	Test Module

Tanaka
	Tanaka
	?-?

	
	
	
	Morley
	E-M


DCLL R&D Evaluation Table including all Comments
	Topic
	SubTopic
	WBS Area/

Coordinator
	Evaluator
	Comments
	Eval

	Tritium Permeation
	Coatings for tritium permeation control 
	Test Module

Merrill
	Merrill
	· This task is oriented towards adding to safety, licensing and qualification of the TBM system.  The goal is to qualify the primary tritium permeation reduction measure identified in the DCLL TBM DDD, which are permeation barrier coatings on all major loop components, such as piping, pumps, HTX, etc.

· Risk if not performed is moderate, since permeation shrouds could be used instead of coatings if calculations continue to demonstrate that the TBM system has a permeation problem.

· There has been some similar work performed for MANET II at Ispra.  However, this work will not directly translate to coatings for the helium SS piping.
	I-M

	
	
	
	Zinkle
	· I thought this could be easily handled with doublewalled tubes with a slowly moving purge gas between the tubes outside the TBM, and that it was not necessary to worry about tritium permeation within the TBM. 
	D-?

	
	
	
	Pint
	· Coatings to inhibit tritium permeation.  Need to control tritium permeation to assist in tritium control and inventory monitoring.  Task oriented towards (1) 
· Whether native oxides or aluminide coatings (to form alumina) are used, there is insufficient information available about their performance and weak fundamental understanding.  The current DOE tritium production program at the Watts Bar nuclear reactor is running into serious problems because of the same issue (aluminized 316 is being used).  There has been no proof of principle that this concept works and no work to understand how an alumina layer may degrade with time.  The alumina layer would be formed at a higher temperature and have little chance of regrowing at the operation temperature because of slow kinetics and slow Al diffusion.

· If a barrier is needed, some R&D is needed to prove that the chosen concept works.  If not, it will be difficult to control the tritium inventory and prevent losses which are limited by ITER.  Some TBM designs may not require a barrier.  It is often assumed that DEMO would need a barrier and this technology should be demonstrated in the TBM. 

· The currently proposed research seems to be geared towards making several types of aluminide coatings and seeing which one works best with the assumption that one will be adequate and that processing is the most important variable.  It does not address the long-term behavior or suggest a path forward if none of the coatings work.

· There is no investigation proposed to examine the permeation from a native oxide on the structural materials or thicker oxides that could be grown by heat treatments on these materials.  As Malang suggested, native oxides may be effective for some areas.

· The estimated costs seem extremely high.  The EU has test facilities for hydrogen permeation through flat disks and tube specimens that could be used.  The tube tests (as described in the literature) can be performed with the tube in contact with gas or liquid metal.

· Early tasks need to be geared to:

1) Proof of principle for thermally grown alumina and alumina grown on aluminde including tolerance for cracks (fatigue or creep induced) in the alumina layer

2) Determination of PRF (permeability reduction factor) for native oxide and thermally grown oxide on proposed structural materials.

If proven effective then:

3) determine best coating chemistry and process including optimal preoxidation step.

	E-B

	
	
	
	Morley


	· The topic is an important one and tritium permeation and control will be one of the main areas of study in ITER DT phases. But the issue doesn’t become a “problem” until the high duty DT phase 7 years after 1st plasma. Testing in HH/DD phases will be important to quantify permeation 

· The following factors should greatly reduce the permeation: inclusion of T removal from He coolant, more representative pulse sequences with longer down times, optimization of the tritium permeator system (longer FS tubes or Nb/Ta tubes), natural oxide layers on steels, presence of flow channel inserts.
· Off-normal factors might significantly increase permeation: weld cracks, mistaken valve opening, other helium leaks, etc.

· New solution that does not require coating R&D should be adopted  if analysis and experience indicate a tritium permeation problem:

· Swept secondary containment around transporter cask and TCWS skid for controlling leaked or permeated tritium

· More aggressive permeator development to reduce tritium partial pressure in PbLi

· Swept secondary containment around all PbLi (and He) piping
	D-E



	
	Modeling and analysis to predict tritium processing system performance and perform sensitivity analysis.  
	Tritium Proc.

Willms
	Willms
	
	?-?

	
	
	
	Morley
	· This analysis should probably not be considered a R&D item but included under the design effort unless a better tritium simulation code is needed and should be developed and benchmarked
	D-B

	
	Extraction experiments for tritium from helium. 
	Tritium Proc.

Willms
	Willms
	
	?-?

