Ultrasound Absorption in Magnetic Nanofluids
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ABSTRACT

A novel magnetodynamic mechanism of ultrasound
absorption is proposed. It has relaxation form and re-
flects the specific properties of magnetic nanofluid due to
the fact that nanoparticles of the solid phase have mag-
netic dipole moments. It is demonstrated that the most
probable ultrasound energy dissipation channels are vis-
cous, thermal and magnetodynamic. Comparison with
existing experimental data is conducted. While the ex-
ternal magnetic field is applied the processes of nanopar-
ticles aggregation are commenced. The aggregates ap-
pearing in magnetic nanofluid with external magnetic
field applied are modeled by prolate spheroids of revo-
lution. The analytical formula for ultrasound absorp-
tion coefficient in magnetic nanofluid with ellipsoidal
particles is derived. The experimental results for ul-
trasound absorption anisotropy in dodecane-based mag-
netic nanofluid are received for the first time ever, and
they demonstrate resonant ultrasound absorption at cer-
tain angle between ultrasound wave vector and direction
of external magnetic field.
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1 MAGNETODYNAMIC
MECHANISM OF ULTRASOUND
ABSORBTION

Magnetic nanofluids are suspensions of very small
ferromagnetic particles in carrier liquids. The diameter
of these particles is usually 3 to 15 nm. Nanoparticle has
a magnetic moment. Nanoparticles move in carrier lig-
uid by random thermal motion. Brownian motion keeps
nanoparticles from settling under gravity, and a sur-
factant is placed around each particle to provide short
range steric repulsion between particles to prevent par-
ticle agglomeration [1].

The first results of studying magnetic fluids in the ab-
sence of external magnetic field by acoustic spectroscopy
in the range of 3 to 50 MHz were presented in [2], [3].
Widening of the frequency range, in comparison to ear-
lier works, made it possible to discover the relaxation
character of ultrasound absorption. In [4], experimental

results were given on measuring the ultrasound attenu-
ation coefficient at seven frequencies in the range of 3
to 40 MHz in water-based magnetic nanofluid at three
temperatures of 10, 20, and 30°C in the absence of ex-
ternal magnetic field. It was established that the ul-
trasound attenuation coefficient o/ f? decreases nonlin-
early with growth in frequency, and at a fixed frequency
it decreases with increasing temperature. These data
confirm the results given in [3] .

Micro-inhomogeneous media including magnetic nano-
fluid have two known channels of ultrasound energy dis-
sipation: thermal and viscous [5] . Thermal chan-
nel is caused by equalization of temperatures on the
boundaries of two different heated media under periodic
changes of temperature, and viscous channel is caused
by equalization of velocities due to different viscosity
of the media It was shown that the viscous attenua-
tion mechanism does not describe the experimental re-
sults for water, kerosene,and dodecane based magnetic
nanofluids [6]. Here we have proposed a novel magneto-
dynamic mechanism of ultrasound energy dissipation in
magnetic nanofluid, based on the fact that particles of
magnetic nanofluid solid phase have their own magnetic
moments. Ultrasonic wave with a frequency w prop-
agating in magnetic nanofluid with volume concentra-
tion ¢ and density p cause magnetic dipoles to oscil-
late thus exciting magnetic field of the same frequency
and with amplitude hg. Since the imaginary part of
the magnetic susceptibility of the magnetic nanofluid x”
is nonzero, then the energy of an alternating magnetic
field is converted into heat, while the average dissipated
power is determined, in accordance with the fluctuation-
dissipation theorem, the expression
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The attenuation coefficient of ultrasound in the general
case is determined by the ratio
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is the average flow of energy in the ultrasonic wave prop-
agating in a magnetic nanofluid with a velocity ¢, wug
is displacement amplitude of particles in the ultrasonic
wave. Substituting eq.(1), eq.(3) in eq.(2), we obtain

" 2
an =2 (%) 0
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We have to estimate the ratio of the intensity of the
local magnetic field to the amplitude of the displacement
of the particles in the ultrasonic wave. To do this, we
consider the change in the magnetic field on selected i-

th dipole, so the corresponding displacement by a sound
wave is equal to

u; = up sin (wt — kr;)

Consequently, due to the ultrasound wave changes the
relative distance between the i- th and j - th particles
is determined by

u;j = ugkrj; cos (wt — kr;)

Assuming spherical particles with a radius R uniformly
distributed over the volume of magnetic fluid, whereas
the average distance between particles r,, is equal

1
4\ 3
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Changing the intensity of the local magnetic field caused
by vibrations of particles in the ultrasonic wave, is given
by

- 3pu0k
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h; cos (wt — kr;).

Given the definition of the dipole moment of single-
domain particle p = 4/37TR3M5, and (4),we can derive
the following expression for the attenuation coefficient
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We denote the effective time of relaxation 7, in a system
of magnetic dipoles, and using the relationship of the
real and the imaginary part of the magnetic field of the
magnetic susceptibility [7].
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and from eq.(5) we have obtained the final expression
for the attenuation coefficient of ultrasound due to the
magnetodynamic mechanism

P M2Tw?
" (Lt )

(6)

Experimental data on the frequency dependence of the
additional attenuation of ultrasound satisfactorily de-
scribed by the three mechanisms of energy dissipation

of ultrasound: the viscous, magnetodynamic, and ther-
mal, i.e.
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The contribution of viscous mechanism was estimated

using the relation obtained in [8]:
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Here /€ the ratio of particle radius to the depth of pene-
tration of the viscous wave.The radius of the particles R
is variable parameter. Calculation of ultrasound atten-

uation due magnetodynamic mechanism was performed
using (6), rewritten in the form

(7). Hfm ©

where f,. is the relaxation frequency in the magnetic sub-
system. The attenuation of ultrasound due the thermal
mechanism was evaluated using the expression obtained
in [9]:

(a) B QWQTC?)pfppC}%,D( o oy )2 (10)
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where
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k; is the thermal conductivity, C'p, is the specific heat,
«; is the thermal expansivity In relations (7), (8) and
(10) the index ”p” refers to the values of the solid phase,
and the index 7 f” - the carrier liquid. Equation (10)
concludes that contribution of the thermal mechanism
to additional absorbtion of ultrasound is independent of
frequency, so this mechanism taken into account causes
the reduction of the solid phase particles size.Following
physical value were used in the calculations: Cp, =
655J/kg - K, k, =59W/m - K, a, =11,4-107 K1,
Cpy =2000J/kg - K, ky = 0,12W/m - K, ay = 9,5 -
1074 KL
Results of calculations for the kerosene-based mag-
netic nanofluid and the experimental data at T' = 293
K are shown on fig. 1.
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Fig.1 Additional absorbtion wversus frequency.

Curve 1 describes the magnetodynamic mechanism,
curve2 - the viscous mechanism, curve 3 - the sum of
viscous and thermal mechanisms, curve of 4 - the ad-
ditional attenuation calculated by eq.(7). The experi-
mental data [2] are represented with small circles. The
relaxation frequency in the magnetic subsystem was es-
timated about 12 MHz.

The results shown above are suitable for magnetic
nanofluids with low concentrations. Analysis of acous-
tic spectra for magnetic nanofluid with high concentra-
tion of nanoparticles is much more difficult, since these
fluids are non-Newtonian. The problems involve such
aspects as non-additive contribution of different ultra-
sound energy dissipation mechanisms or absence of ex-
perimental results for shear viscosity frequency spectra.
For instance, taking shear viscosity values for low-speed
displacements yields in ultrasound absorption coefficient
values much higher compared to experimental measure-
ments.

2 ULTRASOUND ABSORPTION IN
MAGNETIZED NANOFLUIDS

The processes of nanoparticles aggregation are com-
menced in amagnetic nanofluid when external magnetic
field is applied. The aggregated are assumed to be
the prolate ellipsoids and all have the same size at the
fixed value of external magnetic field intensity. Then
the dipole moment of such ellipsoid is expressed as p =
4M,7a?b/3, where a and b are the semi-minor and semi-
major axes of the ellipsoidal aggregate respectively, M,
is the saturation magnetization of solid phase substance
in magnetic nanofluid. The magnetic field intensity is
assumed to be great enough for the ellipsoids major axes
to be oriented along its direction. The dipole repulsion
forces between the adjacent ellipsoids only are taking
into account with distance between them equaled to [,
which value depends upon temperature, magnetic field
intensity and solid phase concentration. The ultrasound
wave propagation at angle 9 to the direction of magnetic
field causes ellipsoid displacement Az, thereby the re-
pulsive force of dipole-dipole interactionF; = —xkAx sin ¢

tends to return the ellipsoid back to its equilibrium loca-
tion. Force of friction affecting the oscillating ellipsoid
with volume V, in ultrasound wave is described with
Stokes formula:

d(vg —
F = —pﬂﬁﬂ% — pfVowS (vq —vy),

where 9
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and ”a” subscript denoting the properties of aggregates.
Angular dependence of the inertial coefficient L in the
expression for the added mass are defined due to sym-
metry as

L=1 cos?9+ L, sin?9,

K=K, cos 29 + K| sin 9.

where ¢ is the angle between the wave vector and el-
lipsoid major axis. The values K|,K, and L;,L, are
defined according to [10]:
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Ultrasound absorption coefficient in MNF is derived as

2
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It is important to note that in case of equal densities of
aggregate and the carrier liquid eq.(11) is reduced to

2
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This absorption coefficient is caused by dipole interac-
tion of adjacent aggregates only, and as a result, the

NSTI-Nanotech 2013, www.nsti.org, ISBN 978-1-4822-0584-8 Vol. 2,2013 379



aggregates oscillation speed in the sound wave is differ-
ent from the oscillating velocity of carrier liquid parti-
cles. Experimentally this situation can arise in magnetic
emulsions. Another limiting case is K = 0 when dipole-
dipole interaction is absent, so eq.(11) is completely co-
incide with absorption coefficient formula derived in [11].
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Fig. 2 Comparison of experimental and theoretical re-
sults.

The structural changes in a magnetic nanofluid at pres-
ence of external magnetic field are determined by diffu-
sion processes, for the completion of which, as it turned
out, sufficiently large time intervals are required. The
specifics of a magnetic nanofluid were accounted for by
the fact that the magnetic field was created with perma-
nent magnets, since it had been experimentally estab-
lished that the holding time of the magnetic nanofluid
sample in the field, ensuring reproducibility of results,
were tens and hundreds of hours. To obtain the angle de-
pendencies of the acoustic properties, permanent mag-
nets were set up on a rotating platform. Thermostating
of the measuring cell was ensured with an accuracy of
+0.06K

Experimental results for ultrasound absorption aniso-
tropy in dodecane-based magnetic nanofluid with vol-
ume concentration of magnetite particles of ¢ = 0.1 were
obtained in thesis [12] and they are presented on Fig.
2. The dashed line is the computed result of eq.(11).
Following physical value were used in the calculations:

ps = T49kg/m3, p, = 4300 kg/m?, c; = 1280m/s,
n=149210"3Pa-s, f =3MHz, a = 2nm, | = 13.67 -
10~8m.

Recently, there has been a tendency to study changes
in ultrasound velocity and attenuation in non-equilibrium
conditions due to overlapping of a magnetic field chang-
ing in time at a given rate. So, the authors of [13] mea-
sured the attenuation coefficient in a water-based mag-
netic nanofluid with a collinear and orthogonal magnetic
field orientation with variation in the rate of magnetic
field growth from 15A4/m - s to 1.5kA/m - s, and they
obtained rather various field dependencies. However, in
the majority of them, resonance ultrasound attenuation
was observed.

3 CONCLUSION

Theoretical results of acoustic absorption spectra de-
scription are summarized in this paper. Novel magne-
todynamic mechanism of ultrasound energy dissipation
is proposed. The estimation of ultrasound absorption
caused by this mechanism can be obtained with a dif-
ferent approach involving frequency dependencies of real
and imaginary parts of magnetic susceptibility. How-
ever the experimental results of these dependences in
megahertz-range are absent at present time. Analyti-
cal expressions for ultrasound absorption in media with
ellipsoidal particles can be used in analysis of acoustic
spectra of magnetorheological fluids.
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