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Abstract

The Eddy Current Flow Meter is an inductive flow rate sensor which can be used in many liquid metal applications and is well suited for operation in liquid metal cooled fast reactors. There it can be used as part of the safety instrumentation in order to detect a loss of flow in the reactor core. To further qualify the Eddy Current Flow Meter for use in liquid metal cooled reactors, measurements with a high temperature prototype of the sensor have been performed at the sodium loop SUPERFENNEC for sodium temperatures between 200 °C and 300 °C and flow velocities of up to 2.5 m/s. By measuring the magnitude or phase shift of the output voltage of the sensor, the flow rate or velocity of the liquid sodium in a certain volume around the sensor can be determined. Depending on the frequency of the excitation current, the sensitivity of the sensor is changing. Therefore, measurement results for different frequencies and temperatures are presented as well as the results of a frequency sweep for determining the optimal excitation frequency of the sensor.
1. INTRODUCTION
Because of its simple design, the Eddy Current Flow Meter (ECFM) is a reliable and robust inductive sensor that can be applied to applications with harsh environmental conditions such as extreme temperatures or in chemically aggressive materials. The basic operating principle is based on a patent from 1948 by Lehde and Lang where a device for flow rate measurements in electrically conductive fluids was presented [1]. In the decades that followed, many different configurations of the sensor were developed and used for a wide range of applications [2,3]. Although the physical and chemical properties of liquid metals such as their opacity, high melting temperatures and chemical aggressiveness make flow measurements a challenging task, many measurement techniques have been and are still developed for liquid metal applications. The ECFM is part of the inductive flow rate sensors, which also include other sensors like the Permanent Magnet Electromagnetic Flowmeter [4], Phase Shift Flowmeter [5], Permanent Magnet Rotary Flowmeter [6] or measurement techniques like the Lorentz force velocimetry [7] and Contactless Inductive Flow Tomography [8-11], which allows the reconstruction of complete three dimensional flows. The recently developed Transient Eddy Current Flow Meter aims at negating one of the most prominent disadvantages of the ECFM, namely the need for calibration of the sensor [12-14]. In addition to these inductive measurement techniques, ultrasound Doppler velocimetry (UDV) [15-17] is another option for acoustic flow measurements in liquid metals.  
The ECFM is used to measure the mean flow rate or flow velocity in a certain volume around the sensor. Its operating principle is based on the induction of eddy currents in materials with high electrical conductivities such as liquid metals. As soon as there is relative movement between the sensor and the electrically conductive material, additional velocity-dependent eddy currents are induced, the magnitude or phase shift of which can be used to infer the velocity [18]. There is a linear relationship between the magnitude or phase of the eddy currents and the velocity [19]. The most common configuration of the ECFM consists of three solenoid coils positioned vertically one above the other. The primary coil in the centre generates the so-called magnetic excitation field, which leads to the induction of eddy currents in the surrounding material. These in turn influence the excitation field of the primary coil. The two secondary outer coils detect these changes in the excitation field, which can be quantified by using the output voltage of the two coils. In order to be able to assign a velocity to a certain output voltage, the ECFM must be calibrated. Usually this can be done by simultaneous measurements with a different sensor, such as UDV sensors or other inductive flow rate sensors. Depending on the application, the ECFM can be immersed in a pool of liquid metal to measure the mean flow velocity around the sensor or it can be positioned around a pipe [20] to measure the average flow through that pipe. The frequency f of the excitation current determines the measurement depth of the ECFM. Due to the skin effect, the magnetic field cannot penetrate deeply into the liquid metal at high frequencies. Therefore, at low frequencies, a larger volume can be covered by the ECFM. The penetration depth δ can be calculated according to equation (1), where σ stands for the electrical conductivity of the metal and f for the frequency of the magnetic field.
	
