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Abstract 

Thermomagnetic convection of a ferrofluid flow induced by the internal magnetic field 

around a vertical current-carrying wire was theoretically analysed and experimentally 

validated for the first time. The Nusselt number for a heated 50-m diameter wire in a 

ferrofluid was measured for different electrical currents and fluid temperatures. Experimental 

results are in good agreement with the proposed scaling analysis. We found that increasing 

the current will increase the Nusselt number nonlinearly, and ultimately enhances the heat 

transfer capability of the induced ferrofluid flow. We observed that the thermomagnetic 

convection becomes dominant, if large enough currents are applied. 

1. Introduction

Nanofluids, or colloidal suspensions of nanometer-sized particles, have attracted great 

attention during the past two decades - particularly in relation to heat transfer enhancement 

[1]. Detailed and sometimes conflicting explanations of the mechanisms responsible for the 

observed enhancement in the apparent thermal conductivity are available [2]. Ferrofluids are 

a unique type of nanofluids with great potential for heat transfer applications [3]. Ferrofluids 

are suspensions of paramagnetic nanoparticles in a carrier liquid.  

The magnetic state of ferrofluids makes their effective thermal conductivity a tuneable 

property in the presence of a magnetic field. There have been a number of studies on the 

apparent thermal conductivity of ferrofluids in absence or presence of a magnetic field [4, 5]. 

There also have been numerous efforts to manipulate ferrofluids using a magnetic field in 

order to enhance convective heat transfer. Lajvardi et al. [6] experimentally measured the 

heat transfer coefficient for a ferrofluid flowing through a straight pipe with constant wall 

heat flux in laminar regime under a constant external magnetic field. The authors observed 

that deionized water and the ferrofluid in the absence of a magnetic field have the same heat 

transfer coefficient while applying a magnetic field significantly increases it. They gave two 

possible reasons for this enhancement. The first is the augmentation of thermophysical 

properties of the ferrofluid (thermal conductivity enhancement due to formation of chain-like 

structures of nanoparticles [7]). And the second is the temperature drop due to locally 
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enhanced heat capacity of the ferrofluid in the magnetic field [8]. Azizian et al. [9] achieved 

up to 300% enhancement in the local heat transfer coefficient of a Fe3O4/water ferrofluid by 

increasing the magnetic field strength. The authors found the reason in accumulation of 

particles near the heat source leading to a region of higher effective thermal conductivity. . 

Ghofrani et al. [10] achieved up to 27.6% enhancement in convective heat transfer by 

applying an alternating magnetic field to a ferrofluid flow passing through a circular tube at a 

low Reynolds number. Similar trends were obtained in other works[11, 12]. Aminfar et al. 

[13] numerically simulated the effect of a non-uniform magnetic field on convective heat 

transfer of a ferrofluid passing through a vertical pipe. They observed that applying a 

magnetic field with negative gradient in direction of the flow, increases the Nusselt number 

while the reverse occurs for a positive magnetic field gradient.  

Ghasemian et al. [14] compared the effect of constant and alternating non-uniform magnetic 

field induced around a current-carrying wire on heat transfer characteristics of ferrofluid 

passing through a minichannel, where they obtained 16.48% enhancement in heat transfer of 

constant magnetic field. The enhancement was 27.72% for alternating magnetic field with 

same intensity and a frequency of 𝑓 = 4 𝐻𝑧. The authors explained that the Kelvin body 

force produced due to the interaction between the local magnetic field and magnetization of 

ferrofluid, forms vortices that disrupt the thermal boundary layer and results in augmentation 

of the Nusselt number. For alternating magnetic fields, in addition to formation of vortices, 

the oscillation of particles also disturbs the thermal boundary layer and improves the flow 

mixing.   

A survey of the available literature suggests that almost all investigations have been carried 

out for ferrofluid under externally applied magnetic fields [15, 16]. In the present study, we 

report for the first time the flow induction in a static suspension of magnetic nanoparticles in 

water due to the self-induced magnetic field around a single current-carrying wire. The 

relation between flow properties and current is theoretically studied. To validate the model, 

the Nusselt number of the induced flow is measured for different currents being supplied to 

the wire at different fluid temperatures. Curve fitting of the experimental results shows 

acceptable agreement with the scaling analysis.  

