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The detection of bubbles in liquid metals is important for many technical applications. The opaqueness and the high temperature of liquid metals set high demands on the measurement system. The electrical conductivity of the liquid metal is relatively high, which can be exploited with contactless methods based on electromagnetic induction. We will present a measurement system which consists of one transmitting coil and a planar gradiometer on opposite sides of the pipe. With this sensor we were able to detect bubbles in a sodium flow inside a stainless steel pipe.

Introduction

Bubble detection and void fraction measurement is of huge interest in two-phase flow research and in industrial applications like continuous casting of steel, liquid metal cooled reactors or cracking of Methane and Ethane into Hydrogen inside a liquid metal reactor [1]. For example, in continuous casting argon gas is injected into the submerged entry nozzle (SEN) in order to reduce nozzle clogging and to withdraw impurities from the melt [2]. Important parameters are the filling degree of the SEN and the bubble distribution in the melt. Both issues have a strong influence on the flow structure in the mold and therefore on the quality of the produced steel. Due to the opaqueness and the high temperature of the liquid steel only a limited number of measurement systems are available. One of them is the Mutual Inductance Tomography (MIT) which is able to reconstruct the electrical conductivity distribution in one cross section of a pipe using Faraday's induction. It was already used to visualize the position of the liquid metal strand in the submerged entry nozzle in a real caster [3] and in a cold model [4,5].In case of the cold model experiments the gas distribution in a liquid metal two-phase flow in a pipe is reconstructed by solving a non-linear inverse problem for magnetic field data recorded by 8 sensors. In order to reduce the complexity of this system for detecting single bubbles in a pipe filled with liquid metal, we developed a new system consisting only of one sendingcoil and oneplanar gradiometer coil on the opposite sides of the pipe (see Fig. 1).In this paper we will briefly describe the working principle of the sensor and present preliminary measurements in the eutectic alloy GaInSn and liquid sodium.

Working principle

In contrast to the well investigated electromagnetic identificationof conducting objects in a non-conducting volume [6] the task to reconstructan argon bubble inside the liquid metal issimilar to the case of the detection of cracks using nondestructive eddy current testing [7].Instead of moving the sensor along the object containing the cracks, in our case the bubble detector is fixedon the pipe and the bubble moves through detector. The basic idea of this sensor is that the bubble in the liquid metal acts as an obstacle to the eddy currents generated by the magnetic field from the sending coil. The slight change of the current distribution can be detected outside the liquid metal by a magnetic field sensor. The challenge of this method is the reliable detection of these small changes which demand a sophisticated measurement system. Figure 1 shows a schematic sketch of the sensor. On the left hand side of the pipe the sending coil (dashed line) is located which generates the magnetic field for the measurement indicated by the field lines. On the opposite side, a planar gradiometer (dottedand solid lines) is mounted symmetricallywith respect to the transmitter coil. The planar gradiometer is composed of two coilswith opposite turning direction, markedwith solid and dotted lines. The advantage of this arrangement is that the planar gradiometer reject the magnetic field generated by the sending coils as well asby the eddy currents in the liquid metal. If there is no bubble in the measurement volume, the output signal of the planar gradiometer is zero, because the induced voltages in bothpartsare equal and compensate each other. Only if a bubble is entering the measurement volume, as depicted in Fig. 2(a), the eddy currents in the liquid melt are deformed, resulting in a non-symmetrical magnetic field distribution in the gradiometer which generates a voltage signal at the gradiometer. If the bubble moves from the bottom to the top, then the typical time-dependent voltage signal shows the typical shape as depicted in Fig. 2(b). From this signal the vertical position of the bubble can be deduced. One important feature of this setup is the zero crossing of the induced voltage exactly at that time, if the bubble passes the middle of the gradiometer, as marked by an arrow in Fig. 2(b). This allows for a robust automatic detection of bubbles without any calibration. Even the rising velocity of the bubbles can be inferred by taking the residence time of the bubble in the sensor into account. 

Results for GaInSn

We set up a cylindrical vessel with an inner diameter of 40 mm filled with GaInSn which is liquid at room temperature. Figure 3 shows a photograph of the setup with the bubble sensor.Argon gas was injected intoGaInSn through a thin stainless steel tube with the inner diameter of about 1 mm which produced bubbles with a diameter of approximately 5 mm. In the first experiments we generated single bubbles and recorded the induced voltages in the gradiometer. The results of this measurement are seen in Figure 4. The typical shape of the signal for each bubble agrees very well with the simulation shown in Fig. 2(b). For this setup, we implemented a simple algorithm for the detection of bubbles. The automatically detected bubble is marked by a rectangle which gives the residence time of the bubbles in the sensor.

From that quantity the rising velocity could be detected.
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Fig. 4: Measured signal from argon bubbles rising in a GaInSn column with automatic bubble detection marked by the rectangles.

One interesting aspect of this measuring device is the maximum frequency of the bubbleswhich allows the detection of single bubbles. For this purpose we injected argon at different flow rates up to 750 sccm (standard cm^3 per minute). It turned out that this sensor is able to detect bubbles up to a flow rate of 47 sccmcorresponding about 1 bubble per second. For higher flow rates it is possible to uses the standard deviation as an indicator of the void fraction in the pipe.

Figure 5 shows the dependency of the flow rate and the standard deviation. 

Results for sodium

In order to evaluate this new measurement system at higher temperatures we mounted the sensor on a vertical pipe at the NATAN sodium loop at the Helmholtz-Zentrum Dresden Rossendorf. Figure 6 shows a photograph of the sensor in our sodium laboratory.

Fig. 6: Setup of the sensor at the sodium loop Similar to the experiments with GaInSn we injected argon gas into the sodium below the sensor. In order to complicate the measurement we switched on the electromagnetic pump generating a mean velocity of 19 cm/s of the sodium. Figure 7 shows the results of the experiment. Even in such a noisy environment the characteristic signal of a bubble could be measured. However, the simple automatic bubble detection algorithm has to be improved to handle noisy data. Fig. 7: Measured signal from sodium pipe flow. Single bubbles could be automatically detected, which areindicated with the rectangles. Measurements were carried out at sodium velocity of 19 cm/s at 150°C.

Conclusions

In this paper, we have demonstrated the applicability of a simple contactless inductive sensor consisting of a sending coil and a planar gradiometer for detecting single bubbles in a pipe filled with liquid metal. In GaInSn as well as in sodium the single bubbles can clearly identified by the voltage measurements. Using a planar gradiometer allows for a robust automatic detection of bubbles without any calibration, because there is a zero crossing of the induced voltage exact at that time, when the bubble is in the middle of the gradiometer. We have implemented a simple algorithm for detecting the bubbles automatically. From this data even the rising velocity of the bubble can be estimated. For a more detailed validation of the new inductive method, accompanying ultrasound measurements are needed. Additionally, we will investigate if the horizontal position of the bubble could be inferredfrom measurements using this simple setup.
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 12 Fig.1: Principle of the measurement system of the system. The magnetic field lines show structure at the central plane.
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 3 Fig. 3: Photograph of the cylindrical vessel filled with GaInSn, the sending coil (S) and the gradiometer (G)
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 5 Fig. 5: Void fraction estimationin a pipe filled with GaInSn.
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