	(1)


For the ECFM there have been various nuclear applications in the past such as void detection at liquid metal cooled fast reactors [21] or general flow measurements in fast reactors [22]. In this paper, measurement results with a high temperature prototype of the ECFM at the SUPERFENNEC sodium loop are presented. At first a frequency sweep is performed in order to identify the optimal range of excitation frequencies, subsequently measurements are performed with selected frequencies at sodium temperatures of 200 °C, 250 °C and 300 °C.
2. Experimental Setup
The experiments took place at the SUPERFENNEC sodium loop at CEA Cadarache in France. The loop went into operation in 1980 and is designed to introduce trainees to the operation of a sodium loop. In parallel it is used for scientific purposes. It has a total Na inventory of 150 litres and can be operated at temperatures between 150 °C and 450 °C. There are two test sections, a sodium pot with a volume of 60 litres and a dynamic test section which is located between two flanges that are about 1 m apart [23]. This is where the experiments with the ECFM are taking place. A simplified scheme of the relevant part of the test section can be seen in Fig. 1: The test section basically consists of two pipes that are made of stainless steel. The inner pipe has a wall thickness of 1 mm, the ECFM is inserted into this pipe and therefore protected from direct contact with the liquid metal. The magnetic field is able to penetrate the stainless steel wall, however, this reduces the signal strength and sensitivity of the sensor. The outer pipe separates the thermal insulation of the loop from the liquid metal. 
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FIG. 1.	Cross sections (not to scale) of the centre part of the test section where the ECFM is located. The test section has a total length of 70 cm, liquid Na is flowing through an annular gap with a width of 5.15 mm. Direct contact between liquid metal and ECFM is prevented by an inner stainless steel pipe with a wall thickness of 1 mm.
Between inner and outer pipe there is an annular gap with a width of 5.15 mm, this is where the liquid Na is located. There are multiple thermocouples distributed throughout the test section to monitor the temperature distribution during the experiments. The ECFM sensor is made of temperature resistant materials and consists of three magnetic coils. The coils are wound on a Macor coil holder, which is a special kind of ceramic that is more easily machinable than conventional ceramic. There are one active primary coil for the generation of the excitation field and two passive secondary coils that are used to detect velocity induced changes in the excitation field. The primary coil has a height of 10 mm and 125 turns, the secondary coils each have a height of 16 mm and 250 turns. 
Since the sensor has to withstand temperatures of up to 650 °C, conventional copper wire cannot be used for the construction of the coils. Instead ceramic insulated nickel plated copper wire with a diameter of 0.25 mm is used. An excitation current with an rms of 500 mA and frequencies f between 200 Hz and 4 kHz is applied to the primary coil. The sensor has a total length of 50 mm and an outer diameter of 10.6 mm. The output signal of the ECFM is the voltage difference ΔUs between both secondary coils, which has a linear dependency to the average flow velocity in the volume around the sensor. It has the same frequency f as the excitation current. Since the relevant signals are sinusoidal with a single frequency, a Lock-In Amplifier is used for recording the measurements. It has the advantage that all signals with frequencies other than f are filtered out and therefore electromagnetic disturbances have a considerably smaller impact on the measured signals. This results in an increased overall measurement accuracy. The excitation current is generated with a signal generator in combination with a power amplifier in current source mode, such that the excitation current is kept constant even when the resistance of the coil wires is slightly changing because of temperature variations.
In Fig. 2 the measurement setup is displayed. The signal generator is used to supply a sinusoidal signal to the current source which is generating the excitation current of 500 mA (rms) for the primary coil of the ECFM. The induced voltages in the secondary coils are first subtracted by the lock-in amplifier and the resulting voltage difference ΔUs is then measured. This has the advantage that ΔUs can be measured more accurately since both Us1 and Us2 are much higher than ΔUs and would require a higher measurement range with lower accuracy. From ΔUs, the magnitude ΔR and the phase shift with respect to the sinusoidal signal of the signal generator Δφ are obtained and recorded by the lock-in amplifier. In previous measurements and numerical simulations it was shown that both ΔR and Δφ increase or decrease linearly with the flow velocity of the surrounding liquid metal. Measurements were conducted at Na temperatures of 200 °C, 250 °C, 300 °C and velocities between 0 m/s and 2.5 m/s. Unfortunately there was a problem with the original current source (PA2024C) during the measurement campaign, therefore the measurements at 300 °C had to be performed with a replacement current source (TOE 7621).
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FIG. 2.	Simplified scheme of the measurement setup. Due to technical difficulties, the measurements at 300 °C were performed with a different current source.


