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Abstract 

The onset of thermomagnetic convection in ferrofluid in a vertical transient hot-wire cell is 

analytically and experimentally investigated by studying the temperature rise of an electrically-heated 

wire. During the initial stage of heating, the temperature rise is found to correspond well to that 

predicted by conduction only. For high electrical current densities, the initial heating stage is followed 

by a sudden change in the slope of the temperature rise with respect to time as a result of the onset of 

thermomagnetic convection cooling. The observed onset of thermomagnetic convection was then 

compared to that of natural convection of deionized water. For the first time, the critical time 

corresponding to the onset of thermomagnetic convection around an electrically-heated wire is 

characterized and non-dimensionalized as a critical Fourier number (   ). We propose an equation for 

    as a function of a magnetic Rayleigh number to predict the time for the onset of thermomagnetic 

convection. We observed that thermomagnetic convection in ferrofluid occurs earlier than natural 

convection in non-magnetic fluids for similar experimental conditions. The onset of thermomagnetic 

convection is dependent on the current supplied to the wire. The findings have important implications 

for cooling of high-power electronics using ferrofluids and for measuring thermal properties of 

ferrofluids. 
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Introduction 

Ferrofluid is a unique type of nanofluid with many potential and existing applications in biomedicine, 

point-of care diagnostics and heat transfer [1-3]. Because of its potential, research related to ferrofluid 

has attracted great attention during the past decade [4-6]. The differences between ferrofluid and 

conventional nanofluids are related to its magnetic properties, which when exposed to a magnetic 

field with a non-uniform temperature distribution result in a unique type of convection called 

“thermomagnetic convection” [7-9]. Thermomagnetic convection occurs due to variation of magnetic 

susceptibility and hence changes in the magnetic body-force distribution as a result of temperature 

gradients in the fluid. Unlike natural convection, time-dependent thermomagnetic convection around a 

heated wire has been given very little attention in the literature [10]. 

The onset of natural convection has been investigated in numerous researches [11-14]. The onset of 

convection is defined as the point where the heat flux characteristic changes from conduction to 

convection. For natural convection, heat transfer from a vertical cylinder and the transition from the 

conduction regime to natural convection have been well documented [15-19]. The onset of natural 

convection effects in a transient hot-wire system was experimentally studied by Ro et al. [17] for  air, 

carbon tetrachloride (CCl4) and n-Hexane (n-C6H14). The authors determined the dimensionless upper 

limiting time for the measurement of the thermal conductivity of fluids as a function of modified 
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Rayleigh number (Ra*=Nu.Ra).  Zhang et al. [19] studied the natural convection of various fluids in 

transient short-hot-wire cells with different lengths of wire. The team correlated the non-

dimensionalized critical time corresponding to the onset of natural convection (   ) as a function of 

both Rayleigh number and wire aspect ratio (
 

 
). Later, Woodfield et al. [18] numerically simulated 

the natural convection for the short-hot-wire in Hydrogen and Argon, where the results were in good 

agreement with the correlation proposed by Zhang et al [19].  

The effect of magnetic field on natural convection has also been investigated by a number of 

researchers for electrically-conducting fluids in studies on magneto-hydrodynamics (MHD) (e.g. [13, 

20, 21]). Increasing the Rayleigh number and Lewis number accelerates the onset of natural 

convection in a nanofluid layer (e.g. [11, 21, 22]), while increasing the magnetic Chandrasekar 

number [23] delays the phenomenon. Sarkar et al [14] developed a comprehensive theoretical model 

to investigate the effect of a transverse magnetic field on the buoyancy-driven convection heat 

transfer of electrically-conducting nanofluids in an infinitely long channel.  

 

The effect of a magnetic field on thermomagnetic convection and other types of body-force driven 

convection in magnetic and electrically-conducting fluids has been studied in [24-29]. Engler and 

Odenbach [30] experimentally studied the onset of thermomagnetic convection in a horizontal 

ferrofluid layer by measuring the critical combined (magnetic and thermal) Rayleigh number (Ra + 

Ram) for a range of frequencies of driving force. In their experiment the time-modulation of driving 

force was supplied by sinusoidal variations of temperature gradient over a fluid gap. They observed 

that for low frequencies the Racomb had a steep increase, corresponding to delayed onset of convection. 

