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The potential of magnetoconvection for transformer cooling by ferrofluid is numerically studied. A code combining spectral and
finite element method is applied on a solenoid coil system. Magnetostatic, Navier-Stokes and energy equations are solved simultaneously.
A vegetable oil seeded with magnetite nanoparticles at a volume fraction of 7 % is considered. The magnetization of the ferrofluid is
function of temperature through an approximation of classical Langevin’s law. Magnetic and temperature fields are used to update
the magnetic action, modeled by the Kelvin force, on the ferrofluid momentum at each time step. With the chosen parameters, a
steady regime is reached and the solution is axisymmetric, for regular oil and ferrofluid cooling. The comparison shows that the
magnetoconvection modifies the flow convection pattern and speed. The temperature increase in the coil is consequently reduced by

about 11 % with ferrofluid cooling.

Index Terms—coupled problem, finite element, magnetoconvection, spectral method, transformer cooling.

I. INTRODUCTION

FERROFLUID is a stable suspension of magnetic

nanoparticles in a non magnetic liquid carrier. Typically,

the nanoparticles are made of magnetite and the carrier is water

or oil. A magnetic field transmits momentum to the ferrofluid

through the nanoparticles. The literature often mentions the
Kelvin force model (in N/m?) [1],

F = 11o(M-V)H, )

where po is the vacuum magnetic permeability, M the mag-
netization and H the magnetic field.

The dependence of the magnetization with respect to temper-
ature can lead to magnetoconvection when magnetic field and
temperature gradients are combined. It is natural to think about
immersed transformer cooling as a possible application. If the
heat transfer rate is increased because of the nanoparticles,
the volume of cooling fluid could be reduced, or mechanical
cooling systems avoided. Moreover, instead of conventional
mineral oil, the liquid carrier could be substituted by vegetable
oil, with higher viscosity but biodegradable and non toxic.

In [2-3], the authors obtained encouraging results on trans-
former cooling by ferrofluid. In this work, numerical devel-
opments are integrated to the SFEMaNS code [4], based on
spectral and finite element method, to solve magnetostatic,
momentum and energy equations for ferrofluids. The ferrofluid
magnetization follows an approximation of Langevin’s law,
generally considered to include the effects of temperature
dependence [5]. Being a function of temperature and magnetic
field, the magnetic force is updated at each time step. Com-
puting the temperature in the solid regions allows to measure
the impact of magnetoconvection on the coil heating.

II. MODELING

An electromagnetic system constituted of a double copper
coil crossed by a DC current and immersed in a vegetable
oil based ferrofluid is considered. The PVC tank’s walls are
modeled as well, as presented in Fig. 1.
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Fig. 1. Problem setup.

Quasi-steady regime approximation for electromagnetism
is used. The ferrofluid is a continuum medium with New-
tonian fluid behavior. Boussinesq approximation is used and
viscous dissipation is neglected. The ferrofluid magnetization
is assumed to be instantaneously aligned with the magnetic
field. Finally, the transient term containing the pyromagnetic
coefficient in the energy equation of [1] is also neglected.

The magnetostatic equations are

VxH =17,
{ V.(uH) = 0, S

where J is the current density (enforced current density Jsey
in the coil, null elsewhere) and p the magnetic permeability.



The Navier-Stokes equations are

{ i+ %Vp —vAu=ag(T - Ty)e. + HT»OMVH’

Vau =0,
where u is the velocity, p the pressure, 1" the temperature,
Ty the exterior temperature, p the density, v the kinematic
viscosity and « the thermal expansion. The last term of the
right hand side represents the simplified expression of the
Kelvin force in (1) considering that M and H are collinear
[1]. The conservation of energy is

pc T + pe(u-V)T — V-(A\VT) = fr, “)

3)

where c is the heat capacity, A the thermal conductivity and
fr the heat source, equal to the Joule effect J2/o.; in the coil
and null elsewhere (o; coil electrical conductivity).

The boundary conditions are: u = 0 on the border of the
fluid domain, T" = Ty and Hxn = 0 on the tank’s exterior
border. Initially, u =0, T'= Ty, and H = 0.

The magnetization intensity is proportional to the magnetic

field intensity:
M =x(T)H, (5)

with x the susceptibility given by an approximation of
Langevin’s law:

puomd® Mg
T)= ———7—
X ="
where ¢ is the volume fraction, d the particle diameter, M
the particle magnetization and kp the Boltzmann constant.

(6)

III. PHYSICAL DATA

The dimensions are H; =4 cm, Ry = 3 cm, R; = 0.9 cm,
R.=11cm,e=0.2cm, Lo =2 cm, and ¢, = 0.5 cm.

The thermo-physical properties are different in each sub-
domain (coil, fluid, tank). In these numerical experiments,
the regular oil and the ferrofluid have the same properties to
highlight the Kelvin force effect.

The exterior temperature is Ty = 293 K. The ferrofluid
characteristics are ¢ = 0.07, d = 10 nm and My = 446 kA/m.
The enforced current is of 10 A and the corresponding current
density is J; = 107 A/m?. For magnetostatic equations (2), the
magnetic permeability is p = po everywhere for simplicity.

IV. RESULTS

Tests with analytical solutions exhibit the theoretical con-
vergence rates and validate the numerical developments.

The code uses cylindrical coordinates. Every field f is solved
as a partial Fourier sum relative to the azimuthal direction:

f(r,0,2) = Z fo(r, z) cos(mB) + fr,(r, z) sin(mb), (7)
m=0

where fS and f;, are approximated by FE. Computations show
that, for the chosen parameters, the solution is carried by the
mode O only, i.e. is axisymmetric. Even initially stimulated,
the other modes rapidly vanish and m,,4, = 0 is thus chosen.

The mesh contains 2783 nodes. A time step of 0.0125 s
is used over 4-10° iterations (18 wall-clock hours using 5
processors on the cluster IBM x3750-M4 from GENCI-IDRIS).
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Fig. 2. Magnetic field intensity H (A/m) and field lines in a meridian plane
(symmetry axis on the left) for regular oil and ferrofluid.

The system reaches a steady regime in about 1 h. The
magnetic field (Fig. 2) impacts the ferrofluid flow. Because of
the Kelvin force, a strong upward flow appears at the symmetry
axis and leads to an additional convection cell that cools down
the coil, as shown in Fig. 3.
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Fig. 3. Axial velocity u. (m/s) and current lines in a meridian plane (symmetry
axis on the left) at ¢ = 5000 s for regular oil (left) and ferrofluid (right).

The magnetoconvection improves the heat removal in the
ferrofluid system. The temperature increment T'—Tj in the coil
goes from 34.4 K with regular oil to 30.7 K with ferrofluid, see
Fig. 4. Thanks to the nanoparticles, the increase of temperature
in the coil has been reduced by about 11 %.
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Fig. 4. Temperature increment 7" — Ty (K) in a meridian plane (symmetry
axis on the left) at ¢ = 5000 s for regular oil (left) and ferrofluid (right).
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