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Abstract 

Flow of electrically conducting fluids (or plasmas) in a rotating system subject to magnetic 

fields combines multiple physical effects—Coriolis forces, centrifugal forces, Lorentz forces 

and induced electric currents. Such flows are central to many natural and engineered systems 

(e.g., liquid‑metal cooling in rotating machinery, astrophysical accretion disks, MHD 

generators). The interaction of rotation and magnetic field can modify the flow stability and 

trigger instabilities that lead to turbulence, strongly affecting transport, mixing and 

confinement. This paper reviews the governing theory of magnetohydrodynamic (MHD) flow 

in rotating frames, describes key instabilities and their transition to turbulence, discusses 

computational and experimental approaches to study these phenomena, and outlines practical 

applications and challenges. Emphasis is placed on how rotation modifies classical MHD 

stability, how turbulence arises, and how we can analyze and control these processes. 

Keywords: magnetohydrodynamics, rotating flow, instability, turbulence, rotating system, 

Lorentz force, Coriolis force. 

1. Introduction 

Flows of conducting fluids or plasmas in systems with both magnetic fields and rotation are 

ubiquitous in geophysical, astrophysical and industrial contexts. For example, the molten 

metal cores of planets or stars rotate and are magnetised; in certain industrial equipment 

rotating liquid‑metal flows under fields are used for mixing or heat transfer. The coupling of 

rotation and magnetic fields gives rise to rich dynamics. 
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Rotation imposes an additional inertial force (Coriolis), which influences the base flow and 

modifies the effect of magnetic forces. Moreover, magnetic fields introduce Lorentz forces 

which suppress or promote instabilities depending on configuration. Understanding how 

rotation and magnetism interplay is essential for predicting when flows become unstable, 

how turbulence develops, and the consequences for transport (momentum, heat, mass) and 

stability. 

2. Theoretical Framework 

2.1 Governing Equations in a Rotating Frame 

When considering an electrically conducting fluid in a rotating frame of reference (angular 

velocity ) subjected to a magnetic field , the fundamental equations are the MHD equations 

modified for rotation. In words, these include: 
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● Mass conservation (continuity) for incompressible (or nearly so) flows. 

● Momentum equation including inertial (Coriolis and centrifugal) terms, viscous term, 

pressure gradient, and Lorentz force . 

● Induction equation for the evolution of the magnetic field, accounting for advection 

by the fluid, magnetic diffusion, and the velocity field. 

● Ohm’s law for moving conductors linking current density to electric field and 

velocity–magnetic field cross product. 

Rotation enters through the term (Coriolis) and a modified pressure/centrifugal potential 

term. Thus the interplay between rotation, magnetic fields and fluid inertia sets the stage for 

altered stability characteristics. 

2.2 Dimensionless Numbers and Parameter Space 

Several dimensionless parameters define the regime of rotating MHD flows: 

● Reynolds number (Re): ratio of inertial to viscous forces. 

● Magnetic Reynolds number (Reₘ): ratio of magnetic advection to diffusion. 

● Rossby number (Ro): ratio of inertial to Coriolis forces (for rotation). 

● Hartmann number (Ha): ratio of Lorentz to viscous forces. 

● Ekman number (Ek): ratio of viscous to Coriolis forces. 

● Magnetic Prandtl number (Pm): ratio of kinematic viscosity to magnetic diffusivity. 

In a rotating MHD system, the behaviour (stable vs unstable, laminar vs turbulent) depends 

on the combination of these numbers. For instance, strong rotation (small Ro) tends to 

stabilise flows; strong magnetic fields (large Ha) may suppress or alter turbulence; but 

combined effects may create novel instabilities. 

2.3 Base Flow Profiles and Rotating MHD Configurations 

Common base flows in rotating MHD include: 

● Rotating cylindrical flows (Taylor–Couette) with inner and outer cylinders rotating 

at different rates, immersed in a magnetic field. 

● Rotating spherical or annular flows relevant to geodynamo or planetary core 

dynamics. 
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● Rotating ducts or channels with axial or transverse magnetic fields, relevant to 

industrial systems. 

The base flow velocity profile may be purely azimuthal (due to rotation) plus possible axial 

components, and the imposed magnetic field may be axial, azimuthal or helical. The stability 

of these base flows is affected by rotation and field geometry. 

3. Instabilities in Rotating MHD Systems 

3.1 Classical Hydrodynamic and MHD Instabilities 

Without magnetic fields, rotating shear flows exhibit classical hydrodynamic instabilities 

(e.g., Taylor vortex formation when inner cylinder rotates faster). When a magnetic field is 

introduced, additional MHD instabilities arise: 

● Magnetorotational Instability (MRI): In differentially rotating, conducting fluids, 

an axial magnetic field can destabilise otherwise hydrodynamically stable flows. 