The Racomb appeared to decrease smoothly after a certain value of frequency. In another experiment, 

the same researchers [31] observed that for the case of a constant magnetic field applied, the critical 

temperature for the onset of convection is decreased with increasing magnetic field intensity. Tynjala 

and Ritvanen [32], in a numerical study of the thermomagnetic convection in an annulus between two 

concentric cylinders, found the limiting values for the onset of pure buoyancy-driven convection and 

pure thermomagnetic convection in absence of gravity. Engler et al [33] investigated a horizontal 

layer of ferrofluid subjected to vertical homogeneous magnetic field and temperature gradient. They 

observed that the critical temperature difference for the onset of thermomagnetic convection was 

shifted to higher values in the presence of a magnetic field. They also reported that the increased 

viscosity of ferrofluid as a result of the magnetoviscous effect has a stabilizing effect on 

thermomagnetic convection (delays the onset of convection). Therefore, they concluded that the onset 

of magnetic convection, in addition to magnetic field strength and temperature gradient, can be highly 

dependent on the thermal properties of the ferrofluid. 

 

The general conditions for the onset of various instabilities under the influence of a magnetic field 

have been investigated in a number of studies. Lange [34] used a linear stability analysis to determine 

the critical external induction for the onset of thermomagnetic convection of magnetic fluid in a 

cylindrical geometry. Shliomis et al [35] studied the onset of thermomagnetic convection in a 

ferrofluid with inhomogeneous distribution of magnetic particles as a result of either magnetophoresis 

or thermophoresis. Nanjundappa et al [36] used a weakly nonlinear stability analysis to find the 

criteria for the onset of thermomagnetic convection in a ferrofluid saturating a porous layer in the 

presence of a uniform vertical magnetic field and under the effect of Coriolis force. Sekar et al [37] 

analysed the role of the Soret effect on the stability of a multi-component fluid in an anisotropic 

porous medium heated from below and salted from above using Brinkman model. Nanjundappa et al 

[38] investigated the effect of temperature-dependent viscosity on the onset of Benard-Marangoni 



  

ferroconvection in a horizontal layer of ferrofluid. Gear et al [39] experimentally determined the 

critical magnetic field  below which no magnetically-driven surface deformations occur for the 

ferrofluid. Saravanan and Yamaguchi [40] using a combination of analytical and numerical methods 

calculated the critical conditions for the onset of convection in a magnetic-fluid-filled differentially 

heated porous layer placed in a zero-gravity environment.  

 

Knowledge of the time for the onset of convection effects is important for transient methods for 

measuring fluid thermal conductivity. Studies done on the onset of natural convection have largely 

been motivated by the need to avoid convection effects when measuring thermal conductivity of 

fluids [15, 41]. In the transient hotwire method for measuring thermal conductivity, the temperature 

rise of the hotwire due to Joule heating is measured at any instant and plotted against the logarithm of 

time. Then the slope of the linear region of the plot, where heat conduction is the dominating means 

of heat dissipation from the wire to the fluid, is used to calculate the thermal conductivity of the fluid 

[42]. The main feature of this technique is its short measurement time. It is of particular importance 

that the data necessary to measure the thermal conductivity should be collected before the onset of 

convection [43]. Therefore, determining the time corresponding to onset of convection effects is 

valuable for measuring thermal conductivity and thermal diffusivity of fluids.  

