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Abstract

The article describes the necessary conditions for the phenomenon of thermal energy
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release in a magnetic fluid placed in a high-frequency rotating magnetic field. The minimum

amplitude of the magnetic field was calculated and the thermal power released (by the rotating
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spherical nanoparticles in the viscous medium) was estimated. The estimations were based on

the assumption that the magnetic relaxation times (7, and 7;) and the magnetic field rotation
period (T, ) meet the condition: 7,>>T >>7.. The principle of operation and construction of the
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device generating a high-frequency rotating magnetic field is described. Preliminary experimental
studies were carried out using a magnetic fluid with magnetite nanoparticles that indicated
magnetic relaxation as the cause of the released heat. The value of the absorption rate in the
experiment and its dependence on the strength of the magnetic field were determined.

Introduction

Currently, magnetic fluids (MF) are studied both from
the experimental and theoretical side [1,2] due to their
unique physical properties and wide application. Computer
simulations [1,2] of the flows of these media through micro-
channels are used in theoretical models, their instability and
heat flow phenomena are investigated [3]. Magnetic liquids
containing magnetic nanoparticles (NPs) are susceptible to
being controlled [4] by external electric and magnetic fields.

For years magnetic nanoparticles have been increasingly
used in many fields of technology and in biomedicine. They
are used in biomedicine in magnetic resonance imaging, drug
delivery or in magnetic hyperthermia (MH). The action of MH
is to achieve a local increase of temperature in target cells by
local activation of magnetic nanoparticles under the influence
of alternating high-frequency magnetic field.

Placingmagneticnanoparticlesinavariable high-frequency
magnetic field causes a thermal effect. The reason for this
phenomenon is to release thermal energy in the magnetic fluid.
When NPsare small particlesand have only superparamagnetic
properties, the main reason for the thermal effect is magnetic
relaxation. The phenomenon of magnetic relaxation has
been explained by the Néel mechanism and by the Brownian
mechanism. Both these magnetization mechanisms occur
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with characteristic relaxation times(t,, t,) depending on the
size of the magnetic core d_ and the hydrodynamic diameter
d,, as well as the properties of the magnetic material of the
grain, liquid viscosity . and temperature T [5]. Depending on
the value of these parameters, the mechanism with a smaller
relaxation time dominates. When t,>>t,, Néel’s mechanism is
negligible, and this case concerns nanoparticles with slightly
larger sizes. Then the rotation of the magnetization vector
inside the magnetic core is practically blocked and the entire
nanoparticle rotates. This means that such a particle can
rotate in a rotating magnetic field (RMF), as long as the driving
torque is greater than the resistance of the liquid medium.

Among the methods, the use of an oscillating magnetic
field [6,7] is widespread, but recently there have been reports
describing the RMF [8,9]. Because the oscillating magnetic
field is relatively easy to generate (even at high frequencies),
it is most often used for heating up MF. However, an RMF
can yield a higher heat output [8] than an oscillating field at
the same values of magnetic field amplitude and frequency.
If a NP is placed in a RMF [10], it can rotate in this viscous
medium and due to the friction, thermal energy is released
and its temperature rises. Thus, two moments of forces act
simultaneously on the nanoparticle: the driving torque T, and
the torque T, from resistance forces surrounding the medium.

Mechanical driving torque T, resulting from the action of
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the external magnetic field on the magnetic moment M-V _of
the NP is defined as [11]:

Ty =,HMV, sin6, (D

where, H - is the intensity of magnetic field, V. - volume of
the magnetic core,

t,= 41107 H-m™ is the permeability of vacuum, M, is the
saturation magnetization of the magnetic material and 9 is
angle between vectors H and magnetic moment .

If the sphere rotates in a viscous fluid with frequency f -
without slipping relative to the RMF - the braking torque T,
acts on it equals [12]

T, =27 f5d; (2)

where d, is hydrodynamic diameter and 7, is viscosity
coefficientof fluid. This situation is shown in figure 1 during
the magnetic spherical NP is immersed in a viscous liquid.

The operation of these two torques leads to a rotation
of the spherical nanoparticles when the following condition
is fulfilled: T,> T,. When the additional condition T , > T
is fulfilled, then both magnetization mechanisms (Néel and
Brown) take part in heat release effect, where T is the period
of field rotation, T  is the effective relaxation time.

In practice, several cases of the experiment can be observed
by selecting the magnetic fluid of the appropriate NPs size and
magnetic field frequency, such as:

1). t>T >Ty where Néel mechanism is eliminated,
2). >T >Tw where Brown mechanism is eliminated,

3). T >T, = T, where both magnetization mechanisms

take an equal part in MF heating.

From the comparison of the driving moment T, and the
braking moment T, we obtain the expression (3) for the
minimum magnetic field strength H:

Ha127fn, (olhj3 3)

M., sin6\{ d,

required during NP rotation without slipping relative to
field rotation. This expression implies that a low required
magnetic field value will be if MF has a low viscosity value and
a low surfactant layer thickness.

M= é

Figure 1: The action of moments of driving T, and braking force T, on a magnetic
NP immersed in a viscous fluid in a RMF.
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Experiments methods and results
Construction and parameters of magnetic circuits

In order to create a RMF, the author developed a measuring
system (Figure 2a) consisting of two LC branches whose
axes were spaced in every 90° degrees of angularity, and the
electrical signals fed to them had phase shift of 90° degrees.
The system used 2-channel function generators SIGLENT
TECHNOLOGIES SDG1025 in which the frequency and phase
were set independently in each channel. The generator’s
signals from both channels controlled electronic keys. The
coils were wound on ferrite cores Ferroxube 1100/25/25
and the inductance of each branch was L = 1.8 mH. The HVCA
capacitor with an electrical capacity of C = 8nF was connected
in series with each branch. The minimum impedance of each
such branch occurred at the resonance frequency f=41.9kHz.
Figure 2b shows the view of magnetic circuits with Liebieg
cooler, which was connected to a temperature stabilization
system.

In experiments, the optical fiber temperature sensor [13]
by FISO Technology Inc., model FOT-L-SD was used with
temperature range (-40 + 300)°C, with response time better
than 1.5 s, accuracy of 0.10°C and resolution of 0.01°C.

The voltage signal on the branches has a rectangular
shape but due to the selective properties of the LC circuit, the
currents flowing through the coils (also magnetic streams)
have a sinusoidal waveform, as shown in figure 3. The visible
sinusoidal voltage wave induced on one turn loop additional
wound on a ferrite core corresponds to the basic distribution
component of the Fourier series. Other, higher components of
the series are eliminated by a bandpass filter with LC branch.

Figure 2: System configuration for generating a rotating magnetic field with two LC
branches (a) and view of magnetic circuits with Liebieg cooler (b).

Figure 3: Time courses of signals controlling switches mutually shifted in phase
by 90 angular degrees (a), Time signal waveforms: synchronizing (upper, yellow),
rectangular on the LC branch (lower, blue) and sinusoidal on one turn wound on
the ferrite core (middle, aquamarine) (b).
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Calorimetric tests ina RMF were made in an liquid based on
transformer oil with magnetite (Fe,0,) NPs coated with oleic
acid. The sizes of the magnetite particles were determined
using a TEM microscope and are shown in figure 4. Additional
physical parameters of NPs and MF are summarized in table 1.

From the magnetization curve, the volume concentration
of magnetite particles, ¢, = 2.76% was obtained. The results
of fitting the log-normal function describing the distribution
of NPs provided the following size values: the mean diameters
<d>=11.8 nm and the mean standard deviation <o> = 5.0 nm.
Considering the frequency of magnetic field (f = 41.9 kHz),
nanoparticle sizes (d = 11.8nm, d, = 15.8 nm), carrier liquid
parameters (1, = 9.7 mNs-m?) and temperature (T = 298K),
the relation between the period of magnetic field rotation in
relation to the magnetic relaxation times in experiment was
as follows: T >t >>T

It follows that both mechanisms were involved in the
release of heat. However, mainly the Néel’s mechanism
dominated: (T, = 24 ps) > (t, = 15 us) >>(t, = 10 ns)

Table. 1. Physical properties of nanoparticles and magnetic
fluid

Results of calorimetric experiments and analysis

The result of the magnetic heating experiment in the RMF
is presented in figure 5a for selected values of magnetic field
strength amplitude. The dependence of the temperature
increase rate (dT/dt),_,[10] determined by the formula (4) as
a function of the amplitude of the magnetic field intensity [14]
is shown in figure 5b.

-i"
o
"

Figure 4: TEM images of magnetite particles.

Table 1: Physical properties of nanoparticles and magnetic fluid.
Physical parameters

Symbols and their values

Material magnetite Fe304
magnetic diameter <d >=11.8nm
hydrodynamic diameter <d,>=15.8 nm
viscosity coefficient of carrier liquid nz 9.7 mNs-m? at T=298K
magnetic saturation of magnetite NPs M, =446 A-m”
specific heat capacity of the MF sample ¢y =1.54J-g"-K"
density of the MF sample mg = 0.9498 g-cm?
mass of the magnetite in 1 ml m,,=143mg
parameters from Eq.(4) a=79495and n=1.95
SLP at H=4 kKA'm"' & f=41.9 kHz SLP=52 mW-g"'
the relaxation time according to the Néel mechanism T, =10 ns
the relaxation time according to the Brown _
mechanism =158
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where a = 79495 and n = 1.95 are parameters obtained
from matching equation (4) to experimental data. Dotted lines
show the error range resulting from matching the function to
experimental data. An additional reason for the measurement
error is related to the dissipation of thermal energy from the
MF to the glass vial. Because the mass of MF is less than glass
vial mass, the heating effect [9] should be corrected and T =
1.72T,

In order to evaluate the efficiency of the heating process of
the MF under the influence of the external magnetic field, the
specific loss power (SLP) was determined by the formula [15]:

_omg (AT

SLP =c -~ (E) (5)

where ¢, =1.54 J-g'-K" is the specific heat capacity of
the sample, m = 0.9498g-cm™ and m, = 143 mg/ml are the
density of MF and magnetic material respectively.

In the experiment with a field strength of H = 4 kA-m!
and a frequency of f=41.9 kHz, an SLP value of 52 mW-g'can
be obtained. The dependence of the SLP parameter on the
amplitude of the magnetic field intensity is shown in figure 6.

Conclusion

The article presents the construction of the device for
generating RMF based on the use of rectangular waveforms
shifted by 90 degrees angles and the use of a selective filter
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Figure 5: Time courses of the temperature during heating (a) and dependence of

(dTldt),_,on the RMF strength amplitude in studied sample (b).
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Figure 6: The specific loss power SLP of MF as a function of magnetic field

strength H.
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that eliminated higher components and reproduced only the
basic, sinusoidal component.

The value of the exponent n = 2 in equation (4) indicates
that the main source of the released thermal energy is
magnetic relaxation. In addition, the tested MF sample with
very small NPs exhibits superparamagnetism. Due to the use
of small particles, the dominant mechanism of magnetization
followed the Néel’s theory. In future heating studies with RMF,
NPs larger sizes should be used and then Brown’s relaxation
time will be comparable with Néel’s time. With the diameter
(d ) of the magnetite core close to 19 nm and the same other
parameters of the sample, both magnetization mechanisms
will be equal to each other.

The present research uses spherical-shaped nanoparticles
but other types of nanotubes [15] may find a similar
application.
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