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er presents new control strategies for improving the thermomagnetic convection intensity in electromagnetic d
ists of a winding prototype immersed in a ferrofluid solution based on magnetic nanoparticles. The whole

an external magnetic field generated by an annular magnet placed against the tank. When possible, experime
ed with numerical ones obtained using the finite element method in a 2D-axisymmetric setting. The first contr
assessing the impact of Curie’s temperature on heat removal. Numerical calculations show that the maximu

decreases by 2.2 °C with the use of magnetic nanoparticles with the lowest Curie temperature. Employing a
ld may be another method for monitoring the thermomagnetic convection. The number of streamlines incre
of the tank due to the intensification of the magnetic force at the top of the winding. It is shown that mag
and location of the magnet play a crucial role in maximizing heat transfer inside the tank. The experime
decrease of 9°C at the top of the winding if an external magnetic field is applied.

rms—Thermomagnetic Convection, Electromagnetic device, Magnet, Curie Temperature, Finite Element

I. INTRODUCTION

im of this paper is to evaluate different original
aches in the context of improving thermomagnetic

in electrical transformers. Thermomagnetic
is a phenomenon which arises in a ferrofluid

a temperature gradient and a magnetic field
radient are applied [1], [2], [3], [4], [5], [6],
]. The crucial point is that the variations of the
ody force applied to the fluid, being a function
perature and the magnetic field strength, can

d lead to a convective flow. This phenomenon was
in prototype transformers [10], [11], [12], [13],

study presents a fully thermal-fluid-magnetic
ethod based on the 3D finite elements to study the
ciency inside a ferrofluid-based transformer [16].
shows the benefit of thermomagnetic convection

rmer cooling. A 400/230V transformer with a
metric ferromagnetic core has been modeled. The

temperature in the primary winding is reduced by
to the ferrofluid flow channeling the gap between
.
apers have reported on thermomagnetic convection
pact on the cooling of electromagnetic devices.
ors proposed using external sources of magnetic
instance, permanent magnets, to maximize the

er through the cooling liquid by modifying the
of leakage magnetic flux [17], [18]. These studies
proved thermomagnetic convection numerically

validations have been performed at this level to c
benefit of modifying magnetic field distributions in
liquids and their influence on the heat transfer proc
studies assessed the heat transfer through electr
devices when oscillating magnetic fields are appl
cooling solution [19], [20], [21]. Studies have s
thermomagnetic convection is thus improved d
periodic vortex that appeared in the ferrofluid and
the cooling process. These results remain qu
since the application of such an oscillating mag
could affect the dielectric properties of ferroflu
are mandatory for electric transmission reasons. In
ferrofluid with different Curie temperatures of
nanoparticles and under an oscillating magnetic fie
investigated to confirm its benefit on cooling such
In this paper, an assessment of the heat transf
current electric prototype has been performed wit
Curie temperatures of dielectric liquid. Furthermo
investigation of the cooling process for a ferrofluid
solenoid is reported while using external magnets
in the magnetization direction of the magnet, positi
orientation are also considered.

Memory resources and computation time assoc
numerical simulations of the multiphysics couplin
on actual transformer geometries are not compati
heat exchange optimization process. As a conseq
the studies are first tested in this paper with the con
of a simplified electromagnetic setup: a ferrofluid
solenoid. We have already shown in [22] that using
iary magnets are used. However, no experimental in a solenoid setup presents a benefit in terms of cooling.
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maximum temperature of the solenoid is lowered
thermomagnetic convection. This paper explores
considerations for optimizing the cooling process
ing another energy source. As a first step, the Curie

of the magnetic nanoparticles in the ferrofluid
is varied to determine numerically its impact on

magnetic convection. In [22], we also introduced
cal impact of a magnet that modifies the magnetic
bution. In this paper, different configurations of

magnet -location, magnetization orientation, and
of the remanent magnetization- are considered to
th numerically and experimentally the effect of
on heat transfer.