Although the critical conditions for the onset of instability under influence of magnetic field have 

been proposed in a number of investigations, the time for the onset of thermomagnetic convection 

around a heated wire in ferrofluid has never been studied. Also, a survey over the literature suggests 

that in almost all studies on thermomagnetic convection, the source of heat flux has invariably been 

separated from the source of magnetic field which has been either a magnet or a line dipole placed 

outside of the ferrofluid. In the present study, for the first time, the time for the onset of 

thermomagnetic convection in ferrofluid under influence of a non-uniform magnetic field induced 

around a vertical hotwire is analytically correlated and experimentally validated and compared to the 

time for the onset of free convection of deionized water (DIW). 

 

Theoretical model 

The induced magnetic field around the current-carrying wire immersed in an electrically non-

conducting ferrofluid (no electromagnetic free current induced in the flow) is characterised 

by Maxwell’s relations as: 

                                                                                                                           (1) 

                                                                                                                                             (2) 

A constant current applied to the wire results in Joule heating and imposes a temperature 

gradient on the sample liquid. This temperature gradient results in a non-uniform magnetic 

susceptibility of the ferrofluid. Temperature dependence of the magnetic susceptibility has 

been expressed in the Langevin equation: 

                                                                  
     

    
                                                                 (3) 



  

where   is the numerical concentration of ferroparticles and      is the mean squared 

ferroparticle magnetic moment.  Eq. (3) shows that as the temperature increases the 

susceptibility (and hence the magnetic body force on the fluid) decreases. 

Finlayson [44] explained that, similar to thermogravitational convection, the non-uniform 

magnetic susceptibility distribution in the fluid results in a non-uniform magnetic body force 

which makes the colder fluid with higher susceptibility flow toward the larger magnetic field 

strength region (i.e. toward the wire in this study). This phenomenon is called the 

thermomagnetic convection. The magnetic body force applied to an electrically non-

conducting incompressible ferrofluid is given by: 

                                                                                                                                            (4) 

The Kelvin body force in cylindrical coordinates can be derived by substituting appropriate 

expressions for      and     corresponding to the magnetic field around a single wire and 

       , where    is the magnetic susceptibility at a reference temperature, into Eq.(4) 

to obtain:  

                                      
             

       
              

                                                         (5) 

The first term on the RHS of Eq. (5) is the hydrostatic term (i.e. unaffected by changes in the 

velocity field), and the second term is the dynamic driving force arising from changes in the 

magnetic susceptibility due  to the temperature field as shown in Eq. (3). Applying the 

Maclaurin series expansion and neglecting higher order terms, the magnetic susceptibility 

change due to temperature gradient is given by: 

                                                                      
  

  
                                                            (6) 

Shifting the hydrostatic component of the magnetic body force into the pressure gradient term 

by redefining the pressure as      
            

     , the Navier-Stokes equations can be 

expressed as: 

                                    
     

  
             

             

       
                                         (7) 

Where     represents the gravitational buoyancy force and the third term on the right hand 

side is the magnetic body force.  

 

A magnetic Rayleigh number was derived from Eq. (7) by Vatani et al [10] for this geometry, 

using a similar procedure to Incropera’s derivation for the Rayleigh number of free 

convection [45]: 

                                                 
                    

 

          
   

                                                      (8) 



  

This magnetic Rayleigh number expresses the thermomagnetic force to viscous force ratio 

multiplied by the Prandtl number, characterising the thermomagnetic convection heat 

transfer. By analogy with transient natural convection, the Fourier number representing the 

time to the onset of thermomagnetic convection effects is expected to be a function of the 

magnetic Rayleigh number from Eq. (8), the Nusselt number and the length-to-diameter ratio 

for the wire. 

 

Measurement method 

The measurement set up used in this experiment is essentially the same as the one used in the 

transient hot-wire method to measure the temperature rise of the wire. The measurement cell 

designed for this experiment includes a circular channel, 50 mm in length and 5 mm in 

diameter, embedded in an acrylic block, with a 50-   diameter copper wire passing through 

the centre of the channel and soldered to thin copper tapes used to seal the two ends of the 

channel (Figure 1). In this experiment a power supply (KEITHLEY 2200-20-5, US) was used 

to provide a constant current to the microwire and consequently generate heat via joule 

heating which dissipated into the fluid. The power supply is connected to the microwire via 

lead wires. Joule heating causes a rise in the temperature of the wire over t ime. To measure 

the temperature rise, first the voltage across the hot wire is measured using a multimeter 

(KEITHLEY 2000, US) and with the aid of a designed LabView
TM 

program data is recorded 

for voltage vs. time. Then the resistance of the wire at each instance is calculate from   
 

 
. 

