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Abstract: This paper details an experimental study of a magnetohydrodynamic (MHD) pump 

made of a helical channel inside a superconducting solenoidal magnet with a maximum 

intensity of 4 T, in conjunction with an electric field applied by platinum-coated titanium 

electrodes. This electric field is regulated by voltage (4-24 V) from a power supply which can 

provides up to 400 A. Experiments were conducted at various magnetic field intensities (3 T, 

3.5 T, and 4 T at the center of the magnet) with different voltage levels and valve openings to 

examine the system's behaviour. Pressure sensors and flow rate measurements were taken to 

analyse the relationship between power supply, flow dynamics, and current limitations due to 

electrolysis-induced bubbles. These findings offer valuable insights for optimizing future MHD 

pumping systems. 
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1. Introduction. The experiments and result discussed herein were performed in order 

to conduct magnetohydrodynamic (MHD) pumping tests in a 4T magnetic field to prepare for 

a future phase of experiments at higher intensities of magnetic fields. These tests were 

conducted at the Néel Institute from January to February 2024, using a helical hydraulic channel 

with platinum-coated titanium electrodes placed in an existing superconducting magnet. 

The magnet, provided by the Néel laboratory for the duration of the tests, contains a first-

generation superconducting solenoid coil, cooled by helium and liquid nitrogen, and produces 

a magnetic field of 4 T at the center of the magnet (or less, depending on the coil's power 

supply). The tests were conducted with highly salted water (approximately 200 g/l) with a 

conductivity of 195 mS/cm (milli Siemens per centimeter). 
The actual measurements presented in this paper will enable to calibrate the MHD models 

developed in the same project [1]. Additionally, the feedback presented in this paper aims at 

addressing future development and hydraulic design for the next experiences to come at higher 

intensities of magnetic field, such as 10 T. 

2. Test Bench. The test bench designed for the MHD pump includes three main 

components: a 4T superconducting magnet, a tank with a helical channel and concentric 

electrodes, and an external hydraulic circuit. The superconducting magnet, cooled by liquid 

helium with an outer liquid nitrogen barrier, can generate a vertical magnetic field up to 4T at 

its center point. For magnetic fields up to 3.5T, a persistent mode can be used, while at 4T, the 

coil must remain connected to a power supply for better protection against quenching. 
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The tank features anti-vortex grids to 

minimize tangential flow and includes a 

stainless-steel cooling tube immersed in the 

saltwater. The helical channel, placed between 

the anti-vortex grids, contains electrodes made 

of platinum-coated titanium for their resistance 

to corrosion and favorable electrochemical 

properties. The external hydraulic circuit 

includes a regulating valve to control the flow. 

This setup is crucial for different series of 

experiments with varying hydraulic resistance of 

the circuit. A configuration without valve was 

also used in order to evaluate the pump plugged 

to a circuit with minimum hydraulic resistance. 

The helical channel is equipped with six 

pressure taps through the inner electrode, 

connected by flexible tubes through the bottom 

of the tank to pressure sensors, located 3.5m 

from the magnet axis to protect them from 

magnetic field influence. The pressure taps are spaced half a turn apart along the helical 

channel, with tap number 1 located a quarter turn from the inlet and tap 6 a quarter turn from 

the outlet. The pressure sensors measure absolute pressure up to 1600 mBar. 

3. Experimental conditions. See Table 1 

Table 1. Test configurations 

Configuration Magnetic Field Intensity [T] Control 

No valve "SV" 3, 3.5, and 4 Imposed voltage ramp 4-20V 

Open valve "VO" 3, 3.5, and 4 Imposed voltage ramp 4-20V 

Valve position 11 "V11" (60% flow) 3, 3.5, and 4 Imposed voltage ramp 4-20V 

Variable valve 3, 3.5, and 4 
Valve adjustment, voltage 

fixed at 10V then 15V 

 

4. Findings 

4.1 Pump equivalent performance. Magnetohydrodynamic (MHD) pumping is due to the 

interaction of the magnetic induction B with the current density j induced in the saltwater of 

electrical conductivity σ by applying an electric field E between the electrodes. When the water 

moves at velocity U, the current density is given by Ohm's law [2]: 

