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Due to the non-transparency of metals it is nearly impossible to observe how inclusions behave within a liquid metal. At the same time numerical models, which generally are powerful tools for design of different types of metallurgical and other equipment associated with liquid metal, usually contain a high number of degrees of freedom due to the complexity of turbulent flows. Therefore, experimental verification of the numerical models is an essential task, which was hitherto not satisfactorily solved by established technologies. This contribution presents a recent and break-through experimental method, which makes liquid metal transparent: dynamic neutron radiography. It allows to visualize dynamics of solid inclusions in liquid metal flows within a scaled-down equipment, keeping fixed non-dimensional hydrodynamic and electromagnetic parameters and applying a permanent magnets technology for electromagnetic agitation in the set-up. Such method allows to step forward in understanding two-phase liquid metal flows as well as ensure innovative experiments for improvements in metallurgical equipment, bubbly liquid metal columns, preparation of metal matrix nanocomposites and others.

Introduction

Improvement of melt quality is one of the highest priorities in metallurgical processes. The structure and properties of the final product can be radically changed by adding particles to the melt, e.g., admixture of carbon and chromium to iron prevent movement of dislocations and increase tensile strength of the alloy. Due to the non-transparency of metals it is nearly impossible to observe how the solid inclusions behave within the liquid metal. At the same time numerical models, which generally are powerful tools for studying inclusions in melts, usually contain a high number of degrees of freedom due to the complexity of turbulent flows of liquid metal. Therefore, experimental verification of the numerical models is an essential task, which was not satisfactorily solved till nowadays. Furthermore, the development of admixing technology requires better understanding of the structure of the flow, the velocities of the flow and peculiarities of the particle behavior.

The most of the experimental methods developed for the classical transparent flows like the Particle Image Velocimetry (PIV), optical methods, are apparently not applicable for liquid meals. At the same time, electromagnetically (EM) governed liquid metal flows form a very specific class of turbulent flows, which cannot be reproduced by any transparent liquid [1]. This is a very significant difference between the classical fluid engineering and liquid metal technologies, which makes the task of experimental investigation of liquid metal flows much more challenging. Nevertheless, scientists made significant steps forward during the last few decades, a significant number of experimental techniques like ultrasonic Doppler shift method [2,3], the potential probes [4,5] and others have been developed for single phase liquid metals. However, despite some recent attempts to perform verification of two-phase liquid metal models [1,6], no established experimental technique, which is suitable for industrial usage, is known. It should be additionally mentioned that the classical X-ray radiography in heavy metals is significantly limited due to attenuation coefficient proportional to an atomic number and is likely impossible for turbulent liquid metal flows. The authors carried out a dynamic neutron radiography experiment on visualization of solid inclusion motion in liquid gallium, which seems to be promising method for verification of numerical models and for direct industrial application as well. The first known neutron radiography of a two-phase liquid metal flow was performed by Saito et al. in 2004 [7]. Rising gas bubbles were visualized in the Pb-Bi eutectic. However, the flow was initiated only by the rising bubbles without electromagnetic stirring; therefore, intensity of the flow was low. Thus, the present experiment can be considered as a significant step forward.

Experimental method

The experiment, which is reported in the present paper, was done at the internationally available user facility Swiss Spallation Neutron Source (SINQ) in Paul Scherrer Institute (Villigen, Switzerland). SINQ is presently the world's highest flux accelerator-based continuous neutron spallation source. It is situated at the end of a cascade of three accelerators that deliver a proton beam of 590 MeV at a current up to 2.4 mA. The spallation target is an array of lead rods that produce a continuous neutron flux of about 1 e+14 n/cm 2 /s. Instruments are extracting neutrons by evacuated flight tubes and neutron guides from the D 2 O moderator tank or a liquid D 2 cold source. Neutron imaging at SINQ is available at two main facilities: NEUTRA and ICON. The fist one is more suitable for the present goal. The thermal neutron transmission radiography facility (NEUTRA) features an evacuated neutron flight-tube looking through a 20 mm diameter pinhole into the heavy water SINQ moderator tank. It allows neutron radiography and tomography images of medium to large size objects using a thermal neutron energy spectrum. Neutron energy at this facility is about 25 meV; the neutron flux depends on the proton current delivered to SINQ and is not more than 5e6 neutrons cm-2 sec-1 mA-1 (p-current) at the sample position. The primary detection reactions for thermal neutrons are based on neutron capture by an absorbing material subsequently emitting charged particles. A scintillator screen (e.g., 200 μm thick Li 6 doped ZnS) produces light when excited by ionizing radiation. This light is reflected perpendicularly to the neutron beam direction while neutrons pass through the mirror, which is installed in 45° to the direction of the neutron beam. The reflected light is recorded by a CCD or a CMOS camera. As a standard, an Andor Neo sCMOS pixel detector is used in NEUTRA.

Apparently, there are some limitations for an experimental set-up suitable for a neutron radiography experiment. In order to choose a proper metal for the experiment two properties should be considered: 1) low melting temperature to avoid heating close to a detector and a camera that should be situated as close to the vessel as possible; 2) the attenuation of the neutrons (see [8]). It becomes clear that low temperature eutectics, which contain cadmium (Cd) and indium (In), such as Wood's metal and Galinstan, cannot be used due to high values of the attenuation coefficients. Bismuth (Bi) is also unwanted because it can be activated in the neutron beam and tiny amounts of polonium (Po) can appear. For these reasons we chose gallium (Ga), which is acceptable for neutron radiography and has a suitable melting temperature (30 °C). The material properties of the inclusions used for the neutron radiography experiment have to fulfil various requirements. The attenuation coefficient of the particles cannot be in the same range as that of the liquid metal otherwise they will be invisible. Therefore, the typical SiO 2 , ZrO 2 and Al 2 O 3 oxides are useless here. Boron carbide (B 4 C), which has a very high attenuation coefficient, was found to be good for the experiment. However, due to its low density (2.52 g/cm3) and the very low size of available particles, it was a significant problem to mix such a powder from the surface into the metal. Therefore, special composite particles, which consisted of a lead (Pb), gadolinium oxide (Gd 2 O 3 ) and glue were fabricated. Combination of these materials allows to control density and contrast of the particles. The metallurgical equipment apparently should be scaled-down. First of all, the width of the vessel is limited by the width of the neutron beam, which is less than 20 x 20 cm at NEUTRA middle position with stronger aberrations at the periphery. The third size of the examined vessel should be optimized with respect to the beam attenuation by the liquid metal. The dynamic neutron imaging at the existing facilities is available only as 2D shadow images while tomography (3D imaging) is available for static objects. Thus, the liquid metal vessel and the flow inside should be optimized for 2D imaging. Taking into account the mentioned aspects, a rectangular vessel of window glass, inner size 10 x 10 x 3 cm, was built for the experiment.

Taking into account the already mentioned limitation for materials in the way of the neutron beam, designing of an EM environment of the experimental set-up should be carefully considered. Usually EM stirrers have an inductor of alternating current around the liquid metal vessel to ensure mixing. However, the cupper inductor usually is water cooled, that means it is designed as a tube to conduct water inside. Water, which contains hydrogen, has high attenuation coefficient; therefore, it should be avoided in the way of the neutron beam. Theoretically, it should be possible to design the cooling system using liquid metal or another material, which is transparent for neutrons, but such designs are untypical for the metallurgical industry and, consequently, will be very expensive.

Modern permanent magnet technology seems to be a quite nice solution for this problem. It is possible to design a system of rotating permanent magnets in a way to create the same flow structure as in the case of an inductor. The paper Fig. 1 The experimental set-up [9] can be referenced here. Generally, it should be pointed out that the permanent magnet technology proved very essential for our neutron radiography application to metallurgical flows and is a significant innovation of the present experiment.

Taking into account all aspects mentioned in this section, a design, which contains counter-rotating cylindrical magnets, was chosen (see Fig. 1). Such a design allows sparing a high frequency generator and an inductor; however, an additional mechanical system, including gears, belts and bearings, had to be built to ensure the rotation of the magnets.