And finally the resistance is converted into temperature of the wire as   
 

 

  
   

   
 where    is 

the resistance of the wire at    and TCR is the temperature coefficient of resistance of the 

wire. The set up was calibrated to find the TCR of the wire as explained in [46]. The 

measurement was placed in a temperature controlled bath (ISOTECH RS422, UK) to ensure 

uniform temperature around the cell. 

After measuring the temperature change with time, the heat transfer coefficient   is 

calculated from its definition as the proportionality coefficient in Newton’s law of cooling as, 

                                                         
 

            
                                                                  (9) 

where       is the generated power,   is the surface area of the wire,       is the 

temperature at the surface of the wire and     is the temperature of the bath.  

The Nusselt number of the flow is calculated as, 

                                                                        
  

 
                                                            (10) 

where   = 0.05 m is the length of the wire, and   is the thermal conductivity of the ferrofluid 

predicted by the Corcione’s correlation [47] at any given temperature. Fourier number 

representing the dimensionless time is calculated as: 



  

                                                                   
  

     
                                                              (11) 

Where wire radius is used as characteristic length.  

A ferrofluid provided by Ferrotec
TM

 (Singapore) with 2% nanoparticle volume concentration 

and average nanoparticle diameter of 10 nm was used as the test fluid. Foc for the onset of 

natural convection and thermomagnetic convection is determined at different temperatures in 

a range of 10 C to 40 C with four different currents of 1.5A, 2A, 2.5A and 3A being 

supplied to the wire.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Measurement cell used in the experiment filled with ferrofluid.  

 

Sensitivity analysis 

To investigate the relative importance of various parameters on measured outputs, an 

uncertainty analysis was performed as listed in Table 1. All calculations for propagation and 

combination were done based on standard uncertainties. The uncertainty in the length of the 

cell measured for 5 different cells was      . The uncertainty in the measured temperature 

of the wire owing to the uncertainty in the calibrated TCR of the wire is around 2%. The 

uncertainty in the supplied DC current and measured voltage is 0.05% and 0.001%, 

respectively (according to device manual), which has been neglected in this analysis. The 

initial bath temperature was measured to have up to 0.5  uncertainty. The radius of the 

Lead wires 

Channel filled 

with ferrofluid 

Copper tapes 



  

measurement cell was assumed to have 5% uncertainty and other parameters considered in 

this analysis were assumed to have 1% uncertainty. The results in Table 1 shows that Fo is 

not greatly affected by the uncertainty in the measurement, while Nu is affected by the 

uncertainty in temperature readings, length of the wire and radius of the wire. The magnetic 

Rayleigh number is the most sensitive to uncertainty in the measured inputs. 

 

Table 1 Uncertainty analysis 

Input Uncertainty  Ra (%) Ram (%) Nu (%) Fo (%) 

  1% 1 - - - 

k 1% - - 1 - 

  1% - 1 - 1 

  1% - 1 - - 

  1% 1 - - - 

T 2% 2.2 3.3 2.2 - 

T0       0.71 1.58 0.63 - 

L  % 6.1 - 1.95 - 

rcell 5% - 11.7 - - 

Combined  6.7 12.3 3.2 1 

 

Results and discussion 

Figure 2 shows the temperature rise of the wire for a 5 second heating period. In the initial 

linear region of the plot, heat conduction is the dominating means of heat transfer. However, 

after a given time span the temperature rise deviates from linearity. The time at which 

temperature rise deviates 5% from the slope of conduction curve is defined as the critical 

time corresponding to the onset of convection. This definition is consistent with the criterion 

used in Zhang et al’s study on natural convection [19]. For the example shown in Figure 2 the 

critical time for the onset of natural convection in deionized water (DIW) is 1.4 seconds 

while for the case of ferrofluid onset of thermomagnetic convection occurs at 0.47 seconds. 