	
	
	
	Morley
	· Such a system is need for all parties. It is essential part of the tritium control system

· Not strictly needed until early DT phase, could be tested in HH and DD phase as part of ITER

· Doesn’t affect TBM design to be tested in HH. External system could be added to loop during ITER downtimes
	I-E

	
	Extraction experiments for tritium from PbLi 
	Tritium Proc.

Willms
	Willms
	
	?-?

	
	
	
	Morley
	· DCLL requirements are unique compared to HCLL. 
· Permeation from this system is expected to be high, permeator development is critical to assess the need for stronger tritium containment systems

· But the design of the 1st TBM is not affected by this system, and it is not strictly required until DT phase, so it can wait until early R&D work is out of the way
	E-M

	Thermofluid MHD
	Modeling Tool Development
	Test Module

Smolentsev
	Smolentsev
	· There are two main purposes:
· to provide Engineering tasks with the information needed for safety TBM design in the area of Pb-17Li flows / heat transfer;
· to plan and model ITER tests based on experiments and modeling for most critical phenomena related to Pb-17Li MHD and heat transfer.

· The R&D  is related to both  (1) Establishing basic TBM feasibility for fusion and (2) Understanding/predicting TBM performance required for design. It addresses the following:

· Pb-17Li  flow distribution in the TBM;

· temperature distributions, including FCI and interface temperatures;

· critical issues of FCI as a key element of the DCLL concept.

· Inability to qualify and quantify MHD /heat transfer phenomena related to Pb-17Li flows in the TBM will result in improper functioning TBM with unequal flow distribution leading to local “hot spots”, high thermal stresses in the FCI, possibly intolerably high interface temperatures. Lack of knowledge of the most critical MHD /heat transfer phenomena will not allow planning meaningful tests in ITER.

· Some experimental work could be performed at MHD facilities outside UCLA, e.g. Riga, Grenoble.
	E-B



	
	
	
	Zinkle
	· ITER can be used as the test bed to derive important knowledge
	D-?

	
	
	
	Morley
	· MHD effects in the PbLi will control the heat transfer and temperature field and will strongly affect tritium permeation and corrosion. 
· MHD simulation work is essential for the design of DT modules that perform as desired for both safety reasons and for the experimental mission; and for interpretation of experimental data.
· Basic DT design must be known for HH phase TBM so that the design can be tested and qualified in the HH phase. This DT design testing is the main point of HH phase test program. ITER will still be used as a test bed, but still requires simulations to interpret ITER HH results and with much reduced risk that the DT design requires significant changes that delays DT TBMs
· To minimize needed experimental iterations, modeling effort should be strong and focus on important phenomena affecting flow balance and heat transfer. 

· There is only a question as to how much effort to invest here.
	E-B

	
	FCI Normal Operation Experiments (steady)
	Test Module

Smolentsev
	Smolentsev
	(Same as 1st subtask)
	I-B

	
	
	
	Zinkle
	(Same as 1st subtask)
	D-?

	
	
	
	Morley
	· SiC/SiC FCIs have never been built or tested. To me it seems essential that we test them in an MHD environment to at least get some experience with behavior. The key things to know that will affect the design of the TBM and first FCIs are

· Inside/Outside pressure difference in flow developing regions and the need and effectiveness of pressure equalization holes

· FCI Mechanical stability under thermal gradient loads in contact with flowing LM.

· Gap flow velocities and temperature

· Effects of  FCI overlap regions and purposefully induced flaws on electrical and thermal characteristics
· Data on 3D FCI flow for benchmarking simulations

· ITER could be used as the first ever test bed for SiC FCIs but this seems unwise without some small scale experiments first
	E-B

	
	FCI Transient Experiments 
	Test Module

Smolentsev
	Smolentsev
	(Same as 1st subtask)
	D-B

	
	
	
	Zinkle
	(Same as 1st subtask)
	D-?

	
	
	
	Morley
	· The issue here is whether disruptions trigger rapid pressure (water hammer) and electric current conditions that crack or otherwise harm brittle SiC flow channel inserts so that they no longer function as needed electrical and thermal barriers

· Analysis of this issue is required before an experiment can be planned. Steady FCI conditions should be investigated before unsteady conditions are attempted.

· It is likely that ITER HH phase will be the only effective test bed for this phenomena – similar to the disruption testing of the box structure itself during the HH phase
	D-M

	
	MHD Manifold Experiments
	Test Module

Smolentsev
	Smolentsev
	(Same as 1st subtask)
	E-B



	
	
	
	Zinkle
	(Same as 1st subtask)
	D-?