RIMENTAL SETUP, GOVERNING EQUATIONS AND
NUMERICAL MODELING

ction, the principle of thermomagnetic convection,
ental setup, the governing equations and the ap-

n technique proposed to consider this multiphysics
e briefly described. Only the essential points of the
numerical modeling approach are exposed, as more
be found in our previous paper [22].

omagnetic Convection

fluid magnetization is given by Langevin’s theory
agnetic material [23]:

M = χ(T )H, (1)

s the ferrofluid magnetization, T the temperature
the magnetic field. χ is the ferrofluid magnetic

ty given by Finlayson [1] and defined by:

φµ0πd
3M2

s,p(T )

18kBT
,
Ms,p(T )

M0
= 1−

(
T

Tc

) 3
2

, (2)

the volume fraction of magnetic nanoparticles, µ0

ace magnetic permeability, d the mean diameter
ticles, Ms,p(T ) the saturation magnetization of the
endent on temperature, kB the Boltzmann constant,
uration magnetization of the particles at 0 K, and
ie temperature of the magnetic material. The most
del for the magnetic body force is the Kelvin force
4]. Using the collinearity between M and H and
formula, it can be written as:

Fm = µ0χ(T )∇H2

2
(3)

‖H‖. This expression can help understanding the
netic convection: the magnetization intensity being
rsely proportional to the temperature (see eq.(2)),
ofluid is more strongly magnetized [25] and the
elvin force is greater in a cold region than in a hot
the magnetic field source is near the heat source,

e flow appears: the cold more attracted fluid moves
heat source and forces away the hot less attracted

B. Experimental Bench
The experimental setup is based on a coppe

immersed in a cobalt ferrite (CoFe2O4) ferrofluid (
contained in an aluminum tank, which is closed at
a PVC (PolyVinyl Chloride) plug as shown in Fi
thermocouples are used to measure the temperature
surface of the solenoid and in the fluid. An annul
with a rectangular cross-section and an axial mag
can be positioned against the tank, to study the imp
external field provided by the magnet. The dimensi
experimental setup are given in Table 1.

(a)

(b)

Fig. 1: Sketch of the setup geometry (a) and experim
with its surrounding magnet (b).

C. Governing Equations and material properties
The ferrofluid is treated as a continuous homogen

with an incompressible Newtonian fluid behavior.
is described by the incompressible Navier–Stokes e


∇ · u = 0,

ρ∂tu + ρ(u ·∇)u + ∇p− η(Text)∇2u
− ρgβ(T − Text) + Fm,
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ameter Ht Rt ew1 ew2 ew3 H0

e (cm) 12.5 3.1 1 2 1 3.9

ameter L0 Ri Re Rc ec1 ec2

e (cm) 2.1 0.8 1.175 2.6 2 1

ABLE 1: Experimental setup dimensions

velocity vector, Text the reference temperature,
dynamic viscosity of the ferrofluid defined in [23],

sure, T the temperature, ρ the reference density
ext, β the thermal expansion coefficient and g
vector. The two terms on the right-hand side of

tum equation are respectively the buoyancy force
the Boussinesq approximation and the Kelvin

ody force (in N/m3) defined in Eq. (3). The param-
e magnetic susceptibility to compute the Kelvin
= 5.4%, d = 16 nm, M0 = 3.87× 105 Am−1.

emperature Tc will be given different values in the
ections.
quation describes the heat transfer process that
e ferrofluid:

c∂tT + ρc(u ·∇)T = ∇ · (λ∇T ) +Q, (5)

the specific heat capacity at constant pressure,
al conductivity and Q the volumic heat source

y Joule effect in the coil (Q = 6.14× 105 W/m3)
y 1
σJ

2
s where σ is the copper electrical conductivity

× 107 Sm−1), and Js the current density in the
3.35× 106 Am−2). The corresponding electrical

he coil is I = 4 A, the number of turns is N = 33,
al coil resistance at the reference temperature is
Ω. Joule losses are calculated to be PJ = 3 W. The
operties of the solenoid are obtained by classical
ation laws considering the copper and the ferrofluid
mbient air is characterized by the exterior temper-