Non-dimensionalizing these times gives critical Fourier numbers (Foc) of 339 for the natural 

convection case and 116 for the ferrofluid case. 



  

 

Figure 2 Temperature rise of the wire at 40°C bath temperature when 1.5A current is supplied.  

To validate the experimental results of the present study, Foc for the onset of free convection 

in DIW is compared with results reported in the literature. It is shown in Figure 3 that present 

experimental results are in good agreement with the correlation proposed by Zhang et al [19] 

for estimating the critical time for the onset of natural convection in deionized water as a 

function of aspect ratio (L/D), Rayleigh number (Ra) and Nusselt number (Nu). In Zhang et 

al’s correlation,           is the modified Rayleigh number and 
 

 
 term has been added 

to consider the effect of the wire aspect ratio.  

 

Figure 3 Comparison of the present experimental results for water with the correlations of Zhang et al [19] 



  

By examining the temperature-rise data it is apparent that the time of onset of natural 

convection corresponds reasonably well to the ‘knee’ of the curve in the temperature rise data 

illustrated by the intersection of straight lines in Fig. 2. The horizontal line represents steady-

state free convection for the wire and the straight line passing through the linear section of the 

data corresponds to conduction only. Since the two regimes can be defined by equations 

representing Nusselt numbers for conduction and convection, the intersection point is the 

time when the Nusselt number for convection becomes equal to the Nusselt number of 

transient conduction only. Therefore, we propose that a reasonable estimate for the critical 

time for the onset of convection effects can be obtained by simultaneously solving relations 

that predict the Nusselt numbers for the two regimes: 

                                               (12) 

The temperature rise of the hotwire for the initial linear region (conduction only – see Figure 

2) has been given by Carslaw and Jaeger [42]: 

                                                             
  

   
   

   

     
  

                                                    (13) 

where    is the heat generation per unit length of the wire,   the thermal conductivity of the 

fluid,   thermal diffusivity of fluid and  =1.781 is the exponential of Euler’s constant. By 

substituting Eq. (9) and Eq. (13) into Eq. (10), the Nusselt number for conduction from a long 

wire into a surrounding fluid is given as:   

                                                                   
  

    
   

 
 
                                                        (14) 

Concerning the horizontal line in Figure 2, a number of equations for the Nusselt number of 

free convection around a vertical thin cylinder are reported in the literature [48] . One of them 

is the theoretically derived equation by Le Fevre and Ede [49]:  

                                                      
 

 
 

       

          
 

 

 
 

             

            
                                           (15) 

Another equation for the vertically heated cylinders is the empirical correlation proposed by 

Yang [50]: 

                                              
        

 

 
 
   

      

 
 
 
 
 

  

    
     

  
 
 
 
   

  
 

 
 
 
 
 

 

 

                           (16) 

As shown in Figure 4, the data for natural convection in DIW from this work correlates with: 

                    (17) 



  

Thus, substituting Eq. (14) and Eq. (15),(16) or (17) into Eq. (12) gives a means of estimating 

the critical Fourier number Foc (or time) for onset of free convection. A similar approach can 

also give an estimate for the time of onset of thermomagnetic convection. 

In order to apply Eq. (12) to predicting the onset of thermomagnetic convection, a correlation 

for the thermomagnetic convection-dominated Nusselt number in Ferrofluid is required. For 

this purpose (as illustrated in Figure 4) the present results for ferrofluid suggest that the 

Nusselt number for thermomagnetic convection-dominated heat transfer from the wire can be 

correlated with 

                                                                         
    

                          (18) 

Eq. (18) shows that the Nusselt number for thermomagnetic convection of the ferrofluid is 

proportional to magnetic Rayleigh number with a power of approximately one quarter, which 

is a common proportionality for the natural convection in the literature [48, 51-54]. For 

determining the Nusselt number for the ferrofluid in Figure 4, the local minimum in the curve 

shown in Figure 2 (at time  1.5 s) was used.  