	
	
	
	Morley
	· The manifold is a key part of the TBM design as it influences strongly the flow balance of the PbLi. Wildly unbalanced flows are possible in such complicated MHD cases as this.

· Analysis is still required to determine the acceptable flow imbalance during DT operation.

· Manifolds with parallel channels stacked along the dominate field direction have had little experimental exploration since this direction is usually limited by some magnet pole face

· The final manifold should be studied in ITER HH phase, with characteristic ITER field variations which may impact the manifold function. But small scale, low temperature experiments that can cheaply try several different manifold variations are essential to reach the design for ITER HH testing
	E-B

	
	Bulk Heat Transfer Experiment
	Test Module

Smolentsev
	Smolentsev
	(Same as 1st subtask)
	E-M

	
	
	
	Zinkle
	(Same as 1st subtask)
	D-?

	
	
	
	Morley
	· The purpose of this experiment is to try to simulate bulk heating conditions in the TBM to study the impact of the natural convection and 2D MHD turbulence affects on the flow and so the heat transfer, and thus the structural temperature and thermal stresses.

· Small scale experiments like this preceding DT experiments in ITER are very useful and cost effective

· More diagnosed and controlled experimental conditions

· Earlier data for benchmarking models

· Better understanding of ITER results

· It is possible to use ITER as the test bed for this work, and it may also be possible to do this as part of the Multiple effect submodule  (below)
	D-E

	
	MHD Multiple-Effect Submodule Experiment
	Test Module

Smolentsev
	Smolentsev
	(Same as 1st subtask)
	E-M

	
	
	
	Zinkle
	(Same as 1st subtask)
	D-?

	
	
	
	Morley
	· A multiple effect experiment test like this is essential to bring together aspects of the FCI tests, the manifold tests, the heat transfer experiments, the helium tests, diagnostics; and various multi-channel effects and PbLi effects not yet studied.

· Such an experiment should be put under the partially integrated mockups 

· The mockup should be made of a compatible FM steel and scaled for appropriate MHD response. 

· FCIs should be HH phase prototypic

· FCIs should be cut up for post mordem analysis
	E-M

	
	Planning and Modeling ITER Experiments
	Test Module

Smolentsev
	Smolentsev
	(Same as 1st subtask)
	E-E

	
	
	
	Zinkle
	(Same as 1st subtask)
	D-?

	
	
	
	Morley
	· In an ideal case, this effort would be in the base program. This represents the people who want to study the experiment in ITER doing the modeling of the cases they plan to run as part of the test program. I don’t think we would do ITER experiments without trying to simulate them with the tools developed above. 

· But what to do with it?? Technically it could be considered R&D for subsequent modules.
	E-E

	SiC/SiC Fab Process & Properties
	Technical Planning
	Test Module

Katoh
	Katoh
	· 
	

	
	
	
	Zinkle
	· I would categorize it as Important (although it is NOT being done by another party), mainly because the performance requirements for a successful FCI in ITER (as it is currently defined for the US DCLL) are rather modest.
	I-?

	
	
	
	Morley
	· Developing a method for measuring conductivity and stiffness is essential in any case, as is making a recommendation for the best current commercially available material for first MHD tests
	E-B

	
	1st Generation FCI SiC/SiC
	Test Module

Katoh
	Katoh
	· 
	

	
	
	
	Zinkle
	(Same as 1st subtask)
	I-?

	
	
	
	Morley
	· Developing and testing a selection of samples is a prudent way to investigate improvements in the material that might be needed for the thermal gradient and neutron environments. At least one iteration with various samples seems essential
	E-B

	
	2nd Generation FCI SiC/SiC
	Test Module

Katoh
	Katoh
	· 
	

	
	
	
	Zinkle
	(Same as 1st subtask)
	I

	
	
	
	Morley
	· Going through  another generation of tests is important but probably not essential.
· Developing a FCI mockup and testing it could be combined with the prototype fabrication

· Properties of the final choice material should be quantified
	I-M

	
	Alternative FCI Concept Development 
	Test Module

Katoh
	Katoh
	
	

	
	
	
	Morley
	· Many options exist that could potentially improve FCI performance 

· Pursuing such options should wait until after evaluation of pure SiC/SiC 1st generation.
	D-M

	
	Low Dose Irradiation Effect – Differential Swelling
	Test Module

Katoh
	Katoh
	· 
	

	
	
	
	Zinkle
	(Same as 1st subtask)
	I

	
	