𝒋 = 𝜎(𝑬 + 𝑼 ∧ 𝑩) ⇒ 𝑗𝑟 = 𝜎(𝐸𝑟 − 𝑈𝐵𝑧) 

where 𝒋𝒓 is the radial current density, 𝑬𝒓 is the radial electric field component and 𝑩𝒛 is 

the magnetic field component in the z direction; while U is the velocity of the water in the 

helical channel. The helical channel acts as a pump, providing hydraulic energy to the flow 

proportional to the product of the electrical current (I) and the magnetic field (B). This 

relationship is crucial as it primarily determines the integral of 𝒋 ∧ 𝑩, with the magnetic field 

and current density distributions (j) remaining largely constant. 

By integrating over the entire volume traversed by the electric currents, we obtain the 

electric current (I) that passes from one electrode to the other through the saltwater solution 

Figure 1. Detail of the helical channel and the 

electrodes inside the tank, the control valve, and 

the venturi for flow measurement. 
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under the form, 𝐼 = (Δ𝜑𝑚ℎ𝑑 − 𝑐𝑄𝐵)/𝑅, where Δ𝜑𝑚ℎ𝑑 is the voltage difference applied to the 

solution. Δ𝜑𝑚ℎ𝑑 differs from the voltage applied by the electric supply to the electrodes because 

of the electrode potentials Ea and Ec (Ea>0 at the anode and Ec<0 at the cathode), which are 

necessary for the half-reactions of saltwater electrolysis. Ea and Ec represent the potential of 

each electrode relative to the solution in its vicinity, so the potential difference applied to the 

solution (excluding the thin electrochemical layers) is Δ𝜑𝑚ℎ𝑑 = (𝜑𝑎 − 𝐸𝑎) − (𝜑𝑐 − 𝐸𝑐). 

Therefore, the voltage applied to the solution is equal to the voltage Δ𝜑𝑒𝑙 = 𝜑𝑎 − 𝜑𝑐 applied 

to the electrodes minus an "electrochemical voltage loss" Δ𝜑𝑐ℎ = 𝐸𝑎 − 𝐸𝑐, which tends 

towards a constant Δ𝜑𝑐ℎ0 at zero current and increases with current. Assuming, to the first 

order, that this increase occurs at a constant slope (i.e., 
dΔ𝜑𝑐ℎ

𝑑𝐼
= 𝐶𝑠𝑡𝑒 = 𝑅𝑐ℎ), we have Δ𝜑𝑒𝑙 =

Δ𝜑𝑐ℎ0 + (𝑅 + 𝑅𝑐ℎ)𝐼 + 𝑐𝑄𝐵. 

To highlight this behavior in our experiments, we adjusted the constants Δ𝜑𝑐ℎ0, 
(𝑅 + 𝑅𝑐ℎ), and 𝑐 of the above equation to best fit (in the least squares sense) the experimental 

results obtained at Δ𝜑𝑒𝑙 ≤ 14 𝑉. Results at higher voltages are considered too disturbed by the 

presence of gas in the channel and therefore are not included in the analysis discussed herein, 

nevertheless we plotted them in Figure 2 (points inside frames) with the points used for further 

analysis. 

 

Figure 2. Current I as a function of the voltage at the electrodes, corrected for the U∧B effect. The 

framed points, disturbed by the presence of gas in the channel are not used for the analysis. 

4.1.1 Hydraulic Load and Pressure Gain In a constant cross-section pump, kinetic energy 

remains nearly constant along the helix, translating hydraulic head into pressure (Δ𝑝𝑚ℎ𝑑). This 

pressure gain corresponds to mechanical power supplied to the fluid (𝑃𝑚𝑒𝑐𝑎 = 𝑄. Δ𝑝𝑚ℎ𝑑), with 

some power lost by friction (𝑃ℎ𝑦𝑑 = 𝑄. Δ𝑝𝑝𝑜𝑚𝑝𝑒 = 𝑃𝑚𝑒𝑐𝑎 − 𝑃𝑙𝑜𝑠𝑠). 