 

Figure 4 Variation of the NuL with Ra and Ram for DIW and Ferrofluid, respectively. 

By substituting the correlations for the Nusselt number as a function of Rayleigh number in 

the form of                   (both for free convection and thermomagnetic convection) 

in the equality of Nusselt numbers, an equation for predicting     can be derived as: 

                                                         
 

 
       

 

 
                                                     (19) 

Where X=50, Y=0.13 for free convection and X=1.22, Y=0.23 for thermomagnetic convection. 

Figure 5 shows that relatively good agreement is observed between measured and predicted 

Foc for both free convection of DIW and thermomagnetic convection of ferrofluid. It is also 

observed, by point by point comparison of the results for DIW and ferrofluid, that` although 



  

    for both cases decreases by increasing the applied current, this decrease is more 

substantial for ferrofluid.   

 

 

Figure 5 Comparison of the experimentally determined critical Fourier number for the onset of convection with 

the predictions for DIW and Ferrofluid (Eq. 19).  

 

Interpretation and definitions of dimensionless groups 

The present study relies heavily on the use of dimensionless groups and analogies between 

natural convection and thermomagnetic convection. The analogy is justifiable because both 

natural convection and thermomagnetic convection introduce a body force term to the 

Navier-Stokes equation which is driven by temperature gradients. For example, in Eq. (7) the 

gravitational body force term (fourth term on the right) is often replaced by gT which is 

known as the Boussinesq approximation for natural convection. Thus (as a first 

approximation), both terms are proportional to a temperature change with respect to a 

reference condition even though the spatial direction of the two terms is different (here radial 

and axial for thermomagnetic and natural convection, respectively).  

The magnetic Rayleigh number has been defined in several studies [7, 55-58]  with similar 

physical interpretations but with different magnetic field configurations.  In these prior 

studies, the magnetic field is imposed externally with a single direction [56, 57] or dipole [7] 

arrangement. In this study, however, the magnetic field is that of a single current-carrying 

wire and as a result, the magnetic Rayleigh number (Eq. (8)) involves a radial space 

dimensions. Moreover, instead of expressing the magnetic Rayleigh number in terms of a 

pyromagnetic constant and general magnetic field gradients [44, 59] we have used a more 



  

convenient form for evaluation in terms of the electrical current in the wire. Therefore, the 

Rayleigh number given by Eq. (8) should only be used for circumstances where the field is 

generated by an electric current in a single conductor. The interpretation of the present 

magnetic Rayleigh number is the ratio of thermomagnetic body forces from a single electrical 

conductor to viscous body forces multiplied by the ratio of viscous to thermal diffusion.  

A further insightful dimensionless consideration is the ratio of Ram and Ra. It is evident in 

Figure 4 that the magnetic Rayleigh number is few orders of magnitude larger than 

conventional Rayleigh number. The ratio of these two dimensionless numbers is the ratio of 

magnetic to gravitational buoyancy forces. This large ratio (O E+03) is consistent with the 

earlier occurrence of thermomagnetic convection rather than natural convection. 

Our proposed criterion for onset of thermomagnetic convection is that the ratio of a transient 

conduction dominated Nusselt number to a steady-state convection dominated Nusselt 

number is unity (Eq. (12)). Usually, Nusselt numbers are interpreted as the ratio of 

convection heat transfer to conduction heat transfer.  This is certainly the case for Nuconvection 

dominated, but is not the case for Nuconduction only. Rather, the apparent transient ‘conduction’ heat 

transfer coefficient from Eq. (14) arises from applying Newton’s law of cooling (Eq. (9)) in 

the limit of conduction-dominated heat transfer. (Note that it is quite common to apply 

Newton’s law of cooling to conduction heat transfer situations e.g. - when defining overall 

heat transfer coefficients in heat exchangers). Therefore Nuconduction dominated can be interpreted 

as the ratio of thermal resistance due to conduction in the axial direction of the domain to the 

apparent transient thermal resistance between a transiently heated cylinder and an infinite 

fluid. The proposed onset criterion has justification in that we are looking for a boundary 

between the two regimes – namely conduction-dominated and thermomagnetic convection-

dominated heat transfer for the wire. 

Conclusion 

The onset of thermomagnetic convection of ferrofluid around a vertical heated wire in a 

thermal conductivity measurement cell, for the first time, was experimentally studied and 

compared with the onset of free convection for DIW.  Experimental results for DIW were 

validated by comparison with the available correlations in the literature. Nusselt number of 

the flow has been correlated as a function of magnetic Rayleigh number for thermomagnetic 

convection. Equations for predicting the onset of both thermomagnetic convection and free 

convection were proposed. Thermomagnetic convection occurs due to temperature gradients 

affecting of a ferrofluid in a magnetic field. It was shown that generally, thermomagnetic 

convection happens earlier than free convection. The time for the onset of thermomagnetic 

convection changes exponentially with the increase in the current supplied to the wire. Since 

Fo increases with decreasing length scale, thermomagnetic convection can be used for 

microscale applications where immediate cooling is required and free convection is not 

effective. The effect of varying radius of the wire as the characteristic length the onset of 

convection needs to be studied in future.  Also the effectiveness of thermomagnetic 

convection for temperatures above the boiling point of the liquid is yet to be examined.   
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Nomenclature 

                                   Flux density, 
   

 
 

D                              Diameter of wire, m 

f                                Body force 

                                    Magnetic field strength, 
 

 
 

I                                Current, A 

                                 Boltzmann’s constant  

k                               Thermal conductivity, 
 

   
 

L                               Length of wire, m 

                                    Magnetization, 
 

 
 

R                               Resistance of wire, Ohm 

r                               Radius, m 

t                                Time, s 

 

Greek Letters 

                                  Magnetic susceptibility  

                                 Magnetic permeability of free space, 
 

    

                                 Thermal diffusivity, 
  

 
 

                                  Dynamic viscosity, 
   

   

                                  Kinematic viscosity, 
  

 
 



  

                                 Thermal expansion coefficient, 
 

 
 

 

Non-dimensional numbers 

Nu                            Nusselt number, 
  

 
 

Ra                               Rayleigh number, 
      

  
 

 

Subscripts 

I                                 Initial value 

0                                Reference value  

C                                Critical value 
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Highlights 

 

 Onset of thermomagnetic convection around a vertically oriented heated micro-wire 

was analytically and experimentally studied 

 The time for the onset of natural convection was validated against existing 

correlations in the literature.  

 The time corresponding to the onset of thermomagnetic convection was characterized 

as critical Fourier number and an equation was proposed for that as a function of 

magnetic Rayleigh number. 

 Suggestions for future work are presented.  

 

 



Accepted Manuscript

Research articles

Onset of thermomagnetic convection around a vertically oriented hot-wire in
ferrofluid

Ashkan Vatani, Peter Lloyd Woodfield, Nam-Trung Nguyen, Dzung Viet Dao

PII: S0304-8853(17)31517-2
DOI: https://doi.org/10.1016/j.jmmm.2018.02.040
Reference: MAGMA 63717

To appear in: Journal of Magnetism and Magnetic Materials

Received Date: 16 May 2017
Revised Date: 27 December 2017
Accepted Date: 12 February 2018

Please cite this article as: A. Vatani, P.L. Woodfield, N-T. Nguyen, D.V. Dao, Onset of thermomagnetic convection
around a vertically oriented hot-wire in ferrofluid, Journal of Magnetism and Magnetic Materials (2018), doi:
https://doi.org/10.1016/j.jmmm.2018.02.040

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.jmmm.2018.02.040
https://doi.org/10.1016/j.jmmm.2018.02.040