	
	Morley
	· Differential swelling has the potential to lead to destruction of the SiC/SiC FCIs and must be accounted for.
· Failure of the FCIs during DT operation through this mechanism should be addressed before 
· Looking at this issue should be part of 1st generation work unless the expert consensus is that it is not essential
	I

	
	Low Dose Irradiation Effect – Thermophysical Properties
	Test Module

Katoh
	Katoh
	· 
	

	
	
	
	Zinkle
	(Same as 1st subtask)
	I

	
	
	
	Morley
	· Effect of radiation on thermophysical properties needs to be determined either through modeling or experimental data. 
· This effect is not crucial until several years into operation, however if strong changes to the FCI performance need to be taken into account, the information should be available in the next 10 years.
	E-E

	SiC/PbLi/FS Compatibility
	Strategy planning and detailed data analysis
	Test Module

Pint
	Pint
	· Main task is to make sure there is not a critical compatibility problem for this system.Oriented towards #1 above

· Largest risk is that there will be an unexpected compatibility problem.  By keeping the temperature down, there is not likely to be a general problem.  However, there is no information available on dissimilar metal interactions or behavior of welds in PbLi, e.g. stress corrosion cracking type phenomenon.  

· Malang has argues that a modeling task needs to be included.  This would likely add $250K to the task to achieve any meaningful results.
	I-B

	
	
	
	Zinkle
	(no comment)
	D

	
	
	
	Morley
	· Care should be taken to develop a program that makes sense and is well aware of previous results and international capability
	I-B

	
	Capsule tests for dissimilar material effects
	Test Module

Pint
	Pint
	· Cost has been kept very low by focusing on a few critical experiments not a general compatibility R&D program. 
	I-B

	
	
	
	Zinkle
	(no comment)
	D

	
	
	
	Morley
	· This particular R&D is really for the PbLi loop, which may be of a different steel and have refractory tubes for tritium removal. This issue has some international overlap (others will use austentic or commercial ferritic steels in their external loops)

· Looking for a problem here in a low cost way makes sense.
	I-B

	
	Loop Testing and Analysis of 2nd gen reference sample
	Test Module

Pint
	Pint
	· The pumped loop facilities in EU are not likely to be as inexpensive as quartz loops.  No testing in the literature for SiC inserts in FS loop.  Most experiments have evaluated base material behavior not dissimilar metal effects and weld metal effects.

· Second series of loop experiments would not be performed if earlier tests showed no effects.  First series may not be needed if there is no indication of problems in the capsule test.  However, this would be a much larger leap of faith.
	I-B

	
	
	
	Zinkle
	(no comment)
	D

	
	
	
	Morley
	· PbLi loops for corrosion have been built in EU, and low cost US loops may be possible using surplus equipment. We will have to be built for MHD and prototype testing, such loops should be utilized to investigate anyway. Such loops should be utilized to investigate SiC compatibility for ITER and beyond and for 

· This could be categorized as a base program R&D as the experts believe it is not critical for ITER TBM fabrication and operation.

· Stress corrosion cracking of FS should also be investigated in these facilities.
	I-M

	
	Analysis of FCI samples from mockup exp
	Test Module

Pint
	Pint
	· Last task is needed to determine results of mockup experiment.
	I-B

	
	
	
	Zinkle
	(no comment)
	D

	
	
	
	Morley
	· This is an important feature of the testing, but could be combined with MHD test itself or the loop testing listed above
	I-M

	FS Box Fabrication & Material Issues


	FM steel fabrication development and materials properties
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	· a) Develop the fabrication technologies needed to produce TBM mock-ups and prototypes in accordance with the overall schedule b)evaluate the quality and performance of welded and bonded FM steel joints produced by industrial vendors

· Part (a) is more oriented towards establishing the basic TBM  feasibility since it seeks to establish whether or not a particular design solution can be fabricated to meet the required dimensional tolerances and the microstructural and mechanical performance specifications.

· Part (b) is more oriented towards understanding /predicting TBM performance for design.

· Fabrication development tasks are essential; the risk issues arise when we consider where to carry out the necessary R&D and to what extent we can capitalize on existing international programs in this area. 

· Fabrication development tasks have been in place in the EU and in Japan for the past 3-4 years directed towards the specific needs of the HCPB and the HCLL designs in the EU and for the water-cooled solid breeder concept in Japan. Conceivably therefore the US could subcontract with international vendors and utilize their experience to find solutions to fabrication issues unique to US designs and to use their experience and facilities for all mock-up and prototype construction. Since they have not yet developed a successful approach for fabricating full-scale mock-ups there is some uncertainty in relying entirely on international partners .A lower risk approach would be to utilize US capabilities to investigate alternative approaches while remaining closely involved with fabrication technology developments in the EU and Japan.

