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Introduction

Velocity measurements in electrically conducting liquids is an important issue for control and characterisation of flows in various situations, ranging from the control of liquid metals used as coolant in fast breeder fission reactor to processes in the chemical and food-processing industries [START_REF] Schulenberg | Flow measurement techniques in heavy liquid metals[END_REF]. However, this is usually a challenging task because of the opacity, high chemical reactivity and usually high ambient temperature of the liquid metals or chemical mixes [START_REF] Eckert | Velocity measurement techniques for liquid metal flows[END_REF][START_REF] Eckert | Some recent developments in the field of measuring techniques and instrumentation for liquid metal flows[END_REF]. Non invasive techniques developed for neutral fluids, such as ultrasonic methods [START_REF] Takeda | Measurement of velocity profile of mercury flow by ultrasound Doppler-shift method[END_REF][START_REF] Brito | Ultrasonic Doppler velocimetry in liquid gallium[END_REF] or neutron radiography [START_REF] Saito | Measurements of liquidmetal two-phase flow by using neutron radiography and electrical conductivity probe[END_REF] have been adapted for liquid metals. These techniques are indirect flow measurements techniques since they rely on the scattering of waves or particles by tracer impurities or bubbles and have major drawbacks such as difficult implementation or costly operation. Several methods relying on the interpretation of the interaction between a moving electrically conducting fluid with externally applied magnetic fields have also been proposed. An eddy-current flow meter, proposed as early as 1948 [START_REF] Lehde | Device for measuring rate of fluid flow US Patent 2435043[END_REF] is based on the measurement of the advection of a magnetic field, created by two coils fed by an AC current. This technique is still currently in use [START_REF] Pavlinov | Eddy current flowmeter for sodium flow[END_REF]. Magnetic phase shifts introduced by the flow in similar configurations may also be used to probe velocities or flow rates [START_REF] Priede | Contactless electromagnetic phase-shift flowmeter for liquid metals[END_REF]. A global tomographic method was demonstrated to reconstruct 2D or 3D features of the flows from the interpretation of induced magnetic field distributions from the velocity field distribution [START_REF] Stefani | A contactless method for velocity reconstruction in electrically conducting fluids[END_REF][START_REF] Ratajczak | Contactless Inductive Flow Tomography: Brief History and Recent Developments in Its Application to Continuous Casting[END_REF]. More recently, two techniques relying on the interaction of magnetic fields with flowing conducting fluids have been introduced. The first one interprets the force acting on a permanent magnet in the vicinity of an electrically conducting fluid flow, due to the interaction of the induced magnetic field -created by currents induced in the flow -with the magnetic moment of the permanent magnet. Several configurations have been tested: the Lorentz Force Velocimetry technique probes flow rates in pipes [START_REF] Thess | Lorentz force velocimetry[END_REF], while the Local Lorentz Flow Velocimetry probes the velocity at one point thanks to the use of a miniature permanent magnet [START_REF] Heinicke | Spatially resolved measurements in a liquid metal flow with Lorentz force velocimetry[END_REF]. On the other hand the magnetic distortion probe [START_REF] Miralles | The magnetic-distortion probe: velocimetry in conducting fluids[END_REF][START_REF] Pinton | Velocimetre and method for measuring the speed of flow of an electrically conducting fluid[END_REF], probes the induced magnetic field in the vicinity of the permanent magnet. The latter technique allows to achieve very good temporal response and to include corrections from external spurious magnetic fields.

The magnetic distortion probe is based on the interpretation of the induced magnetic field B i in the vicinity of a localised externally applied magnetic field B 0 and an electrically conducting fluid flow at velocity u. This technique was initially developed to measure local fluid velocities (with a 2D resolution in Ref. [START_REF] Miralles | The magnetic-distortion probe: velocimetry in conducting fluids[END_REF]) implementing a permanent magnet as the localised applied magnetic field. In this article, we investigate its ability to measure flowrates in pipes. Using an Hallbach array of permanent magnet, experimental measurements of flow rates in an benchmark pipe flow are reported in section 2. A numerical model is introduced in section 2, and very good agreement between the experimental data and the simulations are observed. We show that this numerical model may be used to compute a calibration coefficient taking into account the exact geometry of the probe and of the pipe flow. This model may also be used to optimise the probe design in order to probe flowrates, as demonstrated in section 3. Finally, the issue of the spatial resolution of measurements made with the magnetic distortion probe in the configuration used in Ref. [START_REF] Miralles | The magnetic-distortion probe: velocimetry in conducting fluids[END_REF] is addressed in section 4. Concluding remarks are provided in section 5