3. Measurement Results
Frequency sweep
Before the actual measurements with varying velocities, a frequency sweep for ΔR and Δφ was performed in order to obtain the sensitivity of the ECFM depending on the frequency of the excitation current and to identify the frequencies that will be used in the subsequent measurements. In order to obtain the respective sensitivities SR and Sφ, measurements were performed at two different flow velocities v = 0.5 m/s and v = 1.5 m/s and frequencies f of the excitation current IP between 200 Hz and 4 kHz. The two resulting ΔR and Δφ for each frequency were then subtracted to eliminate the offsets in magnitude and phase that are caused by slight asymmetries in the position of the secondary coils. After the subtraction, only the sensitivity without the influence of the offset remains. In Fig. 3 the results for ΔR and Δφ are displayed. It can be seen that the maximum of SR is shifting to higher frequencies when the temperature is increasing (or the electrical conductivity of the liquid Na is decreasing). Here a shift from fmax = 600 Hz to fmax = 800 Hz can be observed.
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FIG. 3.	Frequency sweep for the absolute values of the sensitivities of magnitude |SR| and phase shift |Sφ| of the ECFM at three different temperatures. Due to technical difficulties, the measurements at 300 °C were performed with a different current source. Below the measurement results, the results of the numerical simulation under idealised conditions are displayed.
[bookmark: _GoBack]Despite best efforts, it was not possible to reproduce the exact conditions for the measurements at 300 °C because there was a problem with the original current source during the measurement campaign and the measurement setup had to be changed. The current source was replaced by a different model and since the new current source has different electrical parameters like inductivity and internal resistance compared to the other current source, the experimental results at 300 °C are significantly different because both amplitude and phase of the measured voltages are influenced by these parameters. Due to the small time frame of availability of the experimental facility, the measurements at 200 °C and 250 °C could not be repeated with the replacement current source. Therefore, the results at 300 °C can only be compared qualitatively to the results at the other temperatures. For 300 °C there is no visible shift of fmax for SR compared to the measurements at 250 °C but it is possible that the shift is smaller than the step between two measurement points of 200 Hz and therefore not visible. In previous measurements with the same ECFM and in numerical simulations fmax keeps shifting to higher frequencies with increasing temperatures, while the maximum sensitivity remains constant. Due to the new current source, the amplitudes of ΔR and Δφ at 300 °C cannot be directly compared to the experimental results of the two lower temperatures, as can be seen in Fig. 3 where the maximum sensitivity of ΔR at 300 °C is clearly higher than for the two lower temperatures which have a maximum at nearly the same level.
For Sφ a similar behaviour to SR can be observed (see Fig. 3): The point of maximum sensitivity is also shifting to higher frequencies when the Na temperature is increasing. Generally the frequency with maximum sensitivity is slightly higher for Sφ than it is for SR. Here fmax lies at 800 Hz for 200 °C and at 1 kHz for 250 °C and 300 °C. Again, the behaviour of Sφ at 300 °C is different than expected due to the replacement current source. In previous measurements with the same ECFM and in numerical simulations the maximum of Sφ is decreasing for higher temperatures while fmax is increasing. Based on these measured values, three frequencies (600 Hz, 1.2 kHz and 2.4 kHz) were selected for the subsequent, more detailed measurements.

Results for varying flow velocity, temperature and excitation frequency
The measurement results of ΔR and Δφ are displayed in the same diagram, one for each of the nine combinations of temperatures T and frequencies f. For data regarding ΔR the colour blue and for Δφ the colour red is used. Each data point represents the mean value of 60 s of continuous measurements at a constant flow velocity v, temperature and frequency. Since it is known that there is a linear relationship between ΔR and v as well as Δφ and v their optimal relation is calculated from the data points via linear regression. The dashed lines in each diagram indicate the result of the linear regression. 
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FIG. 4.	Measurement results for ΔR (blue) and Δφ (red) at T = 200 °C and T = 250°C. Measurements are represented by dots, the dashed line shows the linear regression of the results. For every temperature T and excitation frequency f, the sensitivity S and the coefficient of determination R² of the linear regression are displayed.