· Commercial vendors in the US have the capability of pursuing the type of fabrication and joining technologies being pursued in the EU and Japan and also for exploring alternative approaches for producing near-net-shape components. The facilities and prior experience are available within the US materials program for carrying out the assessment of the mechanical behavior of welded and bonded joints and for evaluating the impact of the irradiation environment on performance.
	I-B

	
	
	
	Zinkle
	· Similar work needed by all parties
	I

	
	
	
	Morley
	
	

	
	Fabrication technology for mock-ups
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	(see comment in 1st subtask)
	I-B

	
	
	
	Zinkle
	(see comment in 1st subtask)
	I

	
	
	
	Morley
	
	

	
	Fabrication technologies for internally –cooled plates
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	(see comment in 1st subtask)
	I-B

	
	
	
	Zinkle
	(see comment in 1st subtask)
	I

	
	
	
	Morley
	
	

	
	Fabrication technologies for TBM assembly
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	(see comment in 1st subtask)
	I-B

	
	
	
	Zinkle
	(see comment in 1st subtask)
	I

	
	
	
	Morley
	
	

	
	Properties of FM steel joints
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	(see comment in 1st subtask)
	I-B

	
	
	
	Zinkle
	(see comment in 1st subtask)
	I

	
	
	
	Morley
	
	

	
	Irradiated properties database
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	(see comment in 1st subtask)
	I-B

	
	
	
	Zinkle
	(see comment in 1st subtask)
	I

	
	
	
	Morley
	
	

	
	Effects of irradiation on prototypic joints
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	(see comment in 1st subtask)
	I-B

	
	
	
	Zinkle
	(see comment in 1st subtask)
	I

	
	
	
	Morley
	
	

	
	Irradiated properties of

FS/Be bonded joints
	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	(see comment in 1st subtask)
	I-B

	
	
	
	Zinkle
	(see comment in 1st subtask)
	I

	
	
	
	Morley
	
	

	
	Non-destructive examination methods


	Test Module

Rowcliffe/

Kurtz
	Rowcliffe/

Kurtz
	(see comment in 1st subtask)
	

	
	
	
	Zinkle
	(see comment in 1st subtask)
	I

	
	
	
	Morley
	
	

	
	Concentric pipe slip joint
	Design Int.

Dagher
	Dagher
	· what I envisioned as part of the R&D task is the complete design inclusive of all associated processes such as remote removal, replacement, assembly and testing.  This will of course include the cutting and welding operations
	

	
	
	
	Morley
	· If concentric pipes are adopted, this issue becomes essential, it is not a design feature that others have adopted. 

· If separate tubes are adopted, then ferritic steel cutting/rewelding or development of some sort of demountable joint should replace this issue. This is an international issue and should be approached internationally. To my knowledge though, this is not being addressed anywhere yet.
	E-B

	
	Vacuum and Cask Bellows


	Design Int.

Dagher
	Dagher
	· If you recall I am raising the question about the VV plug in the presentation that Clement is presenting at the TBWG. And depending on the answer that comes back we will have to adjust the design. If the VV Plug is there, then we will need a flexible pass through joint through the Plug. The main reason is that any penetration through the VV boundary must maintain the vacuum seal of the VV. This will give two choices. The first one is to have the pipe penetrate the VV in a welded joint thus making the penetration a fixed joint, and al the expansion is transferred into the Bellows at the transporter. Â This is a viable option assuming the expansion of the pipe between the TBM and the VV plug (approx. 2m long) is handled through the use of expansion loop inside the TBM frame assembly. This is not practical due to space and design constraints. 

· The EU design that show the spaghetti of pipes going through the port, keeps the pipes in the TBM/frame assembly in a straight run and only allows expansion loops in the port extension area between the VV plug and the Bioshield plug, and some how ignoring the VV plug penetration. Again I hope some answers form the TBWG will clarify the two areas of concern that I have. 
·  Using commercially available Bellows. If you recall in my discussion especially on the bellows design, I said that it is not really R&D that is needed in this area, it is mostly design that must fulfill the ITER requirements since it is a VV boundary issue. Rem Haange emphasized the fact that this has to be design in accordance to ITER guidelines, so I am not sure commercially available bellows will do the job. My view and the reason I put it into R&D is from a design qualification and testing point of view.  We will need to design and built prototypes test them under similar environment and qualify the use.
	