Measurements in a liquid gallium pipe flow

Experimental setup

A mid-size gallium pipe flow is created between two tanks connected by a 1 m long, D = 10 mm inner diameter and 1 mm thick amagnetic stainless steel pipe. The upper tank may be pressurised at pressure P up to 3 bar with Argon and an electrically controlled valve allow liquid gallium, of electrical conductivity σ = 3.8 10 6 S.m -1 , density ρ = 6.095 g.cm -3 and temperature around 50 • C, to flow within the pipe to the lower tank. The velocity of the flow follows Torricelli's law and strain gauges placed on the upper tank allow the measurement of the mass m(t) of gallium exiting the tank. The loop contains 8 L of liquid gallium and steady regimes from 5 to 25 s are achieved depending on the value of P . Following the magnetic distortion probe sensing method proposed by Miralles et coworkers [START_REF] Miralles | The magnetic-distortion probe: velocimetry in conducting fluids[END_REF], a set of permanent magnet is placed in the vicinity of the pipe, creating an externally applied magnetic field B 0 . A commercial Hall sensor (GW Bell 7030) probes the value of the induced magnetic field B i in the direction of the flow. A sketch of the experimental setup is provided in Fig. 1 and shows an Hallbach type array implementing ten NdFeB magnets (10 mm × 10 mm × 40 mm, magnetised along one of the smallest direction) placed 7.5 mm away from the outer edge of pipe. The motivation to choose an Hallbach array [START_REF] Mallinson | One-sided fluxes -a magnetic curiosity?[END_REF] relies on (i) the fact that the amplitude of the magnetic distortion probe signal is proportional to the gradient of the applied magnetic field in the flow direction (Hallbach arrays allow to impose very strong gradients), (ii) the high spanwise homogeneity in the applied magnetic field, (iii) the very low value of applied magnetic field outside the array. Note that similar arrangements have been proposed to probe flowrates of very low electrical conductivity electrolytes using Lorentz force velocimetry [17]. The Hall sensor probes the induced magnetic field component B i x in the flow direction at 3 mm from the pipe and can be moved along the x axis from x = -50 to x = 50 mm (the origin of the x-axis lying in the center of the Hallbach array). Signals are sampled at a rate of 1000 Hz, with 16 bits resolution. 

Numerical model

The finite element solver Comsol Multiphysics has been used to compute the magnetic field induced by the coupling between the liquid metal flow and an external magnetic field. The coupled set of Navier Stokes and Maxwell equations are solved using Comsol's Computational Fluid Dynamcis (CFD) and electromagnetic AC/DC modules. This technique was shown to accurately predict or reproduce features of MHD flows at low magnetic Reynolds numbers [START_REF] Cébron | Magnetohydrodynamic simulations of the elliptical instability in triaxial ellipsoids[END_REF][START_REF] Stelzer | Experimental and numerical study of electrically-driven MHD flow in a modified cylindrical annulus: (2) Instabilities[END_REF] and high magnetic Reynolds number [START_REF] Jackson | A spherical shell numerical dynamo benchmark with pseudo vacuum magnetic boundary conditions[END_REF]. The geometry implemented in the numerical simulations is identical to that of the experimental setup. Liquid gallium with electrical conductivity σ and density ρ is flowing inside a 10 mm inner diameter, 1 mm thick and 300 mm long stainless steel pipe. The externally applied magnetic field is generated by the Hallbach configuration introduced earlier (see Fig. 1). Each permanent magnet is a rectangular parallelepiped of dimension 10 x 10 x 40 mm, having a remanent flux density B r = 1.3 10 4 G according to the NdFeB N42 magnet grade used in the experimental arrangement, and is magnetised along one of the smallest direction (see Fig. 1), alternatively along the y and x directions. The Comsol CFD module is used to solve the Navier Stokes equation in the fluid domain for an incompressible and stationary gallium flow:

∇.u = 0 (1) 
ρ(u.∇)u = ∇. -pI + µ(∇u + (∇u) T ) + F (2) 
with u the liquid gallium velocity field, µ = 1.8 10 -3 Pa.s the dynamic viscosity, p the pressure and F the Lorentz force. The flowrate is imposed at the tube inlet and null pressure at the outlet.

The velocity field is then supplied to the AC/DC module which computes the induced current according to the generalised Ohm's law J = σ(-∇V + u × B) in the different domains of the model; V being the electric potential and B = µ 0 H + B r b where b is the magnetisation direction of each magnet (we recall that the remanent flux density B r is non-zero in the magnets domain only). This is solved imposing Ampere's law and the current conservation equation:

∇ × H = J ; ∇. J = 0
Continuity conditions are used for the internal boundaries between internal domains refereed to as α and β:

n × (H α -H β ) = 0 ; n × (J α -J β ) = 0
and magnetic insulation conditions are specified for the external boundaries of the model:

n × A = 0 ; V = 0
where A is the magnetic vector potential. The induced magnetic field is then computed from the flow-induced currents J.