288.15 K. Thermophysical properties used in the
imulations are reported in Table (2).
ted electromagnetic field is assumed to be steady,
rofluid magnetization is considered instantaneously
h the magnetic field [27, p. 22-23]. The magneto-
ions are given by:

{
∇×H = J,
∇ · (µH) = 0,

(6)

eθ and µ the magnetic permeability of the ferrofluid
+ χ(Text)) as the change in the permeability of
id with increasing temperature affects the magnetic
ution only slightly.

rical Modeling

rning equations and material properties are inserted
hysics numerical model: the magnetic problem is
first, and a transient thermofluidic study is next

Properties Cu Al PVC Solenoid Fer

Density (kg/m3) 8933 2700 1400 3964 1

Therm. expansion (/K) - - - - 0

Heat capacity (J/K·kg) 385 945 1000 616 1

Therm. Cond. (W/m·K) 401 201 0.16 0.388 0

Dyn. viscosity (Pa.s) - - - - 0

TABLE 2: Thermophysical properties

fluid flow physics. This model gives complementar
tion to those obtained by the experiment, as we ca
precisely the local distributions of the physical
involved. The maximum temperature of the windin
is a fundamental quantity for the design of electr
devices, can also be obtained. Thus, the commercia
COMSOL multiphysics is used to perform 2D axi
simulations using cylindrical coordinates (r, z). The
the overall setup is shown in Fig. 2. Comparing to ou
study [22], an air volume is added around the t
ensure the closure of the magnetic field lines for the
computation with the presence of the magnet.

Fig. 2: 2D axisymmetric numerical model in (r, z) co

The constitutive law for the magnet is given by:

B = µ0H + Br,

where Br is the remanent flux density.
The magnetic vector potential A is used to

magnetostatic problem with magnetic field H = (∇
The associated boundary condition A× n = 0 is en
the air boundaries. The non-slip boundary conditio
applied at the border of the fluid domain (see blue lin
2). The air convection at the top and on the lateral w
PVC-Aluminium tank is modeled by using a Robin
condition for the temperature:
considering a strong coupling between thermal and − λ∇T · n = h(T − Text), (8)
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6.5 W.m−2K−1) is the convection coefficient,
e outer unit normal vector, see red lines in Fig. 2.
is placed in the ambient air, so natural convection

ed between the tank and the environment, thanks
perature difference between both. As a result,
change coefficient h will be between 5 and 25
1). In this experiment, h is an optimized value

ds on experimental tests carried out at ambient
T = 295 K. The homogeneous Neumann bound-

on ∂zT = 0 is enforced at the bottom of the
sented by the green line on the figure. The initial
are u = 0 and T = Text. The total meridian mesh
679 elements and 150 kDoFs, and is refined around
d to accurately simulate the fluid flow. The four
the coil are slightly smoothed to best represent the
ing.

III. RESULTS

tion describes different attempts to improve heat
he simplified solenoid configuration. The validation
erical approach that has been developed can be
2] for the initial configuration with only the coil,
the presence of the magnet.

nce of the Curie Temperature on Heat Transfer

perimental tests, previous studies [28], [11], [12]
mended that the Curie temperature of ferromag-
les seeding the ferrofluid should be comparable to
s operating temperature. With low Curie temper-
ger spatial variations of the ferrofluid magnetiza-
eed expected, leading to an amplified convection
way to understand such an effect is to analyze

ic force expression in eq.(3): when magnetization
are increased, variations of χ(T ) are higher, and
t of the magnetic force is stronger. To better
the origin and accurately quantify the benefits of
tic nanoparticles with low Curie temperature for the
lication, the time evolution of the temperature at the
olenoid is simulated using ferrofluids with various
eratures. Velocity and temperature distributions are
red to analyse how this parameter impacts the fluid
his part, the original numerical model validated
directly be used, with only a modification of Tc
ssion of the particle saturation magnetization used
putation of the Kelvin force. As previously detailed
), the saturation magnetization of the magnetic
es is given by the Bloch’s law [29]:

) =




M0

(
1−

(
T

Tc

) 3
2

)
if T ≤ Tc,

0 if T ≥ Tc
(9)

tudy, four cases are considered for the Curie
: Tc = 793 K, Tc = 593 K, Tc = 393 K and an
urie temperature, equivalent to a constant Ms,p.

the same value for Ms,p at room temperature, i.e
presented on Fig. 3(a). The numerical results sho
temperature at the top of the solenoid (1 cm, 8 cm
state (for t > 20 000 s) is lower when the Curie te
decreases, see Fig. 3(b). The maximum decrease
2.8 °C for Tc = 393 K.

100 200 300 400 500

T (°C)
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M
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T
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(a) Bloch’s law for saturation magnetization at variou
temperatures.
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(b) Temperature on the top of the solenoid versus tim
ferrofluids with various Curie temperatures.

Fig. 3: Curie temperature impacts.

To analyse the reasons for this decrease, a compar
velocity and temperature distributions is proposed b
case with the initial ferrofluid (Fig. 4) and the ferro
Tc = 393 K (Fig. 5). From these results, one can d
the temperature decrease is related to the maximu
that is 2.2 times greater in the second case. However
the maximum temperature of the windings, the d
slightly smaller than the one obtained at the c
with only 1.1 °C. In any case, the conclusion he
magnetic particles with low Curie temperature sho
be considered for ferrofluid application in transform
ase, the value of M0 is adapted in order to obtain because they increase thermomagnetic convection.
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ity streamlines.
(b) Temperature.

tribution of the velocity streamlines (a) and tem-
ld (b) at t = 25 000 s when Tc = 793 K.

ity streamlines. (b) Temperature.

tribution of the velocity streamlines (a) and tem-
ld (b) at t = 25 000 s when Tc = 393 K.

f Magnets

st of the paper, Tc is set at 793 K. The objective
t is to evaluate the impact of a magnet on the
ciency, by changing the distribution of the magnetic
d by the coil. To achieve this goal, simulated and

al results obtained in the presence of an actual
gnet are first compared. This magnet has an axial
ux density of 0.2 T. The magnet is localized along-
minum tank. Its section is a rectangle, as shown

re = 7 cm (outer radius), Hm = 1.7 cm (height).
validation of the numerical model, other configur
considered to numerically evaluate their respective

1) Comparison of Numerical and Experim
proaches

For this comparison, the base of the magne
axial remanent magnetization is placed at an initi
Z = 6.5 cm. The time evolution of the temperature i
at the two same measurement locations as in the ex
setup. A difference of time constant in the transie
is observed on Fig. 6, with a shorter thermal diff
in the experimental than in the numerical recording
related to the homogenized thermal model of the
statistically stationary temperatures are, however,
for both measurement points. Moreover, both num
experimental curves present oscillations for the flu
Such results that are less present when the magnet i
(see next point) are related to a fluid flow that is
by the presence of the magnet, as it will be sho
following analysis.
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Fig. 6: Experimental/numerical cross-validation wit
ence of the magnet, Z = 6.5 cm.

Next, the evaluation of the magnet impact on t

hose characteristics are ri = 3.1 cm (inner radius), process is studied with the comparison between two experi-
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s obtained with the same Joule losses; the first one
s to the case with the presence of the axial magnet
her one is the initial configuration without the
e corresponding temperature curves are presented

50 100 150 200 250 300

Time (minutes)

Coil sensor - with magnet - exp

Coil sensor - without magnet - exp

Without magnet

With magnet

(a) Temperatures at coil sensor.