● Tayler (kink) instability: Azimuthal magnetic fields can drive non‐axisymmetric 

instabilities in rotating plasma. 

● Centrifugal and Coriolis destabilisation: Rotation itself modifies the Rayleigh 

criteria and, when combined with magnetic fields, new thresholds emerge. 

3.2 Rotating MHD Instabilities: Combined Effects 

When both rotation and magnetic fields are present, the interaction of Coriolis forces with 

Lorentz forces and shear can produce unique instabilities. For instance: 

● In rapidly rotating MHD flows, the magnetic field can suppress or modify Ekman 

circulation and boundary‐layer instabilities (see review by E. Dormy). 

● Studies of rotating MHD flows in rectangular ducts demonstrated 

quasi‐two‐dimensional turbulence and instability when strong magnetic fields 

constrain flow to thin layers. 

● Numerical work on magnetic fluid in annulus under rotation with a radial magnetic 

field shows changes in the flow pattern, onset of vortices and instability thresholds. 

3.3 Mechanisms of Instability in Rotating MHD 
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Instability mechanisms include: 

● Shear‐driven growth: Differential rotation creates shear; magnetic fields may reduce 

stabilising viscosity or enable exchange of angular momentum, leading to MRI‑type 

growth. 

● Boundary‐layer instability: Rotation and magnetic fields create thin layers (e.g., 

Hartmann or Ekman layers) which can be unstable under perturbations. 

● Centrifugal/Coriolis coupling: Coriolis forces may stabilise or destabilise motions 

depending on geometry; when interacting with Lorentz forces new resonances may 

appear. 

● Magnetic diffusion and resistivity: Finite electrical conductivity leads to resistive 

instabilities (tearing, reconnection) even in rotating flows. 

The competition between stabilising forces (viscosity, magnetic tension, Coriolis) and 

destabilising shear, rotation gradients and field inhomogeneities sets the threshold for 

instability. 

4. Transition to Turbulence and Turbulence Characteristics 

4.1 From Instability to Turbulence 

Once an instability grows beyond the linear regime, nonlinear interactions become important 

and the system may transition to turbulence. In rotating MHD systems, turbulence may differ 

from classical hydrodynamic turbulence: 
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● The presence of a strong magnetic field tends to suppress small‐scale motions aligned 

with the field, leading to anisotropic turbulence. 

● Rapid rotation tends to produce quasi‐two‑dimensional flows due to the Taylor–

Proudman constraint. 

● In a rotating MHD system, turbulence may appear in thin layers or along particular 

directions, and may exhibit different scaling laws than isotropic turbulence (see 

review of MHD turbulence by Andrey Beresnyak). 

4.2 Turbulence Metrics and Spectra 

Key metrics to characterise turbulence in rotating MHD include: 

● Energy spectra in directions parallel and perpendicular to the magnetic field or 

rotation axis. 

● Anisotropy ratios, such as . 

● Helicity or cross‐helicity due to coupling of vorticity and magnetic fields. 

● Transport coefficients: enhanced viscosity or resistivity due to turbulence. 

In rapidly rotating magnetised flows, energy cascades may be altered—equipartition of 

magnetic/kinetic energy may not hold, and turbulence may be dominated by wave‐like 

(Alfvénic) dynamics or inertial‐Coriolis waves. 

 



 International Journal of Advanced Research in  ISSN: 2278-6244 

 IT and Engineering  Impact Factor: 5.418 
 

Vol. 4 | No. 6 | June 2015 www.garph.co.uk IJARIE | 22 
 

4.3 Effects of Rotation & Magnetism on Turbulent Transport 

Rotation and magnetic fields tend to reduce turbulent mixing in some directions (damping 

effect), but can increase anisotropic transport in other directions. For example: 

● Heat or momentum transport may be inhibited along the magnetic field direction. 

● The effective friction/drag of rotating MHD flows may increase or decrease 

depending on parameter regime. 

● Boundary layers under magnetised rotation (magneto‐Ekman or magneto‐Hartmann 

layers) may dominate transport and drive large‐scale vortical structures. 

Understanding these transport effects is vital in engineering applications (e.g., liquid‐metal 

cooling in rotating machinery) and in geophysics/astrophysics (e.g., angular momentum 

transport in accretion disks). 

5. Computational and Experimental Approaches 

5.1 Computational Modelling 

Given the complexity of rotating MHD flows, numerical simulation is a key tool. Approaches 

include: 

● Direct Numerical Simulation (DNS) resolving both velocity and magnetic fields, in 

rotating frames, with full coupling of Navier–Stokes and induction equations. 