4.1.2 Pressure Measurement Pressure was measured between points 1 and 6 (Δ𝑝61) to 

avoid disturbances from the channel’s ends. The pressure difference is expected to follow the 

relation: Δ𝑝61 = 𝑎61. 𝐼. 𝐵 − 𝐾61. 𝑄² where 𝐾61is the hydraulic resistance (constant at high 

Reynolds numbers) [3], and 𝑎61is a constant standing for the ratio of pressure gain in mbar 

achieved for each unit of I⋅B [A.T] applied [4, 5]. 

Experimental observations for different circuit resistances (VO, SV, V11) and for 

different magnetic fields (3 T, 3.5 T, 4 T) showed varying pressure gain in the helical channel, 
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whereas without a magnetic field, the pressure loss in the helical channel has been measured 

with the help of an external pump. Data fitting of the MHD experiments provided the following 

coefficients:  

𝑎61 = 0.1457 mbar/A/T = 14.57 m−1 
𝐾61 = 0.0273mbar/(m3/h)2 

The coefficient 𝑎61is comparable to theoretical values for a straight channel. To 

visualizing the quality of this fit, we have plotted in Figure 3. Δ𝑝𝑚ℎ𝑑 = Δ𝑝61 + 𝐾61𝑄² versus 

IB, showing only minor deviations from the linear law Δ𝑝𝑚ℎ𝑑 = 𝑎61𝐼𝐵.  

 

Figure 3. Pressure gain due to MHD effects vs. the driving term I*B. 

Hydraulic resistance validation: comparing friction losses in MHD and non-MHD tests 

(Figure 4) showed differences below 0.5 mbar, suggesting that magnetic field effects on 

friction losses could not be conclusively evaluated with this setup. In that figure the hydraulic 

loss with magnetic field has been calculated by Δ𝑝𝑙𝑜𝑠𝑠 = 𝑎61𝐼𝐵 − Δ𝑝61 

 

Figure 4. Pressure losses in the helical channel, "VO" tests with and without magnetic field. 
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4.2 Bubble generation and hydraulic performance impact Electrolysis during the 

experiments produced gases (chlorine or oxygen at the anode and hydrogen at the cathode), 

forming bubbles that impeded current flow if they accumulated near the electrodes. The solution 

became opaque with bubbles, within a minute of current application and cleared quickly once 

the current stopped. 

At currents above 240A (14V), the bubble quantity significantly reduced hydraulic 

performance by decreasing solution conductivity. To counter this, the current was rapidly 

increased to the desired level, allowing a short window (about one minute) for normal operation 

before bubbles accumulated. 

Experiments above 240A were mostly avoided due to excessive bubble generation. 

Estimates indicated about 5.31 liters of bubbles were generated at currents above 240A, 

calculated based on the observed level rise in the tank. Using Faraday’s law [6], the volume of 

hydrogen and oxygen produced at 280A over 120 seconds was estimated at 6.28 liters (4.1 liters 

hydrogen, 2.18 liters oxygen). 

4.3 Choosing the Best Insulating Paint Tests identified PVC glue as the most effective 

insulating paint for titanium electrodes, enduring over 96 hours in saline solution, whereas black 

anticorrosion paint eventually failed. Despite a layered combination of PVC glue and black 

paint, the PVC coating deteriorated on platinum-coated surfaces and on overheated titanium 

bars, indicating a need to explore alternative materials for extreme conditions like chlorine 

exposure. 

5. Conclusions 

Among the most notable findings was the impact of bubbles on hydraulic and electrical 

performance for high current experiments (above 240A), where excessive bubble formation 

reduced the apparent conductivity. Despite this limitation in current we successfully managed 

to characterize the behavior of the MHD pump in our test bench. This behavior is described by 

two characteristic laws (electrical and hydraulic) with coefficients mentioned in this paper. 

Concerting the titanium coating, PVC glue was found effective for insulating titanium but 

degraded over time, especially under high temperatures and when applied on a platinum 

coating. 

Future improvements will focus on thermal management, reduction of bubble effects, and 

finding more resilient protective materials for the electrodes’ surfaces. 
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