The coupling between the CFD and the AC/DC modules is repeated until convergence is found. At first, the CFD module is run discarding the Lorentz force (i.e. F = 0) to solve for a purely hydrodynamic velocity profile. This purely hydrodynamic velocity field is then supplied to the AC/DC module which computes the induced current. The Lorentz force, computed from the interaction of the induced current with the applied magnetic field, is then fed into the CFD module for the subsequent computations.

The entire model has been meshed using free tetrahedral elements with a heterogeneous density. The mesh density has been increased in the fluid domain as well as in the air domain between the magnets assembly and the pipe edge to account for the strong gradients in both the velocity and magnetic fields and to increase the resolution in the region where the experimental measurements have been done. The size of the mesh elements has been chosen in order to obtain a good spatial resolution while keeping the computational time reasonable. Finally, the number of degrees of freedom is approximatively 2.6 millions.

Experimental validation of the numerical model

The profiles of the components of the applied magnetic field in the spanwise direction B 0 y and in the streamwise direction B 0 x are displayed in Fig. 2(a) and (b) respectively, for z = 0 mm, i.e. at the altitude of the center of the pipe. The leftmost panel shows very large values of the streamwise gradient of the spanwise component of the magnetic field, of the order of 4 10 5 Gm -1 . The very good agreements between the experimental values and numerical model, respectively displayed as blue circles and full red lines in Fig. 2, both for the components B 0

x and B 0 y , validates the numerical model. While the y (spanwise) component has even parity, the x (streamwise) component has odd parity. The (red) full line curve of Fig. 2(c) displays the values of the streamwise component of the induced magnetic field B i x , which is three order lower in magnitude than the applied magnetic field. Typical time series of the streamwise component of the induced magnetic field as the valve is opened are reported in Fig. 3(a) for different probing locations along the pipe. The three reported time traces have been acquired in successive shots and show that steady-state flows are obtained typically one second after triggering the valve opening. In the remaining of this section, one will report evolution of time-averaged values of the induced magnetic field B i

x in the stationary regime. As expected from Fig. 2(c), the values of the induced magnetic strongly depend on the probing location. We also note that the x-component of the induced magnetic field has even parity. As a consequence, the measurements of the induced magnetic field at locations where B 0

x ∼ 0 are relatively easy. At locations where |B 0

x | is maximal, very small B i x values are induced, and accurate measurements require an extremely large resolution of the magnetic sensor (of the order of 10 -5 ). The very good agreement between the experimental values and the numerical simulations of the x-component of the induced magnetic field B i

x reported in Fig. 2(c Let us now investigate how the maximum value of the time-averaged induced magnetic field B i x (i.e. at x = 0) evolves as a function of the pipe flowrate Q. The flowrate Q is controlled by the pressure in the upper Argon tank, ranging from 0.2 to 3 bars. The flowrate Q is computed from the time evolution of the upper tank gallium mass m(t) as Q(t) = dm(t)/dt . As expected from the linearity of the induction equation, B i

x scales linearly with Q, as shown in Fig. 3(b). Once again, a very good agreement is obtained between the experimental values and our numerical model (where Q is the CFD boundary condition at the pipe inlet). It is important to note here that, in the geometry relative to the numerical simulations, the effect of the Lorentz force is small.

Due to the moderate values of the interaction parameter

N = σ (B 0 ) 2 D 2ρU ∼ 0.
1, the modifications of the flow profiles and of the induced magnetic field are of the order of 1% (not shown). This is still verified though the Hartmann number Ha = B 0 D/2 σ/µ is of the order of 50 since the length over which a strong magnetic field is imposed is small (of the order of the tube diameter D). As a partial conclusion, we showed the accuracy of our numerical model to predict the behaviour of the magnetic distortion experimentally observed in a gallium pipe flow.