	
	
	
	Morley
	· Production of such a bellows if it is non-standard might need to be tested to be accepted by ITER if it appears on the vacuum vessel plug. In this case such testing is essential. It remains to be seen if this is the design solution used and if it is adopted by other parties or for other applications in ITER (diagnostic port plugs, etc)
	E-M

	Helium Systems Subcomponent Tests
	Helium cooled first wall heat transfer enhancement
	Test Module

Wong
	Wong/

Baxi
	· This R&D addresses the first wall internal roughening necessary to achieve the heat transfer performance envelope of the DCLL TBM.  Modeling analysis and experiments will be performed to support the specific first wall and roughening geometry design and its performance parameters as supported by testing.  This R&D is also necessary to confirm the roughening wall manufacturing process.  Therefore, this task includes the selection of the first wall roughening geometry and should work very closely with the DCLL TBM design, fabrication of the first wall components, heat transfer characteristics of the Be coated first wall and safety.  The safety relationship is mainly on the demonstration of the temperature distribution and time variation, and control of the first wall temperature under different operational scenarios of the TBM under different testing phases in ITER.

· Further recommendations will be provided when detailed design of the first wall and flow distribution design of the DCLL are available.  The proposed tasks estimated were based on technical experience and the experience of working with the existing SNL ion beam heat flux testing and helium loop facility and their supporting personnel.  Relatively optimistic assumptions have been made on tasks and costing estimates already.

	E-BM

	
	
	
	Zinkle
	· Similar work likely required in EU.

· However, if significant improvement in heat transfer could be achieved, this could lead to new (better) fabrication techniques than what is currently being consider by the EU. Therefore, this item should have some priority for the beginning portion of the schedule.
	I-B

	
	
	
	Morley
	· Roughening is probably the technique least likely to be strongly affected by the conductivity of the base material and so results from previous work using aluminum or copper tubes should be applicable. Correlations for both heat transfer and pressure drop are available. 

· Confirmational studies once a roughening technique is identified and channel sizes fixed could be done with small mockups (combined with - Be joining to FS) or just as part of the prototype.
	D-M

	
	Helium cooled flow distribution
	Test Module

Wong
	Wong/

Baxi
	· This R&D addresses the demonstration of flow distributions in the details of the DCLL TBM, including the inlet and outlet flows.  Flow instability and local hot spots in the DCLL TBM helium flow system will be avoided.  This task is also necessary in the bench marking of thermal fluid codes.  This task needs to be coupled very closely with the detailed design and the manufacturing process.  It also relates to the area of safety mainly in the demonstration of the local temperature distribution and variation during different operation scenarios of the TBM under different testing phases in ITER

· These two are mandatory R&Ds to support the thermal performance of the DCLL TBM

	E-BM

	
	
	
	Zinkle
	(Same as 1st subtask)
	I

	
	
	
	Morley
	· The design solution to ensure acceptable flow distribution  in various ferritic steel cooling channels for the FW and internal structures must be tested under a variety of operating conditions and with thermal loads. This will likely be one of the main tests of the prototype.

· Smaller tests with characteristic manifolds will likely be needed, depending on the design solutions arrived at, and should be combined whenever possible with HCCB needs as well.

· US solutions will likely be sufficiently different from EU that independent testing will be needed.
	E-B

	PbLi/Water Reaction
	PbLi/water hydrogen production via droplet contact mode
	Test Module

Merrill
	Merrill
	· This task is oriented towards adding to the safety case for licensing of the DCLL TBM system.  The goal is to quantify the fraction of lithium that will react with water during prototypical accident conditions associated within an in-vessel spray of the DCLL TBM PbLi into ITER cooling water.

· Risk if not performed is high, since the only alternative is to limit the entire TBM system PbLi inventory to 0.28 m3, or to reduce the lithium fraction in the PbLi.

· The HCLL TBM will have this same licensing issue, and as a consequence there could be some cost sharing arrangement made with the EU in this area.

	E-M

	
	
	
	Zinkle
	· Should be coordinated internationally
	I

	
	
	
	Morley
	· Something needs to be done to convince the safety regulators to allow up to 600 liters of volume of PbLi to be contained in the loop for all PbLi concepts. 

