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Abstract  
 Thermomagnetic convection is a natural convection mechanism driven by 

electromagnetic forces as opposed to thermodynamic convection driven by gravitation and 

thermal expansion. The magnetic field permits unique boundary conditions difficult or 

impossible to obtain with a thermodynamic convection such as radial and repeating boundary 

conditions ideal for simulation of geophysical convection cells. The Magnetic Rayleigh Number 

and Nusselt Efficiencies are programmable without modifying geometry and are independent of 

device orientation that permits to applications where thermodynamic convection systems are 

insufficient. The purpose of this article is to summarize the published experiments and 

simulations related to the convective flow and heat transfer under unique boundary conditions 

unobtainable using thermodynamic convection. 

Introduction 

 Ferrofluids are stable colloidal suspensions of ferromagnetic particles in a non-magnetic 

carrier fluid. The ferromagnetic particles exhibit a magnetic susceptibility resulting in an 

attractive force when a magnetic field is present. A magnetic field applied to a ferrofluid at 

uniform temperature exerts a uniform attractive force in the fluid inducing a bulk flow of the 

fluid. The magnetic susceptibility of ferromagnetic particles declines at increasing temperatures 

this reduces the attractive force of magnetic field on the particles. In thermomagnetic convection 

regions at higher temperatures are displaced by the lower temperature regions with greater 

attractive force [1]. Finlayson predicted this phenomenon and derived the Magnetic Rayleigh 

Number     as a direct analogue to the Rayleigh Number used in conventional fluid dynamics 

to describe thermodynamic convection [1]. The buoyant forces  

Thermomagnetic cooling has applications in aerospace industry where microgravity 

environments prohibit thermodynamic convection. A fixed permanent magnet would provide a 

natural convective cooling without any power input. Producers of high performance audio 

systems have already incorporated ferrofluids into their designs, the solenoid containing a strong 

rare earth magnet was an ideal environment for this mechanism and with the right carrier fluid, a 

ferrofluid can remain exposed to the atmosphere indefinitely. Other industries may also be able 

to benefit from this system as thermal damage is a primary limiting factor for the semiconductors 

used in LED lighting and processor cooling. 

Researchers found that the magnetic field permits thermomagnetic convection to exhibit 

properties that are difficult or impossible to achieve using thermodynamic convection including 

variable driving forces[2] and radial geometries[3]. This may have applications in geophysics 

and stellar research in producing experiential models for the convective cells within the cores of 

planets and stars that control tectonic activities and stellar magnetic fields. 

  



Simulated Convection 

Bednarz et al. constructed experimental and numerical models to compare how well the 

theoretical models for ferrofluid behavior matched with experimental results. They constructed a 

cube, 32mm on a side that heated and cooled uniformly on opposite walls and subject to a 

vertical magnetic field. The ferrofluidic solution was composed of an 80% aqueous solution of 

glycerol with 0.8 mol/kg concentration of gadolinium nitrate hexahydrate added. The simulation 

used the measured physical properties of the fluid to calculate the following results [4]. 

 
[Left] Comparisons of the isotherms measured experimentally and the computational models at varying magnetic 

field strengths show a strong correlation.[4] 

[Right] Comparisons of the Nusselt efficiency values for the experimental and computational models showed further 

correlation with numerical values within 20% of experimental values. [4] 

 

Simulations can accurately predict the complex interactions of the thermomagnetic 

convective forces and the thermodynamic convection [4]. In Bednarz et al.’s work, the magnetic 

field’s orientation resisted the flow of thermodynamic convection inducing a slight dampening at 

lower field intensities. When the magnetic field reached sufficient intensity, the thermomagnetic 

convection dominates the convective flow and the simulations predict a near linear improvement 

with the magnetic field [4]. The results also indicate that while the interactions between the 

thermomagnetic and thermodynamic convection are present, at sufficiently high field intensities, 

we can negate the gravitational influence. This means that if thermomagnetic convection is 

utilized in portable devices can be designed and function reliably regardless of device 

orientation. 

The experimental results show a leveling off in the experimental efficiency at extremely 

high Nusselt Efficiency values indicating a secondary dampening occurs, is not accounted for in 

the simulations and likely can likely be attributed to the simulations treatment as an ideal fluid 

[4]. Non-Newtonian fluids such as glycerol have a high viscosity that experiences shear 

thickening at higher velocities. This provides a potential avenue for further research. Improved 

ferrofluids with high shear thickening resistances can be utilized in the ferrofluids if greater 

cooling efficiencies are required for an application. Additional research can focus on 

incorporating existing fluid models for shear thickening into this work to produce more accurate 

models. 

  



Angled Magnetic Field 

Krakov and Nikiforov studied the influence of a uniform magnetic field’s orientation on 

the convection cells. To do so, they constructed a 2d simulation of a square cell lacking 

gravitationally driven convection which is heated from the bottom and cooled from the top with 

a uniform external magnetic field simulated. The magnetic field was rotated at 22.5
0
 angles with 

the velocity vectors and Nusselt Efficiencies recorded [5]. 

         
α = 0 °    α = 22.5 ° 

 
α = 45 °    α = 90 ° 

The square cells contained 2 convection cells, the interface between them serves as a boundary which heat transport 

can only occur via conductive means. This boundary layer rotates along with the magnetic field, in the opposite 

direction and at twice the rate of the magnetic fields. The thermal gradient is vertical, with the angle of the magnetic 

field (H) indicated alpha α and the arrow [5]. 

 
As the boundary layer rotates the Nusselt efficiency drops due to a reduced contact area of the convection cell and 

one of the thermal plates. The efficiencies improve again when the field is perpendicular to the thermal gradient. 

This is seen in conventional thermal convection when a wall is heated rather than a floor [5]. 

 

The results indicated that the optimal angle for thermomagnetic convection occurs when 

the convective cells occupy equal portions in their hot and cool walls. A moderate improvement 

occurs when convective cells are in contact with eachother, however the benefits are severly 

diminished. 

 

 

Periodic Oscillations in the Magnetic Field 



Engler and Odenbach investigated the effects of an AC magnetic field on the theroconvection. 

The standard model had been built upon a principle of an uniform and static field,  

 

Non-uniform Magnetic Fields 

The effects of non-uniform magnetic fields was investigated [6]  
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Figure [A] shows the cylindrical geometry used to induce a strong magnetic field within the solenoid and a 

negligible magnetic field outside which produces a large gradient at the edges.[7] 

Figure [B] shows the temperature distribution within the cell under increasing magnetic fields. Warmer regions were 

forced away from the magnetic field, inducing a strong flow which was effective at cooling.[7] 

 

Repeating Boundary Conditions 
 

 

Conclusions 
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