Nygren: Summary of Issues Description from FED Paper on Design of Liquid Chamber


R&D Issues

The major issues in developing designs for an integrated liquid chamber technology fall into the following categories:

· Plasma edge conditions and particle pumping

· Flow stability

· Piping, nozzles and auxiliary structures

· Startup, shutdown, transients and safety

· Materials and fabrication

· Remote maintenance of the structure
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 Plasma edge conditions and particle 

He pumping:  Adequate He pumping is a basic requirement for fusion plant and a critical issue if conditions favorable for pumping (e.g., high throughput exhaust) are not present, as in our design.  (Directions for further edge modeling: effects of target tilt, and increasing throughput with gas puffing at the edge.)  
· With no gas puffing, high recycling, and very low throughput, the relatively low estimated conventional pumping rate may not remove He at its production rate. 

· The UEDGE model for our design has a divertor target orthogonal to the magnetic flux surfaces.  Limited modeling with a tilted target (mostly before the strongly radiating solution was found) showed some redistribution of the profiles of D/T and He densities and temperatures along the divertor surface.  

Core and startup: APEX included extensive edge modeling on the interaction of the plasma edge and liquid surfaces, but without a commensurate effort on modeling of a plasma core and coupling with the edge modeling.  Two areas that might affect the edge solutions identified but could not be assessed are (1) the fueling scenario and the addition of cold hydrogen at the edge of the plasma and (2) access to the stable operating window from startup. 



Fluid flow and stability

Liquid metals - Low Prandtl
 number fluids:  The influence on design of turbulence is less than for other fluids because much of the heat transfer occurs by thermal conduction due to high k.  

· Our primary general issue in the control of free surface liquid metal flows for chamber technology is our current inability to predict the MHD effects. (fast flow in high magnetic fields with field gradient effects and redirections of flow through bends and nozzle) coupled with free surface flows)  An attractive aspect is the potential for MHD effects to stabilize flow perturbations and suppress the formation of waves or splashing.  This is particularly important for the divertor where a smooth surface is needed at the strike point.  

· The possible need for insulating layers and toroidal breaks in the first wall is an issue.  These will become better defined as there is more progress on fast MHD-controlled flows in high magnetic fields.  If we do need insulating coatings, this is an important R&D issue for materials development.  

· Lack of data on basic physical properties of some liquid metals at temperature above the region near their melting point is another issue.



Fluid flow and stability
Molten salts: Turbulent heat transfer is extremely important.  

Waviness:  Assumption 1 - In the outer scrape off region near the first wall, we anticipate comparatively little heat convected by charged particles, i.e., relatively small convected heat flux parallel to the magnetic field, and wavy flow is acceptable. 

Waviness: Assumption 2 – Parallel heat conduction in the scrape-off layer is significant and will limit the deviations from flatness that are acceptable.  This is likely in the divertor and may be true for “plasma blobs” that reach the FW.  

For Flinabe, there is also a lack of consistent data on its physical properties.  



Piping, nozzles and structure

In general we developed design concepts with provisions for fluid flow that fulfill the basic requirements for heat transfer.  Some confirmatory testing was done.  Modeling and validations required for complex 3-D flows have not been done.

Nozzles: The detailed fluid flow design for the nozzles and flow from an array has not been done.  (Confirming that a FW flow system will perform as expected implies a detailed fluid flow analysis plus some type of testing program and associated facility.  A related issue is quality control in fabricating nozzle arrays.) 

Fluid flow around penetrations:  Some initial modeling at UCLA on modifications to the shape of the back wall to guide the flow showed promise.  We also propose, but have not yet analyzed, that auxiliary flow introduced from nozzles at the bottom of a cassette could fill in the flow in the wake of the penetration and eliminate a tapered tail on the lower part of the cassette.

Plasma-facing structure:  RF hardware or the divertor deflector may require internal cooling; the designs and experiments remains as future work.



Startup, Shutdown, Transients and Safety

Several types of transients in the behavior of the plasma or the flowing liquid can affect the performance of the facility.  Most are poorly characterized at this time.  

· Introducing the liquid flow; also systems for reheating systems and diagnostics  

· For LM designs, magnetic transients during startup and coupling with plasma  (A conducting shell may help stabilize the plasma; the plasma coupled to a conducting, free and movable surface is not a simple problem for analysis.)

· EM load analyses of structure, such as the divertor deflector or RF antennas 

· Passive cooling - not in present design (Safety: a LOFA produces excessive temperatures due to decay heat in Flinabe; either passive blanket cooling or passively activated blanket draining in certain accident scenarios is needed.)  

· Sizing and cost of a secondary system for tritium recovery in the balance of plant was not addressed.  (Molecular sieves and water distillation with vapor phase catalyst exchange are technically feasible methods.)


Remote maintenance of the structure

Remote maintenance scenarios have been worked out at a superficial level. The modular design with replaceable cassettes, component lifetime assignments, component installation sequences, and component/sector removal scenarios are all partially driven by remote maintenance requirements.  

Detailed remote maintenance designs and maintenance scenarios have received little attention to date, leaving many important questions unanswered at this time.

Materials and fabrication - Fluids
· Physical properties of such metals as tin at temperatures much higher than their melting points  

· Data on physical properties of Flinabe, particularly melting temperature, viscosity at lower temperatures and uniformity of fluoride mix. 

Materials and fabrication - Structure

· Ferritic steel with a nano-dispersion of oxide is as yet unproven. 

· Material properties database is very limited. 

· Processing for production in large quantities is an issue. (The current method of production involves thermo-mechanical treatments of small lots to obtain the super-fine dispersion of oxide.)  

· The material is not weldable.  (Diffusion bonding is the preferred joining technique and this becomes more difficult in complex geometries.)
A much more demanding level in the proving of materials must occur to confirm the performance needed for high (97.8%*) availability for the blanket system in a future fusion reactor.  At that point, one needs detailed data on a proven material, which implies significant materials development.  This includes the database itself plus demonstrated capability to produce and fabricate the material in conformance with the desired goals for performance and quality assurance. 





*Goals for availability were presented in the APEX Interim report completed in January 2000.  





Some inconsistencies also currently exist in our design calculations, e.g., design choices based on average equal neutron wall loading and surface heat flux for both inboard an outboard first walls.  (The average neutron wall loading is significantly higher and the average surface heat flux slightly higher for the outboard first wall and blanket modules.) This will not affect the design in a drastic way; further analyses would yield a more accurate and detailed accounting of the power in inboard and outboard first wall and blanket.





The scope of the work implies experimental and analytical efforts and new experimental facilities.











� The Prandtl number, Pr=Cp(/k, where Cp, ( and k are the heat capacity, viscosity and thermal conductivity.