· If some sort of experiment is required it should be done internationally (so priority is important) and agreed to by the safety regulators as to what result is required to allow larger PbLi inventory

· Contact mode should be high speed jet (with large droplets if the jet decays), as a high pressure driven jet seems the only way the entire PbLi volume could be spilled in the vacuum chamber in under a minute or so.  


	I-B

	Be Joining to FS
	Joining Research
	Test Module

Ulrickson,

Zinkle
	Zinkle
	· Should be coordinated internationally
	I

	
	
	
	Morley
	· A final decision from ITER safety people as to whether Be layer is required for 1st TBM should be reached.

· If such a layer is needed, the R&D is then Important and Should be coordinated internationally

· Methods must be coordinated with the FS fabrication R&D to make sure that adopted methods are compatible with fabrication sequence and techniques
	I-B

	
	TBM PFC Development
	Test Module

Ulrickson,

Zinkle
	Zinkle
	(Same as 1st subtask)
	I

	
	
	
	Morley
	· Testing is an essential step to this process, and should be coordinated internationally 
	I-B

	
	Prototype PFC
	Test Module

Ulrickson,

Zinkle
	Zinkle
	(Same as 1st subtask)
	I

	
	
	
	Morley
	· Such a prototype could be combined with the overall prototype testing program, provided a reduced height of the prototype is adopted or a testing facility capable of testing the full size is developed. A separate prototype for just FW testing is desirable.
	D-M

	
	Irradiation of TBM PFC
	Test Module

Ulrickson,

Zinkle
	Zinkle
	(Same as 1st subtask)
	I

	
	
	
	Morley
	· Low dose irradiation of samples any interlayer materials is important provided that this remains the judgment of the irradiation experts. It should certainly be carried out internationally

· The data is not needed until well into the DT phase 6 years from ITER first plasma, but in case some corrective action is needed for altering the Be attachment process, it should probably still done before the end of the 10 year period. 
	I-E

	Virtual TBM
	Data Structure
	Test Module

Abdou
	Morley
	· Simulation is essential to understanding and utilizing the TBM experiments. Diagnostics in the TBM will be limited and simulation must fill the gap.

· This is another area that I would classify as Important, but which should be under a base program effort. It could also be carried out internationally 
· This tool will not likely be ready to aid in the first design, but will be important for the execution of the 1st TBM. The benchmarking of such an integrated tool is one of the main goals of TBM testing

· Level of effort here is somewhat debatable
	I-M

	
	
	
	Zinkle
	(no comment)
	D

	
	Integration of capabilities


	Test Module

Abdou
	Morley
	(Same as 1st subtask)
	I-M

	
	
	
	Zinkle
	(no comment)
	D

	
	Code Application and Benchmarking
	Test Module

Abdou
	Morley
	(Same as 1st subtask)
	I-M

	
	
	
	Zinkle
	(no comment)
	D

	Advanced Diagnostics
	Monitor ITER diagnostic developments
	Test Module

Morley
	Morley
	· Diagnostics are of critical importance to the execution of the TBM experiments.   Inactive or inaccurate diagnostic sensors and systems could potentially lead to the wasting of the time and money invested in the TBM program. This work is classified as Important as others are working on it internationally

· Many diagnostics systems (for temperature and pressure for instance) suitable for use in tokamak and nuclear environments have been developed for current tokamaks, fission reactors, and are under development for ITER. The US TBM team should be involved in this ITER process and utilize, adapt and test diagnostics for the TBM environment

· Development needs for new or unique diagnostics need to be identified soon and development programs instituted.
	I-B

	
	Monitor international diagnostic developments
	Test Module

Morley
	Morley
	· This should be one of the greatest overlap areas for international collaboration. The US should be involved similar to the description of the ITER diagnostics sited above. It is essential, but classified as important due to the international involvement
	I-B

	
	
	
	Youssef
	· The nuclear part of this task is to monitor and participate at a low level in the diagnostic developments and codes verification currently is in progress internationally (e.g. IEA activities) The techniques are for measuring tritium production, nuclear heating and n/g spectra. It is more oriented toward understanding/predicting TBM performance required for design 
· Some measuring techniques require large instrumentation which causes perturbation to the nuclear field with subsequent impact on predicting, for example, actual heating rates throughout the TBM required for other analysis (e.g. theromechanics)- unless the instrumentations and their mechanism are modeled in calculations.  Smaller NE214 (<less than 4 cm diam.) is in progress.  Newly developed neutronics code, ATTELA is a finite element CAD-based deterministic tool (not Monte Carlo) is now under negotiation for adaptation in ITER.   Comparing measured data to results for this code and others (e.g. MCNP) is very useful in verifying our prediction capabilities in an integral experiment using 14 MeV neutron source.  If the subtask is undertaken now, this will give enough time to have confidence in neutronics capabilities prior to the TBM insertion in ITER
· The EU community and Japan are currently involved in undertaking several integral experiments at the FNG facility (Italy) and the FNS facility (JAERI, Japan) where mock-ups simulating their HCCB and HCPB TBM are tested for nuclear performance and for codes/data verification.  Participation in such effort will be very cost effective since there is no 14 MeV facility currently operating in the US
	E-B