Spatial resolution of the magnetic distortion probe using a Hallbach array

In order to characterise finely the ability of the magnetic distortion probe to measure flowrates of conducting fluids in pipes, the spatial resolution of the measurement is addressed using our numerical model. The magnetic distortion probe was demonstrated to be a local velocity sensor [START_REF] Miralles | The magnetic-distortion probe: velocimetry in conducting fluids[END_REF], and, since the velocity profile in the pipe does not evolve with velocity (nor the pipe section), the measurements presented above could be expressed equivalently as a function of the velocity or as a function of the flowrate Q. The use of the magnetic distortion probe as a flowmeter thus requires a uniform contribution to the induced magnetic field from each location in the pipe section. To address this issue, a slightly modified geometry, displayed in Fig. 4, with a pipe having a square cross-section of length 10 mm, has been used. The pipe has been divided into 36 equal cells (2 by 2 mm squares) and a set of numerical simulations was run where a uniform (solib-body like) flow is imposed successively in only one of the cells, the other cells being kept at rest. The magnetic configuration is that created by the Hallbach array presented in section 2. The electrical conductivity of all cells was kept constant and equal to the value of liquid gallium. The intensity of the induced magnetic field probed at location 1 when the liquid metal is flowing in only one of the the cells is displayed at that specific cell location in Fig. 4(b). These values are normalised to the highest value of all cells. It is important to note that the simulations have been led in three dimensions, but that the representation of Fig. 4(b) is in two dimensions. This is a representation of the spatial response function of the magnetic distortion probe in the spanwise direction, which shows that the configuration with one sensor at location 1 averages roughly one third of the pipe. A straightforward upgrade relies on the use of two sensors (at location 1 and location 2). The intensity of the sum of the normalised induced magnetic field is displayed in Fig. 4(c) for each of the cells. A much more homogeneous response function is obtained in this configuration. This nearly uniform response function may be used to probe the global flow rate even in the presence of flow inhomogeneities in the pipe. It is important to note that, in principle, this configuration also allow for the determination of flowrates in a pipe subject to material deposition if the electrical conductivity of the deposited material is the same as that of the fluid. In practice, this might not be verified since, for instance, deposited oxides would have a lower conductivity than the fluid. This would modify the details of how the induced currents loop back in the system, requiring a dedicated numerical study to determine how the accuracy of the flowrate measurement depends on the electrical conductivity and on the thickness of the deposited material. Note that more advanced and adapted configurations than the Hallbach array coupled to two magnetic sensors could be designed (using for instance a larger number of probes and optimised applied magnetic field configurations). 

Spatial resolution of the magnetic distortion probe using a single magnet

The proof of concept of velocity measurements in electrically conducting fluids using a single permanent magnet and magnetic field sensors probing the induced magnetic field component in the flow direction, in the vicinity of the magnet, was demonstrated in Ref. [START_REF] Miralles | The magnetic-distortion probe: velocimetry in conducting fluids[END_REF] in various operational configurations. In this previous work, the spatial resolution of the measurement was not investigated in details. We now provide a set of numerical simulations addressing the issue of the spanwise spatial resolution of the magnetic distortion measurement, following the method introduced in the previous section, where the flow is decomposed into elementary cells to compute the response function. A configuration with one single magnet and one magnetic field sensor, sketched in Fig. 5 (leftmost panel), has been implemented with 98 cells (leading to 49 computations due to symmetry arguments) in a rectangular pipe with 7 × 14 mm inner dimensions and 1 mm thick stainless steel walls. The location of the magnetic sensor is set at 1 mm from the outer wall of the pipe, at z = 0. A small cylindrical permanent magnet of diameter 2 mm and length 2 mm is set at a distance D m from the wall. The panels of Fig. 5 show the normalised spatial response, in the spanwise directions, as D m increases from 1 to 5 mm (left to right). As D m increases, the volume probed by the sensor increases. This can be easily understood since the applied magnetic magnetic field is much more homogeneous in the pipe for larger values of D m (as the applied magnetic field scales as l -3 at a distance l from the center of the magnet). Fig. 6(a) displays the evolution of the z-component of the induced current J z i at z = 0 in each cell as a function of the distance l of the cell relative to the center of the magnet. We note that the induced current density at the center of the pipe scales as l -3 and is thus proportional to the amplitude of the applied magnetic field. The amplitude of the induced magnetic field at the location of the sensor, from each of the individual cell, may then be approximated from Biot-Savart law, scaling as the inverse of the square of the distance between the cell and the sensor, i.e. (l -D m + 1) -2 . This is evidenced in Fig. 6(b). Note that, as D m increases, the volume probed by the magnetic distortion probe increases, but the absolute amplitude of the signal decreases, as seen in Fig. 6(c), which could limit the accuracy of the measurement. A representation of the streamwise spatial resolution is less straightforward; however the extent of the flow probed in the streamwise direction may be estimated from the analysis of the vertical induced current density J z i in the (x, z) plane at y = 3 mm. observation is that the profile of the intensity of the vertical induced current (driven by the electromotive force (ux) × (B 0 y) since the applied magnetic field is mainly in the y-direction) is very similar to the intensity of the applied magnetic field. To gain further insight, the circles displayed in Fig. 7(a) and (c) as black dots show a region where the intensity of the magnetic field is 70% of the maximum in the plane. These circles are reproduced in Fig. 7(b) and (d) and match the region in which the induced current density is larger that 68% of the maximum. The conclusions drawn previously about the spanwise extent is thus valid in the streamwise direction: the extent of the flow probed by the magnetic distortion probe is set by the homogeneity of the applied magnetic field and may be computed from the magnetic field profile. As a partial conclusion, several features at leading order emerge from our numerical model in the simple configuration with a single magnet in the vicinity of the flow:

• The induced current in the flow is proportional to the intensity of the applied magnetic field.

• The extent of the probed flow is given by the extent of homogeneous amplitude of the applied magnetic field.

• The induced magnetic field at a given location is fairly well understood from the Biot-Savart law taking into account the induced current.

From these features, the basics for optimal configurations allowing for flowrate measurements are the following: (i) the most homogeneous profile of applied magnetic field throughout the pipe cross section, (ii) magnetic field sensors located at positions chosen such as to compensate for the inhomogeneity of the applied magnetic field (i.e. the sensing location has to be closer to pipe areas where the amplitude of the applied magnetic field are the lowest. It thus appear that, in the Hallbach array presented in sections 2 and 3, the optimal configuration requires to select an Hallbach array that imposes the most homogeneous B 0 within the cross-section and sensors located midway between the y = 0 plane and the magnet face to compensate for the spatial inhomogeneity of the induced current density. We emphasize that while the above mentioned features allow to identify the behavior of the magnetic distortion probe at leading order, the detailed analysis of the spatial resolution also depends on the way induced currents loop back within the flow or the pipe, and thus depends on the exact geometry and electromagnetic boundary conditions.

Conclusion

In this article, an accurate numerical model of the contactless magnetic distortion probe has been introduced. This numerical model accurately reproduces the stationary regimes observed in a dedicated experimental pipe flow benchmark for several flow and applied magnetic field configurations. The calibration procedure of the magnetic distortion probe, as for all of the electromagnetic flowmeter or velocimeter, usually require extensive experimental tests. In the context of the magnetic distortion probe, this task may now be simplified thanks to the use of our numerical model.

Moreover, our numerical model is a valuable tool used to investigate the spatial extent of the flow probed by the magnetic distortion probe. In particular, we discussed the features leading to local velocity measurements or global flowrate measurements. The optimal arrangement required to probe global flowrates in pipes was finally discussed based on the numerical model.

Figure 1 .

 1 Figure 1. Sketch of the experimental arrangement of the magnetic distortion probe using an Hallbach array in the vicinity of a gallium pipe flow. Liquid gallium is flowing along the x direction. Arrows indicate the magnetisation direction of each of the magnets of the Hallbach array.

Figure 2 .

 2 Figure 2. Profiles of experimental values and numerical simulations of (a) the ycomponent (spanwise) imposed magnetic field B 0 y , (b) the x-component (streamwise) imposed magnetic field B 0x field and (c) the x-component (streamwise) induced magnetic field B ix along the x axis for a Q = 0.2 L/s flowrate.

Figure 3 .

 3 Figure 3. (a) Typical times series of the streamwise component of the induced magnetic field for three probing locations along the pipe (10 Hz low-pass filtered), obtained for the flowrate Q = 0.2 L/s. (b) Evolution of B i x , at x = 0, as a function of the pipe flowrate Q.

Figure 4 .

 4 Figure 4. (a) Sketch of the geometry used to compute the spatial resolution using an Hallbach array around a square duct, see text for details. Normalised spatial resolution with (b) a single probe at location 1, (c) two sensors at locations 1 and 2.

Figure 5 .

 5 Figure 5. Leftmost panel: sketch of the geometry used to compute the spatial resolution using a single cylindrical permanent magnet facing a rectangular duct, see text for details. Normalised spatial resolution in the spanwise directions as the distance D m between the magnet and the pipe increases.
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 216 Figure 6. (a) Vertical induced current density in each cell (at z = 0) as a function of l, distance from the cell to the center of the magnet, (b) induced magnetic field from each cell normalised by the vertical induced current density as a function of l -D m + 1, (c) B i x induced from the whole pipe flow as a function of D m .

Fig. 7 Figure 7 .

 77 Figure 7. (a) and (c) Intensity of the applied magnetic field and (b) and (d) normalised vertical induced current density profiles in the (x, z) plane at y = 3 mm for (a) and (b) D m = 1 mm and (c) and (d) D m = 5 mm.
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