50 100 150 200 250 300

Time (minutes)

Fluid sensor - with magnet - exp

Fluid sensor - without magnet - exp

With magnet

Without magnet

(b) Temperatures at fluid sensor.

e evolution of T on the two sensors with and
axial magnet (experimental), Z = 6.5 cm.

wn that when the axial magnet is present, the
at the top of the solenoid is decreased by about

result is very encouraging because the thermomag-
ction obtained with the ferrofluid only brings a
decrease limited to 2 °C compared to the case

al oil. This improvement is due to the modified
and amplification of the magnetic distribution in

id that increases the magnitude of the magnetic
therefore maximizes the flow of the fluid around
e heat exchange with the outside is thus directly

oitation of the Numerical Model
erical model gives the possibility not only to

se results accurately, but also to evaluate the impact
gnet on the coil maximum temperature, that is
le with our test bench. Thus, the magnetic field,

respectively presented in Fig. 8 and 9.

(a) Only coil. (b) Coil and

Fig. 8: Distribution of the magnetic field intensity (
and flux lines.

According to Fig. 8, the magnetic field genera
magnet in the ferrofluid clearly dominates the mag
due to the coil.

Comparison of the velocity and temperature fie
25 000 s confirms the change in fluid flow around th
and therefore the effect caused by the external mag
cooling. When the magnet is not added, the fluid c
(see Fig. 4(a)) are due to the presence of the mag
acting on the ferrofluid in addition to the thermal
buoyancy force. Fig. 4(b) shows that the temperat
emerges from the top of the solenoid, approaches t
symmetry (top left edge of the figure), and then bend

When the axial magnet is present, changes in
circulation appear in the part located under the sol
Fig. 9(a)), which amplify the heat removal. Th
magnitude is increased (its maximum is enhanced
This is caused by the modification of the field lin
intensification of the magnetic flux in the fluid. A ne
plume appears moving downwards and outwards
in Fig. 9(b): it is driven by the two lower fluid
cells. Another ascending and less active plume
in the upper part of the tank. It follows the co
the upper convection cells. In this configuration
exchange surface is increased compared to the ca
magnet, where the whole lower half of the device
contribute to the heat removal. As a consequen
new fluid flows in the direction of the exchange s
maximum temperature of the solenoid is lowered
The impact of the magnet is therefore clearly posit
initial configuration.

3) Optimization of the magnet location
We call optimal positioning of the magnet the

the vertical location which realizes the higher re
the coil maximum temperature. Using the validated
model, the optimal position of the same magnet with
d temperature distributions at t = 25 000 s are remanent flux density field Bz = −0.2 T is determined.
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ity streamlines.
(b) Temperature.

tribution of the velocity streamlines (a) and tem-
ld (b) at t = 25 000 s with coil and annular magnet
T at Z = 6.5 cm.

imum temperature evolution in the coil as a func-
vertical position of the magnet is plotted in red in
e temperature values at t = 25 000 s in the fluid at
, 8 cm) and at the top of the solenoid (1 cm, 8 cm)
own in this figure, respectively with the blue and
rves.

2 3 4 5 6 7 8 9 10 11

Position of the magnet base (cm)

Maximum coil temperature

Temperature at coil sensor

Temperature at fluid sensor

Max. coil temperature without magnet

mperature on different sensors as a function of the
ition, with coil and annular magnet Bz = −0.2 T.

putation time for each of the required simulations is
ndent on the magnet position, from about 10 min

m) to more than 63 h (Z = 6.0 cm, when the
lose to the coil). The laminar fluid flow is shaken
periodic vortices that appear in the fluid medium
usly with the application of the external magnet.

may be visible at smaller time steps in the compu
varying the vertical position of the magnet, a 5.9 °C
in the maximum temperature of the solenoid is de
Z = 6 cm (base of the magnet).

In this configuration, the distribution of the veloc
lines is not similar to the one obtained when th
is at Z = 6 cm, and the maximum velocity ma
the fluid domain is enhanced by an order of 36%
11(a). Moreover, the temperature distribution presen
11(b) shows again the increased exchange surfa
supplementary fluid circulation at the bottom of th
a consequence, the heat removal presents a small
improvement compared to the case Z = 6.5 cm.