	
	Testing of first TBM diagnostics on mockups
	Test Module

Morley
	Morley
	· Diagnostics  and their attachments and feed-throughs should be tested in the prototype tests
	E-M

	
	Testing of nuclear diagnostics with in-pile mockups
	Test Module

Youssef
	Morley
	· This testing, while using a US mockup should be done in international facilities.

· This topic could be moved into the integrated testing category as a test for the second TBM qualification

· If tests can not be successfully performed and benchmarked in a well quantified point source facility, then the full scale TBM should not be deployed in ITER.
	I-E

	
	
	
	Youssef
	· This R&D task is intended to quantify the nuclear field in a replica of the TBM.  The mockup does not necessarily conforms to the final dimension but simulates in details the geometrical configuration and heterogeneity of the DCLL TBM. Various measuring techniques for neutron/ gamma fluxes, tritium production rate (TPR) and heating rate are compared among each other and to various calculation codes to verify their predictive capabilities and quantify uncertainty ranges in the prediction.  Integral measurements are performed with the available 14 MeV neutron sources. The task is more oriented to establishing basic TBM feasibility for fusion (e.g. tritium production rate) and to understanding/predicting TBM performance required for design prior to installing the TBM in ITER

· The effect of inserting tubes of various sizes on neutronics measurement will be investigated with sensitivity/uncertainty analysis and through direct calculation.  In addition, the effect of leaving the measuring instruments for various length of time before retrieval will be studied to derive correction factors to be applied to the TBR placed in ITER.  Some measuring techniques require large instrumentation which causes perturbation to the nuclear field with subsequent impact on predicting, for example, actual heating rates throughout the TBM required for other analysis (e.g. theromechanics)- unless the instrumentations and their mechanism are modeled in calculations.  Smaller NE214 (<less than 4 cm diam.) is in progress.  Comparing measured data to results from neutronics codes based on the Monte Carlo and/or deterministic methods to verify their prediction capabilities is essential in deriving safety factors needed for more conservative overall design that meets a set of performance requirements, especially when the TBM is placed in the complicated geometry of ITER. If the subtask is undertaken now, this will give enough time to have confidence in neutronics capabilities prior to the TBM insertion in ITER

· The EU community and Japan are currently involved in undertaking several integral experiments at the FNG facility (Italy) and the FNS facility (JAERI, Japan) where mock-ups simulating their HCCB and HCPB TBM are tested for nuclear performance and for codes/data verification.  We can build our own DCLL TBM mockup and arrange with the administration of these facilities to undertake the proposed measurements in their facilities since there is no 14 MeV facilities currently operating in the US. 
	E-ALL

	Integrated mockup tests
	He Loop (modification of SNL or similar loop)
	Test Module

Tanaka
	Tanaka
	· 
	

	
	
	
	Morley
	· Prototype and mockup testing in a FW heat flux will be a required element, one option is to improve SNL facility by upgrading helium coolant capability, or a new facility with more integrated testing features can be created, or an international facility could be used if testing time and cost agreements can be reached with an international partner

· A PbLi/B field facility is also an essential element of prototype/mockup testing. Before we have talked about this under the Thermofluid MHD, but it really should be a part of an integrated facility. I think it should be located here.

· An overpressure facility has not been included either, but should be costed. This would be a large pressure tank and helium pressure facility allowing bursting of TBM prototype at temperature.

· This category needs to be broken down into individual test facilties required.
	E-B

	
	Integrated FW heat flux and overpressure test of ½ scale DCLL TBM
	Test Module

Tanaka
	Tanaka
	· 
	

	
	
	
	Morley
	· These tests are essential for the prototype and HHF testing will also be useful for smaller mockups

· MHD flow and Heat transfer tests are also essential and should be moved into this category

· Testing of a 2nd TBM prototype in a point neutron source to determine effectiveness and sensitivity of neutron diagnostics could also be included here

· This category needs to be broken down into subcategories for each individual test proposed
	E-M