 

2. Theoretical model 

Figure 1 shows a schematic of the induced magnetic field around the current-carrying hot 

wire. The induced magnetic field around the current-carrying wire is characterised by the 

following equations: 

                                                  �⃗� = 𝜇0(�⃗⃗� + �⃗⃗� ) = 𝜇0(1 + 𝜒)�⃗⃗�                                             (1) 

                                                               �⃗⃗� = 𝜒�⃗⃗�                                                                     (2) 
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where �⃗� , �⃗⃗� , |�⃗⃗� | =
𝐼

2𝜋𝑟
, 𝜒 and 𝜇0 = 4𝜋 × 10−7 N/A

2
 are the induced flux density, 

magnetization, magnetic field strength, magnetic susceptibility and magnetic permeability of 

free space, respectively.  

When current is applied to the wire, a temperature gradient is imposed on the suspension 

resulting in non-uniform magnetic susceptibility of the ferrofluid, which can be expressed by 

the linear part of the Langevin equation: 

                                                                𝜒 =
𝑛〈𝑚2〉

3𝑘𝐵𝑇
                                                                  (3) 

where 𝑛 is the numerical concentration of ferroparticles, 〈𝑚2〉 is the mean squared 

ferroparticle magnetic moment and 𝑘𝐵 is Boltzmann constant.  

According to Finlayson [17],  the imposed thermal and magnetic fields result in a non-

uniform magnetic body force which makes the ferrofluid flow as a bulk suspension due to the 

temperature dependence of the magnetization. This phenomenon is called the 

thermomagnetic convection. The magnetic body force applied to an incompressible ferrofluid 

is given by: 

                                                             𝑓 = ∇(�⃗⃗� . �⃗� )                                                                 (4) 

Substituting Eq.(1) and Eq.(2) for �⃗⃗�  and �⃗�  and 𝜒 = Δ𝜒 + 𝜒0, where 𝜒0 is the magnetic 

susceptibility at a reference temperature, in equation (4) results in the body force in 

cylindrical coordinates:  

                                    𝑓 =
−𝜇0(1+𝜒0)𝜒0𝐼2

2𝜋2𝑟3 + 
−𝜇0(1+2𝜒0)Δ𝜒𝐼2

2𝜋2𝑟3              for   Δ𝜒2 ≪ 𝜒0               (5) 

where the first term on the right-hand side 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 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 with 

respect to its value at the reference temperature is given by: 

                                                               ∆𝜒 ≈ −𝜒0  
∆𝑇

𝑇0
                                                            (6) 

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

by redefining the pressure as 𝑃∗ = 𝑃 −
𝜇0(1+𝜒0)𝜒0𝐼2

2𝜋2𝑟3 , the Navier-Stokes equations can be 

expressed as: 

                                   𝜌
𝐷�⃗⃗� 

𝐷𝑡
= −∇𝑃∗ + 𝜂∇2�⃗� +

𝜇0(1+2𝜒0)χ0𝐼2

2𝜋2𝑟3𝑇0
∆𝑇 �̂� + 𝜌𝑔                                 (7) 

Where 𝜌𝑔  represents the Buoyancy force.   
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For a heated wire in a ferrofluid, it is interesting to focus on the effect of the electrical current 

on heat transfer since I both determines the strength of the magnetic field and causes the 

temperature change of the wire via Joule heating. Thus electrical current dependency 

distinguishes thermomagnetic convection from gravitational free convection where Joule 

heating is the only driver. From the definition of the heat transfer coefficient applied to an 

electrically heated wire we should expect that:  

 

                                                               𝑞 = 𝑅𝐼2 = ℎ𝐴∆𝑇                                                                    (8) 

And thus:  

                                                                  𝛥𝑇~𝑁𝑢−1𝐼2                                                                 (9) 