(a) Velocity streamlines. (b) Temperatur

Fig. 11: Distribution of the velocity streamlines (a
perature field (b) at t = 25 000 s with coil and annu
Bz = −0.2 T at Z = 6 cm.

The norm of the maximum velocity in the ferr
been calculated as a function of the magnet positio
blue curve of figure (12)). There is no correlatio
Vmax and the optimal position of the magnet (Z
This is related to the fact that the velocity d
(shown by streamlines) also plays a role: if th
norm is maximum where it is not efficient (e.g. to
bottom left of the coil), then the drop in T is sma
other hand, the correlation is better with the velo
measured just above the coil (at 5 mm) (see red
figure (12)).

For a better understanding of the flow dynamical
the time evolution of the RMS velocity has been
for different locations of the magnet (see figure
root-mean-square (RMS) velocity is given by:

(
1
∫

2

) 1
2

rated fluid circulation undergoes small scales that
VRMS =

Ωbf Ωbf

u dΩbf , (10)
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is the base fluid domain.
shows very different time evolutions between

of the magnet at the bottom (2 cm, monotonic
d low value) and the magnet placed next to the
highly fluctuated time evolution with a high time-

alue). Therefore, heat transfer increases with the
ity average value and with its fluctuations.

elocity on different sensors as a function of the
ition, with coil and annular magnet Bz = −0.2 T.

MS Velocity at different magnet positions as a
time, with coil and annular magnet Bz = −0.2 T.

net with other configurations for the remanent
on
nfigurations of the remanent magnetization field are

he vertical remanent flux density field is changed
0.2 T, see Fig. 14(a) opposite to the one described
ious section. Then, the effect of a radial remanent
ion with the two possible signs Br = ±0.2 T is

Fig. 14(b,c). The magnets shown in this figure are
he optimal location found for each magnetization
amely at Z = 6 cm for Bz = 0.2 T (a), at Z =

r = −0.2 T (b) and at Z = 8 cm for Br = 0.2 T

(a) Bz = 0.2 T and
coil.

(b) Br = −0.2 T
and coil.

(c) Br =
coil.

Fig. 14: Temperature field (in °C) at t = 25 000 s f
configurations of the remanent flux density of the m

The corresponding velocity distributions are pre
Fig. 15 at t = 25 000 s for the three cases of the
magnetization.

(a) Bz = 0.2 T and
coil.

(b) Br = −0.2 T
and coil.

(c) Br =
coil.

Fig. 15: Spatial distribution of the velocity mag
m.s−1) and velocity streamlines at t = 25 000 s f
configurations of the remanent magnetization of th

According to Fig. 14, the decrease in the maxi
perature of the coil, compared to the case without th
goes from about 3 °C (Bz = 0.2 T) to 3.8 °C (Br =
configurations (a) and (b), the temperature decreas
be limited by the whole lower half of the device tha
really contribute to the heat removal. This part of
is almost isothermal, because the additional fluid fl
bottom of the coil is not present. At first sight, con
(c) seems to be more interesting, as there is, in th
part of the losses removed in the lower direction

coil. Nevertheless, the heat removal is again limited, this time
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the temperature distribution in the upper part of the
eed, the hot fluid does not flow in the direction of
side, but upwards. As a consequence, the exchange
ains small.
these results, the more efficient configuration is the
negative axial-magnetized magnet. In the next part,
c study is therefore performed with the magnitude
ing the vertical position of the magnet at the optimal
cm.

ence of the magnitude of the vertical remanent flux
he magnet
lts of a series of simulations are here reported when
de |Bz| of the remanent flux density is varied but

n of the magnet is fixed at Z = 6 cm. Fig. 16
e maximum temperature obtained in the coil as a
Bz of the remanent flux density. The maximum
in the coil monotonically decreases with the
|Bz|, and the curve goes towards an asymptote,
perature of about 35.3 °C when Bz = −0.8T,

11.5 °C drop. For this study, the larger the remanent
y, the longer the computation time: about 250 h
−0.8T.

