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Magnetic field, temperature and velocity distribution measurements in an electromagnetic induction pump using a small ferrite core coil system
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In this paper technique of local AC magnetic field, temperature and velocity measurements in the gap between electromagnetic induction pump (EMIP) channel and inductor using a single ferrite core coil is discussed.

Described method has several important advantages: high signal/noise ratio due to ferrite core, small size of a sensor, three parameter measurement, non-intrusiveness, low cost etc. However, some significant limitations should be also considered: saturation of ferrite core with relatively low fields and temperature dependence on magnetic permeability characteristic of ferrite material.

Finally, this perspective measurement method was tested in University of Latvia (UL) and implemented in measurement system of TESLA-EMP loop in Institute of Physics of University of Latvia (IPUL). Some relevant results of these experiments are presented.

Introduction

AC magnetic field measurements using coils are well known since epoch of Faraday which law of induction is fundamental principle of this technique. Similar can be said about change of conductivity/resistivity of metallic wire as function of temperature, it strictly defined by properties of wire material and size.

These measurements can be done using commercially available small sized ferrite core coils. Ferrite is used to improve strength of signal, but disadvantage is non-linearity with high magnetic field (saturation) and (Curie) temperature, which must be taken into account.

EMIP is asynchronous electrical machine which uses traveling magnetic field to create EM force and motion of liquid metal. Induced magnetic field in EMIP is a function of liquid metal velocity [START_REF] Lielpeters | MHD machines using liquid metals[END_REF], therefore magnetic field measurement contain information about the flow structure in the channel.

In the context of ASTRID (Advanced Sodium Technological Reactor for Industrial Demonstration) R&D program large scale Annular Linear Induction Pump (ALIP) called PEMDYN will be tested [START_REF] Rodriguez | Intl. Conf. on fast reactor and related fuel cycles[END_REF]. In support of these activities TESLA-EMP (Test and Experimental Sodium Loop for Analysis of ElectroMagnetic Pumps) facility in IPUL [START_REF] Goldsteins | 9 th International PAMIR Conference[END_REF] is developed. One of the goals of these studies is to improve experimental investigation methods in EMIP.

Signal characterization of ferrite core coils

In all experiments EPCOS B82451N coils were used measuring: 7.7 mm diameter and 2.65 mm height. A set of experiments in UL were carried out to determine non-nonlinear behavior and better understand usage of such device.

First of all, experiments showed that by using known external AC field with 50 Hz frequency, ferrite core starts to saturate with relatively low fields and gives output signal somewhat different from sine (fig. 1). This leads to nonlinear RMS signal, however, effective value calculated from peak-to-peak (maximum, minimum) keeps linearity (fig. 2), due to fact that EMF and external field are 90° shifted (Faradays' law). In other words, at peaks of the measured signal instantaneous value of external field is 0 (no saturation of core possible) and value of amplitude is preserved (fig. 1).

Secondly, graduation of coil wire resistance as function of temperature was carried out by heating and then cooling water with immersed small coil and thermocouple which gave linear relationship (fig. 3). Then in different setup signal was analyzed with oscilloscope as function of temperature (determined by resistance) by convectively heating coil in the ceramic tube inside known external field using hot air gun. Result showed that even form of signal changes with temperature, peaks are preserved up to 130°C (fig. 4). Apparently the problem of linear magnetic field measurement using ferrite core coil is about finding peak-to-peak values and controlling its temperature. Since peaks become narrower with increase of both -amplitude of magnetic field and temperature, good temporal discretization is required.

Implementation in TESLA-EMP setup

In TESLA-EMP facility flat EMIPs with double sided inductors are used, which allows easier implementation of magnetic field measurements. Between inductors stainless steel cannel filled with Na was placed asymmetrically to equip lower inductor with magnetic field samplers on the Fe tooth between each two coils of the same phase (A-A, B-B etc.) (fig. 5). 18 rows of samplers were fixed on the inductor (fig. 6), in each row there were 2 samplers and each of them had 4 measurement coils soldered on PCB (fig . 7). The thickness of sampler was around only 3 mm. Totally 144 measurement points gave 50x60 mm spatial resolution of the channel active part with dimensions 420x1080 mm. 

Results

First of all, results with applied line current I = 200 [A] and flowrate Q = 3 [l/s] of magnetic field (fig. 9) and temperature (fig. 10) measurements averaged over 1s are presented, which represent global behavior of the system. It can be observed that distribution of magnetic field is rather symmetric with higher values in the side zones which correspond to transversal end effects of flat type EMIP. Temperature distribution in (fig. 10) represents ventilator cooling from the one side of the channel and it is shown that maximally it reaches 70ºC, which is acceptable. Next, it is possible to analyze transient behavior of magnetic field with the time step as small as 0.02s, which corresponds to period of 50Hz frequency. It can be seen in (fig. 11121314) that certain fluctuations of magnetic field are captured and are rather periodic. However, globally distribution of magnetic field resembles to averaged field in (fig. 9).

Finally, a regime with higher flowrate Q = 25 [l/s] is presented in (fig. 15 -18) where interesting phenomenon is observed -not only magnetic field fluctuates, but its symmetry has been completely lost as well. Such behavior should be connected with strongly vortical flow, in some sense characterizing MHD instability. Reconstruction of velocity field from magnetic field, first of all, implies finding axial velocity component. E.g. in the ideal ALIP axial component can be expressed as:

𝑣 𝑧 = 𝑣 𝐵 [1 -𝑅𝑚 -1 √(𝐵 0 /𝐵) 2 -1] (1) 
Where: 𝑣 𝐵 -velocity of magnetic field; 𝑅𝑚 -Magnetic Reynolds number; 𝐵 0 -amplitude of external magnetic field; 𝐵 -amplitude of total magnetic field (measured).

Then, azimuthal velocity component can be derived from continuity equation.

Here the reconstruction has not been done, since in the case of flat EMIP it is more challenging due to transversal end effects. However, we consider it as primary task to develop contactless velocity measurement technique in EMIP.

Conclusions and discussion

A detailed magnetic field and temperature measurement technique in air gap of EMIP using system of small ferrite core coils have been developed, successfully implemented and tested in operation. Overall, this robust method has great capabilities and potential to be developed further.

The first results of the distribution of magnetic field have shown some unexpected fluctuation and loss of symmetry, which are likely correlated with hydrodynamic behavior of liquid sodium in the channel. However, precise methodology to recalculate velocity distribution is still necessary.

Since the presented technique essentially relies on the frequency of the applied current in the inductor, it was a natural limit of the available (measurable) frequency band in presented case. Note that it is possible to improve measurements temporal resolution twice by increasing acquisition frequency -precisely measuring the peak in each half period.

Additional attention to filtering methods should be applied in case of electronically modulated AC current sources are used for alimentation of inductors.
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