● Large‐Eddy Simulation (LES) or hybrid models for higher Reynolds numbers, with 

sub‐grid models for unresolved turbulence and magnetic fluctuations. 

● Linear stability solvers to compute eigenvalues/growth rates of base flows under 

rotating MHD conditions. 

Challenges in simulation include handling very disparate scales (velocity, magnetic field, 

rotation), achieving adequate resolution in boundary layers, dealing with low magnetic 

Prandtl numbers (common in liquid‐metal flows), and capturing nonlinear transition to 

turbulence. 

5.2 Experimental Setups 
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Experiments in rotating MHD are relatively difficult but exist. Examples: liquid‐metal 

Taylor–Couette experiments under axial/azimuthal fields, rotating ducts with magnetic fields, 

magnetised rotating spherical shells for geodynamo analogues. These experiments help 

validate computational predictions of instability thresholds, turbulence onset and transport 

behaviour. 

5.3 Validation and Benchmarking 

Benchmark problems include: 

● Taylor–Couette flow with imposed axial magnetic field, measuring onset of MRI or 

other instabilities. 

● Rotating duct flow with transverse magnetic field, measuring turbulence suppression 

and pressure drop increase. 

● Rotating annulus with magnetised fluid, measuring vortex formation, turbulence 

spectra. 

Comparing simulation and experiment yields confidence in models and helps calibrate 

dimensionless thresholds (Re, Ha, Ro) and transport enhancements. 

6. Applications and Practical Implications 

6.1 Engineering Systems: Liquid‐Metal Rotating Machines 

In industrial systems where liquid metals circulate in rotating machinery (e.g., 

electromagnetic pumps, rotating disc systems), the combined effects of rotation and magnetic 

fields influence flow stability, mixing, heat transfer and drag. Understanding when 

instabilities begin is crucial to avoid unwanted turbulence or to promote beneficial mixing. 

6.2 Geophysical and Astrophysical Flows 

Rotating MHD flows are foundational in geophysics (Earth’s core dynamo, planetary 

magnetospheres) and astrophysics (accretion disks around stars, rotating magnetised plasma). 

For instance, MRI in differentially rotating disks is a mechanism for angular momentum 

transport and turbulence generation in accretion flows. Instability and turbulence in rotating 

MHD systems thereby underpin dynamics of large‐scale natural systems. 
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6.3 Energy Systems: Fusion and Rotating Plasmas 

In magnetic confinement fusion devices, rotating plasma flows combined with magnetic 

fields may improve stability or generate rotational shear to suppress turbulence. 

Understanding rotating MHD instabilities helps in designing plasmas with enhanced 

confinement and reduced fluctuations. 

7. Challenges, Open Questions and Future Directions 

Despite progress, many challenges remain: 

● Accurate characterisation of instability thresholds and transition to turbulence in 

parameter regimes relevant to low‐Pm (magnetic Prandtl number) fluids typical of 

liquid metals. 

● Modelling of combined rotation, magnetism and realistic boundary conditions (curved 

geometry, wall conductivity, impedance). 

● Understanding of anisotropic turbulence scaling in rotating MHD systems: how 

spectral energy cascades differ from classical Kolmogorov or Alfvénic turbulence. 

● Integration of multi‐physics: heat transfer, buoyancy, stratification, chemical reactions 

in rotating MHD flows. 

● Development of experimental platforms that can access the high‐Re, high‐Ha, rapid 

rotation regimes relevant for geophysical/industrial systems. 

● Improved subgrid models for LES of rotating MHD turbulence that can account for 

rotation and magnetic suppression effect. 

Addressing these issues will improve our ability to predict, design and control rotating MHD 

flows across scales—from industrial machines to planetary cores. 

8. Conclusion 

Flows of conducting fluids in rotating systems under magnetic fields exhibit a rich spectrum 

of behaviours: from laminar stable flow, through instabilities (MRI, shear‐driven, centrifugal) 

to fully developed turbulence with anisotropic transport. The coupling of Coriolis, centrifugal 

and Lorentz forces modifies classical hydrodynamic stability, delays or advances turbulence 

onset, and changes the nature of turbulent transport. Understanding these phenomena is 

essential for engineering applications (rotating liquid metals, electromagnetic pumps), 
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geophysical and astrophysical systems (planetary dynamos, accretion disks) and energy 

systems (fusion plasmas). 

While theoretical frameworks and numerical methods today provide considerable insight, 

many open questions remain—particularly regarding non‐linear transition, turbulence scaling, 

and realistic system complexity. Continued advances in simulation, experimental capability 

and theoretical modelling will be needed to close these gaps and fully harness the behaviour 

of rotating MHD flows. 
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