Additionally the slopes of the linear regression lines, which correspond to the sensitivities SR and Sφ of the ECFM, their interval of certainty as well as the respective coefficient of determination R² are included in each diagram. The coefficient of determination R², which can assume values between 0 and 1, represents how well the measured values for ΔR and Δφ can be described with a linear function of v. For R² = 1 there would be an ideal linear relationship, whereas R² = 0 would indicate that there is no linear relationship at all. 
The interval of certainty is calculated from the standard deviation of the slope of the linear regression line and depicts how accurate the velocity can be obtained from a given measurement of ΔR or Δφ when using the regression line as a reference. A smaller interval of certainty means a better resolution and smaller error for determining the flow velocity of the liquid metal.
For a Na temperature of 200 °C (see Fig. 4) the following observations have been made: The results for ΔR are getting worse with increasing f, regarding sensitivity as well as linearity. The reason for this is the relatively sharp sensitivity maximum around 600 Hz, which is rapidly decreasing for higher f (see Fig. 3). At 2.4 kHz no clear linear dependency between ΔR and v can be observed because of the low sensitivity at this frequency. The results of Δφ show a good linearity for all three frequencies. Because of the wide sensitivity maximum the results for 600 Hz and 1.2 kHz are almost the same. Overall, the measurement results of Δφ are superior to ΔR at a temperature of 200 °C.
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FIG. 5.	Measurement results for ΔR (blue) and Δφ (red) at T = 300 °C.

For a Na temperature of 250 °C (see Fig. 4) the following observations have been made: The behaviour of ΔR is similar to the results at 200 °C, with the best linearity and sensitivity at 600 Hz which are rapidly decreasing for higher f. For Δφ the sensitivity dropped significantly compared to the results at 200 °C, which can also be seen in Fig. 3 and corresponds to the results of previously performed numerical simulations of the ECFM. This seems to have no impact on the linearity of the results which is again very good for all three frequencies.
For the measurements at 300 °C (see Fig. 5) the original current source had to be replaced by a different current source because of technical problems. By changing the current source some electrical parameters (inductivity and resistivity of the source, rms of the primary current) changed, therefore only a qualitative comparison to the previous results will be possible: Overall, at 300 °C the best results for both ΔR and Δφ were obtained. Linearity and sensitivity of ΔR are again decreasing for higher f, for Δφ all three frequencies yield very good results.

4. Conclusions
Measurements with the ECFM in liquid Na were performed successfully, the linear dependency between output voltage of the sensor and flow velocity have been observed. The measurement results have shown that the voltage magnitude ΔR yields the best results for frequencies around 600 Hz to 800 Hz whereas Δφ is generally more accurate over a wide range of frequencies. This effect is caused by the different responses of the sensitivity to changes in the excitation frequency. Depending on the application and the desired measurement volume, one or multiple frequencies can be chosen accordingly for the measurements. When comparing the results at different temperatures, both ΔR and Δφ become more accurate and linear with increasing Na temperatures. The best results of this measurement campaign regarding ΔR were obtained at 300 °C and 600 Hz, here the measurements represent almost a perfect linear dependency between ΔR and the flow velocity. However, this could be in part caused by the replaced current source. Qualitatively the results are in good agreement with the numerical simulations that were performed prior to the measurements. It can also be seen that ΔR has a negative slope, while Δφ is increasing with the flow velocity. This must not always be the case, for example when a different ECFM is used which has a different offset for ΔR and Δφ. This offset is caused by slight asymmetries in the coil distances due to manufacturing tolerances. Which slope is positive or negative is also determined by the way how the voltage difference ΔUs is calculated: either by subtracting the voltage of the upstream from the downstream secondary coil or vice versa. To avoid mistakes, one could also use the absolute values for ΔR and Δφ.
In a different measurement campaign, measurements with angled flows and an array of multiple ECFM sensors for the detection of blocked SAs have been performed. In the future, the further qualification of the ECFM with additional measurements in liquid Na at even higher temperatures and flow velocities is planned.
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