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The dynamics of the concentration of nanofluids placed in a light field with a Gaussian
intensity profile is studied theoretically. The investigation is based on the analytical
and numerical solutions of the system of linearized heat conduction and convection-
diffusion equations. The convection-diffusion equation contains terms that correspond
both to the Soret effect and to the transfer of nanoparticles, caused by the action of
a light field on them (electrostriction). The dependence of the coefficient of thermal
conductivity of the medium on the concentration is taken into account. It is shown that
under these conditions single travelling waves appear in the medium, the velocity of
which depends not only on the thermal physical parameters of the medium, but also
on the polarization of the particles. Conditions under which the stratification of the
medium is possible are found.

Colloidal suspensions or, as they are now called, nanofluids, are widely used in various
areas of modern technology. For example, magnetic fluids are used to polish optical
components, and suspensions of silica particles in liquid crystals significantly improve
the characteristics of optical storage devices [1-2]. We also note their use in chemical
processes (catalysis), in the creation of new drugs, lubricants and so on [3-7]. With the
growth of the productivity of electronic devices and the development of high-energy
technologies, it has become necessary to create efficient cooling systems and control
large heat flows [8]. Promising developments have emerged related to molecular
computers based on switchable bistable molecules or their aggregates. One way to
intensify heat transfer is to increase the thermal conductivity of a liquid by adding
solid particles with high thermal conductivity [9-12].

Particularly interesting for the creation of such suspensions are nanoparticles.
Recent studies have shown that liquid-phase media, in which nanoparticles from
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wide-gap semiconductors or dielectrics are used as a dispersive component, are very
effective for the realization of a number of nonlinear optical effects [13]. In these
media, unlike homogeneous media, the nonlinear optical response arises from the
change in the refractive index induced by the light wave and the absorption coefficient
due to the phenomena of thermal diffusion and electrostriction of particles [14-18]. At
the same time, in our opinion, physical mechanisms connected in particular with the
processes of heat and mass transfer in such media require additional investigation. It
should be added that a number of mathematical problems associated with analytical
methods for solving the corresponding equations are also far from being resolved.

The paper considers a liquid-phase medium with nanoparticles irradiated by a light
beam with a Gaussian intensity profile. As a result of the action of the light field
in the medium, gradients of temperature and concentration arise, which cause the
processes of heat and mass transfer. These phenomena are described by a system of
balance equations for temperature and particles, taking into account the concentra-
tion convection [19], written in one-dimensional form (without using the Boussinesq
approximation):
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In the heat equation, the term responsible for the Dufour effect is omitted, in view of
its smallness. The processes of sedimentation are also neglected. Here, the following
designations are used: T is the temperature of the medium, C = ((r,t) = my,/m is the
mass concentration of the particles (m,, is the mass of the particles, m is the mass of
the whole medium), C, p are the thermophysical constants of the fluid, A () is the coef-
ficient of thermal conductivity, /; is the light intensity, the absorption coefficient of the
medium, and the diffusion and thermal diffusion coefficients, respectively, and v =n/h
is the rate of concentration convection, which we assume to be constant. In this case,
n is the kinematic viscosity, and h is the characteristic distance (in our case, we take
h ~10x,, y=41BD/(cn,kzT), B is the polarizability of the particles, k; is Boltzmann’s
constant, c is the speed of light in vacuum, n,, is the effective refractive index of the
medium. The last term expresses the contribution from the particle flux and is related
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to the effect of the gradient force from the side of the light field (electrostriction of
particles).

Figure 1: Geometry of the problem (1 = cuvette; 2 = liquid medium with nanoparticle).

Let us take into account the fact that the temperature establishment processes go
faster than the diffusion processes. This makes it possible to study the latter against
a background of a stationary temperature. We will consider the case of small concen-
trations: C << 1.

Further, the concentration dependence of the thermal conductivity can be repre-
sented in the form:

MC) = Ao+ fC = 4(1 + pC), (3)

where p = Aﬁ > 1. This kind of dependence was theoretically found in [20] and was
experimentally confirmed in publications [21, 22]. In the equations of heat conduction
and diffusion, divergent terms are taken in the form:
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The validity of this approximation for the first formula is based on the use of equality
(3), which leads to a reasonable inequality, pC < 1, and for the second, it is justified by
direct estimates of the quantities. Next, we linearize equation (2), step by step. First,

we assume:
(ACO) ™ = (A +BO)" = (29)7'(1 = pO).(PC << 1) (5)

Assuming that C << 1, we represent the concentration in the form:

C(x,))=Cy+AC(x,))=Cy (1+C'(x,1)) C' (x,1) = %—C, (6)
0

where AC (x,1) is the disturbed part of the concentration, and |AC| << |C,|. approxi-

mations (3), (4) and its linearization with respect to the function u(x,7) =1 + C’ (x,1),
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we obtain the problem. After substituting expressions (5) and (6) into equation (2),
taking into account the:

ou Pu  ou Drayl, x? 4y 1, x? x?
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We rewrite the problem (7)~(8) in dimensionless variables:

% = bgipbz‘ —Pebg—z +(q(1 — p>) = 1)exp (—=p*) u, (9)
u(p,0)=exp(—p2),%0[;r)=0,0§p<oo, 0<7<0co, (10)
where 7 = ST"" 20l pCytp = = -, Pe = —2—Peclet number, b = m
q= 47;)1017

It is not possible to find the exact analytic solution of equation (7) with initial-
boundary conditions (8). The Peclet number estimate for typical values of the quanti-
ties in our case gives Pe > 10°.

This value indicates the predominance of convection processes over molecular dif-
fusion. In view of this fact, we rewrite problem (7)-(8) in a truncated form:

gz =-P b? +(g(1 = p*) = 1)exp (—p*) u, (11)

Its exact solution can be written in the form:

u(p, ) = exp[—(p — Pebr)’] eXP{—[\/— (g —2)er f(p) + 2qp exp(—pH)]}, (12)

where erf(p) is the error function (Gauss). The constant A can be determined from the
condition of conservation of the number of particles in the system.

Figure 2 shows the graphs of the function u (p) at increasing times T.

Thus, accounting for the concentration convective flow, even in the one-dimensional
approximation, leads to amplitude-modulated travelling waves.

Let us now consider the state of mechanical equilibrium of a nanofluid, that is, when
its macroscopic flow is absent and the equilibrium distributions of temperature and
concentration are described by the equations:

0

j 2
VT + % exp (—x—2> =0, TO=T, (13)
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Figure 2: The graphs of the solution u (p, T) presented for different instants of time (as they increase).

dC dT _ ydI\ _
Rl Gl e (14)
The solution of this system is the expression:
C(x) = Bexp[-S;T, + nperf(p) + (n + m) exp(—p?), (15)

_ alySr 2 _ ﬂ
where n = pi X0 m =t
The constant B in formula (15) can be determined from the condition of constancy

of the average concentration.

Note that the convective processes in a colloidal suspension of nanoparticles taking
into account sedimentation (in the Benard scheme) were studied in [23-25]. The mode
of running concentration waves was detected. In our approach, the effect of radiation
due to the action of gradient forces on the side of the light field, being an additional
source of convection, leads to a completely different spatial distribution of concentra-
tion. We note that the amplitudes of the modulated waves in solution (12) are damped
and have a spatially complex structure. In particular, an analysis of the exponent shows
that with positive thermal diffusion (b > 0) and a change in the sign of the polarization
of the particles B, its structure significantly changes (Figure 3). These observations
indicate the possibility of controlling the optical properties of nanofluids, since the
nonlinear part of the refractive index of such a medium depends on the concentration.
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Figure 3: Dependence of the amplitude of the solution (12) on the sign of the polarization.

Solution (15) shows that in our case the convection of a nanofluid has two processes:
thermal diffusion and electrostriction, which can be either unidirectional or multidirec-
tional. It is easy to see from (15) that if the contribution from electrostriction is small
(m << n), then in the conditions of mechanical equilibrium, the resulting stratification
(stratification) is associated with thermal diffusion.

We understand that a number of questions require more detailed study, for exam-
ple, analysis of convection stability, numerical modelling of these processes and their
study in a 2D measurement. We will devote our attention to these problems in future
research.

This work was supported by Ministry of Education and Science of Khabarovsk krai
(Russia).

[1] Bardakhanov S P, Novopashin S A and Serebrjakova M A 2012 Study conductivity
nanofluids nanoparticle alumina Nanosystems: Phys. Chem. Math. 3 27-33

[2] Kreuzer M, Tschudi T, de Jeu W H and Eidenschink R 1993 New liquid crystal display
with bistability and selective erasure using scattering in filled nematics Appl. Phys.
Lett. 62 1712130

[3] Apter B, Guilatt O and Efron U 2011 Ring-type plasmon resonance in metallic
nanoshells Appl. Opt. 50 5457-64

[4] Krasnikov I, Popov A, Seteikin A and Myllyld R 2011 Influence of titanium dioxide
nanoparticles on skin surface temperature at sunlight irradiation Biomed. Opt.
Express 2 3278-83

Page 170



E KnE Energy & Physics PhIO-2018

[5] Lee G J, Attri P, Choi E H, Kwon Y-W, Krasnikov | and Seteikin A 2014 Optical and
structural properties of nanobiomaterials J. Nanosci. Nanotechnol. 14 221-49

[6] Goreva OV, lllarionov A | and Gorev D V (2016). Frequency conversion of broadband
laser radiation distorted by spherical aberration in uniaxial crystals. Bulletin of the
Russian Academy of Sciences: Physics 80 28-31

[7] Krishtop V, Doronin | and Okishev K 2012 Improvement of photon correlation
spectroscopy method for measuring nanoparticle size by using attenuated total
reflectance Opt. Express 20 25693-99

[8] Bulte W M and Modo M 2008 Introduction: The emergence of nanoparticles as
imaging platform in biomedicine Nanoparticles in Biomedical Imaging (Heidelberg:
Springer), 1-5.

[9] Jun Q, Tao, F, Qiugiang Z and Sailing H 2010 Using some nanoparticles as contrast
agents for optical bioimaging IEEE Journal of Selected Topics in Quantum Electronics
16 672

[10] Allison R R, Mota H C, Bagnato V S and Sibata C H 2008 Bio-nanotechnology and
photodynamic therapy—state of the art review Photodiagnosis and Photodynamic
Therapy 51928

[11] Putnam S A, Cahill D G and Braun P V 2006 Thermal conductivity of nanoparticle
suspensions Journal of Applied Physics. 99 084308

[12] Rambidi, N. (2006) TALKING POINTS-Nanotechnology and Molecular Computing
Devices. Science in Russia, (6), 38.

[13] Kul’chin Y N, Shcherbakov A V, Dzyuba V P, Voznesenskiy S S and Mikaelyan G T
2008 Nonlinear-optical properties of heterogeneous liquid nanophase composites
based on high-energy-gap Al,0; nanoparticles Quant. Electron. 38 154-8

[14] Livashvili A 1, Krishtop V V and Yakunina M | 2013 Electrostrictive self-action
mechanism of radiation in nanofluids Adv Condens Matter Phys 591087

[15] Livashvili A I, Krishtop V V, Bryukhanova T N and Kostina G V 2015 Concentration
dynamics of nanoparticles under a periodic light field Phys. Procedia 73 156-8

[16] Livashvili A |, Krishtop V V, Karpets Y M., Bryuhanova T N and Kireeva N M 2016
Laser beam-induced bistability of concentration in nanofluids Journal of Physics:
Conference Series 737 012011

[17] Livashvili A1, Krishtop V'V, Karpets Y M and Kireeva N M 2016 Formation of bistable
medium state in nanofluids under the influence of laser radiation Asia-Pacific
Conference on Fundamental Problems of Opto-and Microelectronics (International
Society for Optics and Photonics) pp. 1017605-1017605

DOl 10.18502/ken.v3i3.2027 Page 171



E KnE Energy & Physics PhIO-2018

[18] Livashvili A I, Krishtop V V, Karpets Y M and Kireyeva N M 2017 The formation
process of a bistable state in nanofluids. 0P Conference Series: Materials Science
and Engineering 168 012077

[19] De Groot S R and Mazur P 1964 Non-equilibrium thermodynamics (Moscow: Mir)

[20] Rudyak V Y, Belkin A A and Tomilina E A 2010 On the thermal conductivity of
nanofluids Tech. Phys. Lett. 36 660-2

[21] Putnam S A, Cahill D G and Braun P V 2006 Thermal conductivity of nanoparticle
suspensions J. Appl. Phys. 99 084308

[22] Hong T, Yang H and Choi C ) 2005 Study of the enhanced thermal conductivity of Fe
nanofluids J. Appl. Phys. 97, 064311-1-064311-4

[23] Shliomis M | and Smorodin B L 2005 Onset of convection in colloids stratified by
gravity Phys. Rev.E 71 036312

[24] Cherepanov | N and Smorodin B L 2013 Convection of a stratified colloidal
suspension JETP 144 1090-1106

[25] Smorodin B L and Cherepanov | N 2015 Convection in a colloidal suspension in a
closed horizontal cell JETP 147 363-71

DOl 10.18502/ken.v3i3.2027 Page 172



	Introduction
	Theoretical model
	Discussion
	References

