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Abstract
The target design for the International Fusion Materials Irradiation Facility (IFMIF) is a Lithium film flowing along a concave back-wall in a vacuum environment. To obtain uniform neutron field and dose rate for testing materials, thickness of the target flow is necessary to be uniform. Therefore it is essential to know surface fluctuations in the irradiation region. The experiments designed and performed to study the free-surface Li flow are still far from the experimental real conditions of the liquid Li target of IFMIF. For this reason, in the mean time, CFD (Computational Fluid Dynamics) calculation turns out to be a good approximation to the real behavior of the Li flow. This paper deals with the 3D numerical simulation of the IFMIF design only target assembly Li target loop, made with the CFD commercial code ANSYS-FLUENT [1]. The real IFMIF design target geometry is modelled by a structural mesh of 881160 hexahedral cells. The problem is formulated with a porous media volume in the straightener area, at the top part of the device (the inlet from the pump). On the other hand, the energy deposition (40 MeV) caused by Deuteron Beam is simulated as an energy source term inside the volume of liquid affected. The turbulence of the flow is modelled using the RNG k- model. The main objective of the simulation is the determination of the flow field along the concave surface with vacuum over its free surface, studying the jet continuity and the velocity deformation. A surface-tracking technique applied to a fixed Eulerian mesh called Volume of Fluid (VOF) is used for this purpose. This model allows the free surface tracking, showing from the numerical results, the proper stability of the flow, at least, in the central zone where the beam interacts with the fluid. Also the evolution of the free surface all along the concave back wall have been followed in the calculations. The jet velocity has been varied from a range of 10-20 m/s, and calculations show that once the flow is stationary practically there is no separation between the fluid and the wall.
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1. INTRODUCTION 
IFMIF is currently being planned by Japan, Russia, the EU, and the United States. The availability of a neutron source to test materials for the potential use in fusion reactors of the future, is indispensable for the qualification of those materials. This project has been preceded from previous activities of similar purposes: the Fusion Materials Irradiation Test Facility (FMIT) (1978-1984) designed at the Hanford Engineering Development Laboratory [2], although the project was cancelled before construction; and the Energy Selective Neutron Irradiation Test Facility (ESNIT) (1987–1994) at the Japan Atomic Energy Research Institute [3].
The IFMIF is an accelerator-based Deuteron–Lithium neutron thought to produce intense high energy neutrons for testing fusion materials to be used in ITER and fusion DEMO reactor. A 40 MeV deuteron beam will be injected into a high-speed liquid Lithium (Li) jet, flowing along a vertical concave wall in vacuum.
The confidence in any design is based on the engineering methodology that has been used, and that includes the application of Computational Fluid Dynamic (CFD) codes. The simulation of working conditions with the available engineering codes is part of the design work, and the validation of such codes will always be the proper way to improve them and to rely on their predicted results.
This paper shows calculations made with the CFD commercial code ANSYS-FLUENT, dealing, above all, with the stability of the Lithium free surface in the IFMIF target, and also with the possibility of Lithium boiling. Considerations are made about the capabilities and withdraws of the models included in ANSYS-FLUENT for the simulation of the two main physical problems involved in the calculations: multiphase problems and turbulence.
2.
IFMIF TARGET GEOMETRY MAIN SPECIFICATIONS
The neutron source foreseen in the FMIT project, included a one-step high-contraction nozzle. However, for the design of the IFMIF, it has been thought that a two-step type of nozzle will prevent separation in the flow nozzle. On the other hand, a concave wall avoids boiling of the Li flow [4]. Table 1 shows the IFMIF main specifications to be taken into account for the numerical simulation. 
Table 1: IFMIF target specification 

	
	

	Area of the Li Jet (Width X Thickness)
	260 mm X 25 mm

	Velocities of the Li jet
	A range from 10 to 20 m/s

	Inlet temperature of Li 
	250 ºC

	Pressure at free surface (vacuum)
	10-3 Pa

	Energy (beam) deposition surface
	200 (Width) X 50 mm (Height)


In Figure 1 a scheme of the IFMIF design allows a general description of the main features involved in the target flow: the concave wall, the Li free surface, the vacuum zone and the beam impact zone.

[image: image1]
Fig. 1 Scheme of the IFMIF target geometry [5]
Then, in Figure 2, the double reducer nozzle scheme by Shima model [6] can be depicted. This two-step nozzle has been chosen to get a stable flow along the concave wall. It is important to obtain a uniform neutron field and dose rate for testing materials. Therefore, a stable flow is a main issue in the design of the target.
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Fig. 2 Scheme of the double reducer nozzle for the IFMIF target geometry