Results

This section contains the results of the first and the second dynamic neutron radiography experiments in an intense EM induced liquid metal flow, which were performed in July of year 2014 and 2015 respectively at Paul Scherrer Institute, SINQ, NEUTRA. These results generally demonstrate the potential of the method, but do not exhaust it due to possible improvements.

The results of the measurements were obtained as a set of neutron shadow images; some of them can be seen in Fig. 2. Two different exposure times were used -0.01 s and 0.1 s: shorter exposure makes it possible to see separate particles in the flow and was used to create a particle concentration field, but longer exposure shows the trajectories of particles and, consequently, visualizes the structure of the flow as well as it allows to calculate the velocities of the inclusions. Velocity can be calculated also using standard PIV procedure. It should be mentioned that the camera and its environment at the first experiment supported only 1 fps effective imaging frequency. The velocities and frequencies of oscillations of the flow were so high that the frame rate was the limiting factor for postprocessing of the results, i.e. it was not possible to unambiguously follow the same particle in two consecutive frames. This problem was solved in the second experiment, a new camera allows 32 fps frame rate, which makes possible to use PIV technique and software for the analysis. This work is in progress now.

Nevertheless, by doing time consuming image processing work it was possible to evaluate the admixing of particles in the fluid and the average velocities of the particles in the flow even using the results of the first experiment. Maximal concentration of the particles as a function of magnet revolutions is shown in Fig. 3 (a). The noticeable step structure could not be easily explained and required time consuming numerical simulation of the process, which is in progress now. Bojarevics & Beinerts presented an analytical expression for a magnetic field and an iterative solution for the flow velocity in the limit of a two-dimensional model as well as experimental measurements of the velocity in a liquid metal stirrer based on rotating permanent magnets [START_REF] Bojarevics | [END_REF]. This analytical method is used in this work for the estimation of the flow velocity in the present set-up. The average particle velocity in the liquid metal as a function of magnet rotation speed is shown in Fig. 3 (b). The experimental curve in this figure was obtained by using images with longer exposure time (Fig. 2 (a)), which allowed to see particle paths. The velocity of particles was calculated by dividing the length of its path with the exposure time (0.1 s). The results are presented in Fig. 3 (b) as a function of magnet revolution speed. Comparing analytical predictions of the flow with the experimental results, it must be noted that the velocities found analytically are definitely higher than those of particles in the experiment even taking into account the huge errors of the experimental results. This fact seems to be easily explained by inertial effects due to the big size of the inclusions.

Conclusions and further perspectives

The present paper discussed neutron radiography as the promising method for experimental investigation of twophase liquid metal flows and verification of proper numerical models, which are essential issues for liquid metal applications. The possibilities of such method are demonstrated on the example of a scaled-down stirrer, which has been designed using permanent magnet technologies in a way to ensure the same flow structure as in an ICF. The rotation speed of the permanent magnets determines the flow velocity, which is tuned to ensure the same Reynolds number as in the original metallurgical equipment. Time-averaged concentration field and flow velocities as functions of magnet rotation speed are demonstrated as quantitative results of the experiment.

It is possible to establish the neutron particle image velocimetry (NeuPIV) method by using high speed camera. Generally, the results of the two experiments demonstrated potential of the method. It allows deeper understanding of two-phase processes in liquid metal technologies like behavior of alloying inclusions in bulk of a melt, entrapment of slag, bubbly flow in liquid metal columns, micro-and submicro-particle embedding in metal lattice during metal matrix nanocomposite production. Such experimental method in combination with numerical models opens a door for better optimization of equipment and processes as well as new technologies and innovation in metallurgy. Limits of the method for different applications should be further investigated.
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 2 Fig. 2 Examples of neutron images: (a) rotation of the magnets -35.3 rps, exposure time -0.1 s; (b) 35.3 rps, 0.01 s; (c) example of slag entrapment visualization. Figures (a) and (b) corresponds to the first experiment [10]. a b