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

convection [18] a magnetic Grashof number can be developed as: 

                                              𝐺𝑟𝑚 =
𝜇0(1+2𝜒0)𝜒0𝐼2Δ𝑇𝑟𝑐𝑒𝑙𝑙

3

2𝜌𝜋2𝑟𝑤𝑖𝑟𝑒
3𝑇0

                                                      (10) 

For a vertical cylinder with large aspect ratio (
𝐿

𝐷
), LeFevre and Ede [19] suggest the following 

relation between the Grashof number and Nusselt number:   

                                              Nu̅̅ ̅̅ =
4

3
[

7Gr.Pr2

5(20+21Pr)
]

1

4
+

4(272+315Pr)𝐿

35(64+63Pr)𝐷
                                       (11) 

 

Substituting Eq.(9) for ∆𝑇 in Eq.(10), and then Eq.(10) for Grashof number in Eq.(11) and 

neglecting the second term on the right of Eq.(11)  results in a nonlinear relation between the 

Nusselt number and the applied current: 

                                                                       Nu~I0.8                                                           (12) 

Similarly for laminar free convection domination, the following nonlinear relation is expected 

between the Nusselt number and the applied current:  

                                                                       Nu~I0.4                                                           (13) 

 

3. Measurement and results  

Figure 2 shows a schematic of the apparatus used to measure the temperature of the wire. It is 

essentially the same setup as that used in the transient hot-wire method for measuring thermal 

conductivity except that here it is being used to measure the Nusselt number. A measurement 

cell has been designed for this purpose. The cell is a circular channel, 50 mm in length and 

5 mm in diameter, embedded in an acrylic block, with a 50-μm diameter copper wire passing 

through the centre of the channel and soldered to thin copper tapes at the two ends. A 

constant current is supplied to the wire to generate the heat into the fluid, a multimeter is used 

to measure the voltage across the hot wire, and the data of voltage vs. time is recorded to a 
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computer using our LabView
TM 

program. Based on the recorded voltage, the resistance of the 

wire is calculated and then converted into temperature of the wire using the measured 

temperature coefficient of resistance (TCR) of the copper wire. A detailed explanation of the 

design, fabrication and calibration of this apparatus is given in [20]. 

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

calculated from the following equation, 

                                                       𝑞 = ℎ𝐴(𝑇𝑤𝑖𝑟𝑒 − 𝑇0)                                                        (14) 

where 𝑞 = 𝑅𝐼2 is the generated power, 𝐴 is the surface area of the wire, 𝑇𝑤𝑖𝑟𝑒  is the 

temperature at the surface of the wire and  𝑇0 is the temperature of the bath.  

The Nusselt number of the flow is calculated as, 

                                                                     Nu̅̅ ̅̅ =
ℎ𝐿

𝑘
                                                            (15) 

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

predicted by the Corcione’s correlation [21] at any given temperature.  

A ferrofluid provided by Ferrotec
TM

, with 2% nanoparticle volume concentration and average 

nanoparticle diameter of 10 nm was used as the test fluid. The Nusselt number for heat 

transfer from the wire in this fluid was measured 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.  

To investigate the advantage of the combined natural and thermomagnetic convections over 

natural convection only, the temperature rise of the wire for a short period of time (7 seconds) 

has been measured for the wire immersed in ferrofluid and deionized water. The predominant 

means of heat transfer for the wire in deionized water is the natural convection, while in 

ferrofluid thermomagnetic convection is added to enhance the heat transfer.  Figure 3 shows 

the temperature rise of the wire when constant currents of 2A and 3A were applied to the 

wire. In the linear regions where both DIW and ferrofluid have same temperature rises, the 

heat transfer is dominated by transient heat conduction [22]. Then the thermomagnetic 

convection of ferrofluid becomes important (indicated by the deviation of the curve from the 

straight line) and later the free convection of DIW [23]. As a result of the combined natural 

and thermomagnetic convections, significantly lower wire temperatures are obtained for the 

ferrofluid (almost 40% less temperature rise when 3A is applied). It can be observed that the 

temperature rise does not reach a steady state in this period of time and continues to increase 

as the channel wall is heated after some time.  