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

B
z
 (T)

ximum temperature in the coil as a function of Bz

plified temperature drop can again be well un-
ith the analysis of the corresponding temperature
, see Fig. 17. With a high remanent flux density,
tion of the magnetic field in the fluid is mainly due
net. It is observed that with the considered magnet
e resulting magnetic forces overcome the buoyancy
Bz = −0.8T and two almost symmetrical heat
from the upper and lower parts of the coil. As a

e, the heat flow passes through the entire surface
, maximizing the heat exchange.

IV. CONCLUSIONS

ling of a ferrofluid-immersed electromagnetic
thermomagnetic convection has been investigated.

consists of a winding prototype immersed in
solution based on magnetic nanoparticles. The

(a) Bz = −0.1T. (b) Bz = −
Fig. 17: Temperature field (in °C) at t = 25 000 s w
magnet at Z = 6.5 cm, Bz = −0.1T (a) and Bz
(b).

generated by an annular magnet placed against the

At first sight, different ferrofluid solutions wit
magnetic nanoparticles have been investigated in
modeling. The idea is to assess the impact
temperature of magnetic nanoparticles on hea
Simulations have shown that using ferrofluid
nanoparticles with low Curie temperature may
windings’ temperature rise and improve the cool
electromagnetic device.

An annular magnet, placed against the tank,
added to the electromagnetic device. The idea is to
benefit of amplifying the magnetic field distribut
ferrofluid solution. Experimental measurements ha
that the temperature at the top of the coil is reduce
when an axial magnet is added. This has been
numerically using a finite element method in an axi
setting. The numerical results show that using a
magnet intensifies the magnetic force at the top o
and then increases the number of vortices in the up
the tank. The thermomagnetic convection is thus en

After this cross-validation between experime
numerical results, a more exhaustive parametric
carried out numerically. It is shown that mag
orientation, and location of the magnet influence
removal process inside the tank.

However, a 3D numerical analysis should be
in order to confirm the 2D axisymmetric numeri
s been exposed to an external magnetic field with the external magnet that has been implemented here.
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Université Paris Saclay, 2018.

[28] K. Raj and R. Moskowitz. Ferrofluid-cooled electromagnet
improved cooling method, 1995. US Patent 5462685.

[29] I. M. Obaidat, B. Issa, B. A. Albiss, and Y. Haik
ature Dependence of Saturation Magnetization and C
Mn0.5Zn0.5Gd0.02Fe1.98O4 Ferrite Nanoparticles. IOP
Materials Science and Engineering, 92(012012):1–7, 2015
tion into laminar forced convective heat transfer of ferrofluids
nstant and oscillating magnetic field with different magnetic



Journal Pre-proof
Highlights

- Multip

- New c

- Origin

Jo

ur
na

l P
re

-p
ro

of

hysic modeling of ferrofluids

ontrol strategies for improving the thermomagnetic convection

al transformer cooling system



Journal Pre-proof
Author statement

Sleiman
Concep
Writing

Xavier 
Fundin

Carolin
Formal
Jo
ur

na
l P

re
-p

ro
of

e Nasser El Dine:
tualization, Data curation, Formal analysis, Investigation, Software, Visualization, 
 - original draft.

Mininger:
g, Conceptualization, Supervision, Software, Writing - review & editing.

e Nore:
 analysis, Methodology, Supervision, Writing - review & editing.



Journal Pre-proof

Decla
 
 Th ips ☒

that 
 
 Th red ☐

as po

 
 
 

Jo
ur

na
l P

re
-p

ro
of

ration of interests

e authors declare that they have no known competing financial interests or personal relationsh
could have appeared to influence the work reported in this paper.

e authors declare the following financial interests/personal relationships which may be conside
tential competing interests:


