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Abstract

Electrochemical systems (such as electrodeposition baths, electro-refining, electro-synthesis
cells, electrolyzers) often use electrically conductive fluids (electrolytes) whose flow and
mass-transport behaviour significantly influence performance. The imposition of a magnetic
field on such conducting-fluid flows introduces magnetohydrodynamic (MHD) effects: Lorentz
forces act on induced currents, altering velocity profiles, mixing, boundary-layer structure, and
hence mass-transfer at electrodes. This paper reviews and analyses how magnetic fields affect
flow and mass-transport in electrochemical systems. Key dimensionless parameters (magnetic
interaction parameter, Hartmann number, Reynolds number) are discussed, along with how
magnetic field orientation and current distribution influence convection. The implications for

design and performance of electrochemical cells are also examined.
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1. Introduction

In many electrochemical systems, the fluid (electrolyte) flow near the electrode surface plays a
critical role in determining mass-transport of reactive species, removal of reaction products (e.g.,
gas bubbles), and uniformity of deposition or reaction. Conventionally, this flow is driven by
natural convection, forced flow (pumps), or stirring. However, when the fluid is electrically
conducting and an external magnetic field is applied (or present due to equipment), additional

magnetohydrodynamic (MHD) forces influence the flow behaviour.
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When an electrolyte carrying current flows through or near a magnetic field region, induced
currents and the external field interact, generating a Lorentz force ( ) that acts on the fluid. This
force can either assist or impede flow, change shear near walls, flatten or modify profiles, and
alter mixing. In electrochemical systems, these flow alterations influence the local
mass-transport regimes (diffusion, convection), bubble detachment and removal, deposit
uniformity, and overall cell efficiency.
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The purpose of this paper is to explore how magnetic fields affect the flow of conducting fluids
in electrochemical systems: to review the governing physics, summarise what is known, and

highlight design implications for electrochemical cells.

2. Background & Literature Review

2.1 MHD Effects in Electrochemical Flow

A useful starting point is the overview by T.Z. Fahidy “Magnetic effects” in electrochemistry. It
notes that magnetic fields can create preferential flow patterns or channels in conducting fluids
subject to both electric currents and magnetic fields. The presence of a magnetic field can thus
assist mixing by inducing secondary flows, or conversely suppress undesired zones of low

convection (“dead zones”).

Another key reference: Magnetic Field Effects on Electrochemical Processes (ResearchGate)
describes a hydrodynamic-theoretical model for a planar electrode under a perpendicular
magnetic field and current—showing that magnetic field can enhance mass transport by altering

flow near the electrode.

2.2 Effects on Electrochemical Mass-Transport & Bubble Removal

In electrolysis or deposition processes where gas evolves (e.g., hydrogen, oxygen), removal of
gas bubbles from the electrode surface is vital for performance. Magnetic fields modify bubble
behaviour via Lorentz forces on ionic currents or on charged bubble surfaces, thereby

influencing bubble detachment and transport. A recent review in electro-chemistry of magnetic
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fields (though beyond simple flow only) details how fields affect both kinetics and

mass-transport in electrocatalytic reactions.

2.3 Flow Control & MHD in Electrochemical Cells

Applying a magnetic field to a flowing electrolyte (especially when current returns or external
circuits are present) creates magnetically-induced forces which may act to enhance convective
mass-transport near electrodes or change boundary-layer thickness. This has been studied
experimentally and in modelling contexts. For example, in systems with applied magnetic fields
transverse to electrode surfaces, increased mass-transport rates and deposition quality

improvements have been reported.

In summary, introducing magnetic fields into electrochemical flow systems is a promising way
to control flow and mass-transport, but it adds complexity in design (field orientation, current

paths, fluid conductivity, flow geometry).

3. Governing Physics & Dimensionless Parameters

3.1 Lorentz Force & Flow Modification

When a conducting fluid carries electrical current in the presence of an applied magnetic field ,
the resulting Lorentz force per unit volume is . This force alters the momentum equation for the
fluid, introducing additional terms that can suppress or drive flow. In many electrolytic systems,
the induced magnetic field is negligible (magnetic Reynolds number small), so the applied field

can be treated as fixed.

This force may produce secondary flows (for example swirling or recirculating patterns)
depending on geometry and field orientation. These flows influence mixing, boundary-layer

thickness, and removal of species or bubbles.

3.2 Key Dimensionless Parameters

Magnetic Interaction Parameter (N): Ratio of electromagnetic to inertial forces:
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N=(@GBL)/(pU)

Where: ¢ = electrical conductivity, B = magnetic field magnitude, L = characteristic length, p =
fluid density, U = characteristic velocity. A higher N indicates stronger magnetic effect relative

to inertial flow.

Hartmann Number (Ha):

Ha=BL(c/p)

Where p is dynamic viscosity. Related to magnetic damping of flow.
Reynolds Number (Re):

Re=(UL)/v

(Viscous vs inertial forces).

When N or Ha are large, the magnetic field significantly modifies the flow—potentially

suppressing turbulence or mixing, altering near-wall profiles, or generating secondary flows.

3.3 Impact on Mass-Transport and Flow Near Electrodes

In electrochemical systems, key mass-transport phenomena (diffusion, convection, migration)
are heavily influenced by near-wall fluid motion. The presence of a magnetic field affects
convection (via Lorentz forces) and may alter the thickness of diffusion/mass-transport boundary
layers. In practical terms, flow modification can increase or reduce species delivery to the
electrode, affect deposition uniformity, and change bubble removal dynamics.

4. Application to Electrochemical Systems: Modelling & Effects

4.1 Flow Regime Alteration

In a typical electrolytic cell, assume a forced or natural circulation of electrolyte across an
electrode pair. If a static, uniform magnetic field is applied perpendicular to the current path, the

induced Lorentz force may retard or re-direct flow. This may lead to:
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e A flattened velocity profile (less shear near wall), reducing turbulence or mixing.

e Secondary circulations (for instance swirling flow near the electrode) which enhance
convective transport near the surface.

e Modified bubble transport paths for gas-evolving reactions: e.g., bubbles may be

deflected sideways, detach earlier or later depending on the Lorentz force direction.

4.2 Mass-Transport Improvement or Suppression
Depending on geometry and field orientation:

e When Lorentz-induced flows bring fresh fluid to the electrode surface, mass-transport
can be enhanced, lowering diffusion limitations.

e Conversely, if the magnetic field suppresses near-wall mixing (for example by damping
turbulence), mass-transport may worsen, increasing concentration boundary-layer

thickness and reducing current density or deposit rate.

4.3 Electrochemical Performance Impacts

e Deposit uniformity: In electrodeposition, improved mixing via magnetically-induced
flows may lead to more uniform thickness and fewer defects.

e Reaction efficiency: In battery or fuel cell electrolytes, enhanced convective transport
via magnetic forcing can reduce polarization losses.

e Gas-evolution reactions: Magnetic fields help remove bubbles more efficiently by
directing their path via Lorentz-force-induced currents or flows, thereby reducing
blockage of electrode surfaces and improving effective area.

e System design trade-offs: Applying a magnetic field adds complexity (field source,
magnet cost, field uniformity, current path design). Also, undesired side-effects such as

increased heating, pressure drop, or forced secondary flows may appear.

5. Discussion & Design Implications

5.1 Orientation and Field Strength
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The orientation of the magnetic field relative to current path and fluid flow is crucial. A field

perpendicular to the electric current and flow tends to generate the largest Lorentz forces (via ).

Field strength should be chosen to produce effective mixing without excessive damping of flow

or increased energy overhead (magnet cost, stray forces).

5.2 Geometry and Electrode Configuration

Electrode size, shape, spacing, flow channels, and current return paths all influence how induced

currents distribute in the fluid, impacting the Lorentz force pattern. Uniform current distribution

and well-designed magnetic geometry help avoid localized flow dead-zones which reduce

effective mass-transport.
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5.3 Conductivity and Fluid Selection

The electrical conductivity of the fluid matters: higher conductivity yields stronger induced
currents for a given flow and magnetic field, which increases the Lorentz force for the same
field. But too-strong forces may suppress flow. Therefore, fluid chemistry (electrolyte

composition) and conductivity must be aligned with magnetic forcing strategy.

5.4 Practical Trade-offs

e Gains: enhanced mixing, faster mass-transport, better bubble removal, improved
uniformity.

e Costs/risks: more complex hardware (magnets, field generation), possible increased
power consumption, increased heating or induced eddy currents, suppression of desired
turbulent mixing in some cases.

e Optimization: The system should be analysed as an integrated fluid—electrochemical—
electromagnetic system. Parametric studies (varying field strength, orientation, flow rate,

conductivity) help find the optimum.

6. Conclusion

Magnetic fields have a meaningful effect on the flow of conducting fluids in electrochemical
systems by introducing Lorentz forces that alter velocity profiles, secondary flows, bubble
transport, and near-electrode mixing. Depending on field strength, orientation, fluid conductivity
and geometry, these effects may either enhance or degrade mass-transport to the electrodes and

thus impact electrochemical performance.

From a design perspective, the key lessons are:
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e Ensure proper alignment of magnetic field, current path and flow to leverage beneficial
Lorentz forces.

e Select fluid conductivity and magnetic field strength carefully so that induced flows
enhance—not inhibit—mass-transport.

e Consider the full system including electrodes, flow channels, magnet hardware, and
circulation system when integrating magnetic field effects.

e Use simulation or experimental tests to identify optimal magnetic conditions (interaction

parameter, Hartmann number range) for the specific electrochemical application.

Further work is recommended in the form of detailed numerical modelling of specific cell
geometries, experimental evaluation of bubble dynamics under magnetic forcing, and

development of design guidelines for magnetically assisted electrochemical flow systems.
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