The result of the scaling analysis (Eq. (12)) should ideally be compared with steady-state 

experimental conditions since the transient term in Eq. (7) is considered to be small (i.e. was 

neglected) in comparison with the viscous and body-force terms used to construct the 

magnetic Grashof number. However, since a steady state was not achieved in the experiment 

(see Fig. 3), due to the low thermal diffusivity of the sample holder, it seems appropriate to 

select a point in the curve where the gradient with respect to time is small (dT/dt  0) to 
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justify comparison with the scaling analysis.  The minimum point in Fig. 3 is easily 

identifiable in different experiments and from other studies with free convection it may be 

observed that the steady-state temperature rise for vessels with metal walls (and consequently 

the steady-state Nusselt number), is typically slightly higher but of the same order of 

magnitude as the minimum point in the temperature history of the wire [24-27].  

Figure 4 shows the variation of the maximum Nusselt number with current for different initial 

temperatures of the fluid. Maximum Nusselt number is calculated for the instance when the 

measured temperature is at its local minimum after the onset of convection (Fig. 3). It is 

observed that, as expected from the scaling (Eq. (12)), the Nusselt number increases 

nonlinearly with increasing current for all temperatures. Curve fitting shows that 

experimental results are in good agreement with the scaling analysis (Eq. (12)).  

4. Conclusion 

The effect of the self-induced magnetic field around a current-carrying wire on heat transfer 

from the wire into a ferrofluid has been studied. The scaling analysis predicts that fluid flow 

is induced with a Grashof number in proportion to the electrical current. Nusselt numbers 

were found to increase in proportion to the current with a power of 0.8. The experimental 

results were found to be in agreement with the scaling analysis. We demonstrated that the 

thermomagnetic convection in addition to natural convection can further improve the heat 

transfer from the wire. The phenomenon has important implications for utilization of 

ferrofluids in cooling of current-carrying electronic components and for measurement of 

ferrofluid thermal conductivity with commonly-used thermo-electrical techniques such as the 

transient hot-wire method. 
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Nomenclature 

 

�⃗�                          Flux density, 
𝑁.𝑚

𝐴
 

D                         Diameter of wire, m 

𝑓                         Body force 

H⃗⃗                         Magnetic field strength, 
𝐴

𝑚
 

I                          Current, 𝐴 

L                         Characteristic length, m 
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M                       Magnetization, 
𝐴

𝑚
  

R                        Resistance, 𝑂ℎ𝑚 

T                       Temperature, 𝑘 

 

Greek Letters 

𝜇0                     Magnetic permeability, 
𝑁

𝐴2 

𝜒                       Magnetic susceptibility 

𝜂                       Kinematic viscosity, 
𝑚2

𝑠
 

𝜌                       Density, 
𝑘𝑔

𝑚3 

 

Subscript  

0                       Initial 

 

Non-dimensional Numbers 

Gr                   Grashof number, (
gβ∆TL3

ν2 ) 

Nu                  Nusselt number, (
hL

K
) 
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Fig 1. Schematic of the induced magnetic field around a current-carrying wire. 

 

 

 

Fig 2. Schematic of the measurement apparatus 
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Fig 3. . Transient temperature rise of the wire in deionized water (DIW) and ferrofluid (FF) for two different 

electrical currents (2A and 3A) with an initial temperature of 40°C.   

 

 

Fig 4. Maximum Nusselt number for a wire in ferrofluid against current at different initial temperatures.  
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List of figures: 

Fig 1. Schematic of the induced magnetic field around a current-carrying wire. 

Fig 2. Schematic of the measurement apparatus. 

Fig 3. Transient temperature rise of the wire in deionized water (DIW) and ferrofluid (FF) for two 

different electrical currents (2A and 3A) with an initial temperature of 40°C.   

Fig 4.  Maximum Nusselt number for a wire in ferrofluid against current at different initial 

temperatures.  
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