3.
NUMERICAL SIMULATION SET-UP WITH THE FLUENT CFD CODE
3.1. Physical models and boundary conditions
The geometry grid for the IFMIF target simulation is shown in Figure 3. A meshing of 881160 hexahedral cells has been used for the simulation. Just in the zone near the wall the number of cells that will be within the lithium cross-section is 20 (Fig. 4).
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Fig. 3 IFMIF target geometry.
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Fig. 4 IFMIF target geometry. Concave-wall zone.
A two phase flow problem has to be solved: Lithium and a vacuum environment. One of the main concerns about this flow is the stability of the liquid metal free surface. To track this surface CFD codes as ANSYS-FLUENT use a surface-tracking technique applied to a fixed Eulerian mesh called Volume of Fluid (VOF). It is designed for two or more immiscible fluids where the position of the interface between the fluids is of interest. This is the case, as a Lithium jet flows in a vacuum environment along a concave wall.
This VOF model uses a single set of momentum equations, and it is shared by the fluids. Then, the volume fraction of the fluids in each computational cell is tracked through a continuum equation for one phase, if it is a two phase problem, or more than one, if more than two phases are present in the problem. The phase that is not calculated by the continuum equation must obey the rule that says that all the volume fractions must add the unity.
Turbulence is also a main key for this kind of patterns. The model chosen for the calculations is the RNG k- model, as its good physical properties and less computational cost allow a suitable simulation time. Other models, with the number of cells mentioned before, and a multiphase flow involved, are, by the moment, of a very expensive computational cost.
The energy deposition by the D+ beam is simulated by an energy source (W/m3) input within a volume in the Lithium phase in the middle part of the domain, (see Figure 1). In Figure 5 can be seen the energy profile used for the calculations. 
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Fig. 5 Energy deposition profile.
Calculations have been done with two velocities: 20 m/s and 10 m/s.
3.2. Results
Surface fluctuations observed through the experiments are mainly caused by waves and wakes [7]. The first ones are thought to be due to turbulence and are transversal to the flow. In fact their peak-to-peak amplitude is slightly higher when velocity increases. The wakes are due to roughness and impurities in the nozzle edges and are longitudinal to the flow.
Figures 6 and 7 show the calculated surface waves formed when the jet velocity is 20 m/s and 10 m/s respectively. The maximum peak-to-peak amplitude of these waves predicted by ANSYS-FLUENT is around 2.5 mm when the velocity is 20 m/s, and a little bit smaller, 2 mm, when velocity is 10 m/s.
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Fig. 6 Waves in the free surface when Lithium (red zone) jet velocity is 20 m/s.
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Fig. 7 Wakes in the free surface when Lithium (red zone) jet velocity is 10 m/s.
Figure 8, also show that in the most vertical zone of the concave wall (where the energy-deposition zone is located), waves are smaller (see also figure 9).
Calculations with other turbulence models could modify these results, but as it has been mentioned before the computational cost is still not affordable.
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Fig. 8 Waves formed all along the free surface.
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Fig. 9 Waves formed in the energy-deposition zone
When trying to observe the formation of wakes due to the nozzle shape some calculations done with a roughness of 100 m in the nozzle walls, show no differences compared with calculations were done when no roughness is input (default value in ANSYS-FLUENT). This point should be checked by doing a finer mesh near the walls and in the zone where the two phases coexist.
Another critical point that has been considered in these calculations is the possibility of Lithium boiling. ANSYS-FLUENT predicts that the boiling point is not reached inside the domain. In figure 10, the maximum temperature reached inside the lithium phase is 415 ºC, for a jet velocity of 20 m/s, while the boiling point in that part of the domain is around 1120 ºC [4], using the formula:
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Lower velocities are more critical at this point. In the case of 10 m/s, calculations show a maximum temperature of 576 ºC, and boiling point is around 990 ºC.

[image: image11.jpg]4.45e+02

250 -c SEENER|
4336402

4276402 262°C
410e+02 \
3986402

3866402

3740402 274°C
3636402 \
351e+02

3.39¢+02
3.27e+02 321.°C/
3.16e+02
3.04e+02
2926402
2.80e+02
269¢+02
257e+02
245¢+02
2336402

. 2226402 Y

210e+02

415°C

Beam zone

Contours of Static Temperature (mixture) (c) (Time=1.1000¢-01)

Jun 25, 2008
FLUENT 6.3 (3d, pbns, vof, mgke, unsieady)





Fig. 10 Temperature distribution in the energy-deposition zone, for a jet velocity of 20 m/s.
In Figure 10, it can also be seen that the two cells next to the wall are still with a temperature of 250ºC (the inlet temperature). That means high temperatures are 2.5 mm from the wall.
It is a well known withdraw of most of the turbulence models used in commercial CFD codes (included the RNG k-), when dealing with liquid metals, that they assume the Reynolds analogy, using the turbulent Prandtl number to describe turbulent heat transport [8]. That seems not to be valid for low-Prandtl liquids (high thermal conductivity, like liquid metals). In particular, near wall treatment should be reviewed. These models consider direct proportionality between turbulent moment transport and turbulent heat transport. The turbulent Prandtl number is the experimental coefficient that deals with this proportionality, and by default its value is around 0.9 depending on the model. That means that turbulent moment and turbulent heat transports are equivalent. This result is suitable for other liquids like water or air, but not for liquid metals. Using this value leads to an overestimation of turbulent heat flux, which in the case of liquid metals seem to be negligible.
4. CONCLUSION

The confidence in CFD codes for their use in industrial design is an important issue to be taken into account, especially if it affects safety, as it is the case in fusion devices. Liquid metals as Lithium are involved in the design of the neutron source of material irradiation facilities as IFMIF. The correct treatment of thermal-hydraulics for these special fluids is one of the critical points for physical models in CFD codes. Above all, turbulence and multiphase models, are the most critical ones. 
In this paper it has been shown that the CFD code predicts instabilities in the Lithium free surface due to the formation of waves. Turbulence has an important role in the formation of these instabilities. Therefore, the validation of a suitable turbulent model with liquid metals flows should be a priority for CFD code users and developers involved in nuclear devices designs. For the correct prediction of waves and wakes formed in the lithium free surface, it must be paid attention to the meshing, too.
The prediction of Lithium boiling involves thermal calculations, in which turbulence plays also an important role. In the case of liquid metal flows, turbulent heat flux seem to be negligible due to the high thermal conductivity of liquid metals. But commercial codes consider that this effect is important, leading to an overestimation of turbulent heat flux. Therefore, other turbulent models should be used, or a suitable correlation should be found for the experimental coefficient involved in this phenomenon, the turbulent Prandtl number.
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