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Mass transfer between immiscible liquid layers potentially causes convection due to
buoyancy forces (Rayleigh mechanism) and interfacial tension gradients (Maran-
goni mechanism). Rayleigh convection will be triggered if a density decreasing so-
lute is transported against the direction of gravitational acceleration. If at the same
time the solute is reducing interfacial tension and is transported out of the phase
with lower diffusivity, the system is linear stable to cellular Marangoni convection.
However, the interaction of the Rayleigh convection with the Marangoni effect
produces a chaotic flow structure, denoted as eruptions, see Fig. 1 (left). We ex-
amine this flow structure by a combination of experiments and three-dimensional
direct numerical simulations [1]. Thereby, we demonstrate that the detaching solu-
tal plumes in the organic phase are the origin of intense spreading events driven by
interfacial tension gradients.

In a second configuration, we consider the reverse direction of mass transfer,
where a stable density stratification is built up. If small droplets are placed in the
concentration gradient, they show a periodic convection in the form of relaxation
oscillations, cf. Fig.1 (right). This experimental finding can be reproduced by 2D
numerical simulations based on a diffusive-interface approach [2] which assume a
linear concentration and density gradient. By analyzing the characteristics of the re-
laxation oscillations, the underlying mechanism can be attributed to the interaction
between the mixing by Marangoni convection and the restorative effects of diffu-
sion and buoyant convection on the driving concentration gradients. Furthermore,
we show that an intriguing coupling of the relaxation oscillations can occur in mul-
ti-droplet configurations.

©. Eckert K, Schwarzenberger K., Kollner T., Aland S.,et al., 2017
12



active phase relaxation phasa

s

......................

30
1500 1510 1520 153C 1240 1550
time [g]

SidDev drop 1

Figure 1: Left: Shadowgraph image of Rayleigh-Marangoni convection in a water-
cyclohexanol system with isopropanol as diffusing solute. The size of the shown win-
dow is approx. 15 mm. Right: Relaxation oscillations at droplets (0.3 mm diameter) of
liquid paraffin immersed in an aqueous solution of isopropanol.
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1. Introduction

In this presentation I review various applications of Fluctuating Hydrodynamics for the
evaluation of spontaneous thermal fluctuations in non-equilibrium steady states. This research
topic was first considered at Perm State University by Zaitsev and Shliomis [1] for the case of
a fluid subjected to a stationary temperature gradient below (but close to) the convection
threshold. Unfortunately, this pioneering paper is little known and had not much impact.
Years later, similar ideas were re-discovered in the West by Swift and Hohenberg [2] with
greater success, leading among other developments to the nowadays well known SH equation.

Fluctuating Hydrodynamics (FHD) is a mesoscopic extension of classical hydrodynam-
ics, invented in the former Soviet Union by Landau and Lifshitz [3] and well publicized
through their famous Course of Theoretical Physics [4]. The basic idea behind FHD is as fol-
lows: As is well-known, in hydrodynamics the balance equations (mass, momentum, ener-
gy,...) need to be complemented with (linear) phenomenological laws which relate the so-
called dissipative fluxes with the gradients of thermo-hydrodynamic fields. Landau and
Lifshitz [3-4] proposed that, to reflect the stochastic nature of the atomic interactions respon-
sible of dissipation, the linear laws should be considered to be valid only 'on average', and
need to be supplemented with random dissipative fluxes. To fix ideas one can consider, for
instance, the case of a diffusion flow J in an isothermal binary fluid mixture (Fick's law) for
which FHD proposes an stochastic phenomenological law, namely

J=-pDVc+657, (1.1)

where p, D and Vc¢ are the mass density, the diffusion coefficient and the concentration
gradient (in mass fraction), respectively. Most importantly, 6J in Eq. (1.1) represents a ran-
dom diffusion flow. To recover the classical Fick's law on average, one must have (5] > =0.

Substitution of expressions like (1.1) into the balance laws (balance of mass for this particular
case) transforms the hydrodynamic equations into a set of partial stochastic differential equa-
tions. Of course, by taking averages (over fluctuations) one re-obtains the classical or deter-
ministic hydrodynamic equations. But the stochastic FHD equations make it possible to elu-
cidate the nature of thermal fluctuations, and evaluate explicit expressions for their time
correlation functions. However, to proceed in that direction one needs to know the statistical
properties of 6J, beyond the cancellation of the first moment. The contribution of Landau
and Lifshitz [3-4] is to realize that, since for global equilibrium states natural or spontaneous
fluctuations in the thermodynamic variables (density, number of particles, etc.) are known
from Statistical Physics (canonical ensemble), the second moment of the random dissipative
fluxes must be given by the so-called Fluctuation-Dissipation Theorem (FDT). In the particu-
lar case of eq. (1.1) the FDT means that the components of the random diffusion flux for an
isotropic fluid are correlated as:

© Ortiz de Zarate J. M., 2017
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(8T, (r,t)-6J(r',t')) =2k T pD(S—CJ 5, 8(r—r") 5(t—1), (1.2)
),

In eq. (1.2) k; is Boltzmann's constant, 7 is the temperature (uniform for a global equilibri-

um state) and (dc/0 the osmotic compressibility (the thermodynamic factor in the
H)r p y y

theory of diffusion). In addition, r, r’ are two position vectors and ¢, ¢’ two values of time. In
principle, the FDT (1.2) is only rigorously valid for fluctuations in a global equilibrium state
[3,4], in which case statistical physics provides a justification.

Subsequent development of FHD after Landau and Lifshitz [3-4] has been slow. It only
was received in the West years later, in particular through the work of Fox and Uhlenbeck
[5,6] who provided further justification of the FDT in equilibrium states based on kinetic the-
ory arguments (beyond the phenomenological ones summarized in the previous paragraph).
Equilibrium FHD was originally formulated for one-component fluid systems [1-6] and over
the years has been extended, among other developments, to binary mixtures [7], chemical re-
actions [8] and nematic liquid crystals [9].

The slow development of (equilibrium) FHD was probably due to the fact that, in its
main application the calculation of fluctuations spectra, it had to compete with an alternative
approach: The method of arbitrary initial conditions, as pioneered by Mountain [10] and
adopted by the most popular monographs on the subject [11-12]. This alternative consists in
solving deterministic (with no random contributions) hydrodynamic equations with arbitrary
initial conditions. Then, one multiplies the solution by the arbitrary initial condition, averages

over these initial conditions, and obtains the dynamic <5c*(t) 5c(0)> correlation function(s) as

a function of the static <5c*(0)5c(0)> correlation(s). To complete the calculation by the

Mountain [10-12] method, one needs expressions for the static correlations, which are bor-
rowed from equilibrium statistical physics. The two approaches: FHD [1-9] and arbitrary ini-
tial conditions [10-12], are fully equivalent for fluctuations in equilibrium states. However,
for our purpose here it is very important to notice that, in addition to the extensions mentioned
earlier [1,7-9], FHD has been also successfully extended to fluctuations in non-equilibrium
states [1]. On the contrary, the Mountain method [10-12] does not work for non-equilibrium
fluctuations.

2. Fluctuations in non-equilibrium steady states

Historically, the first use of FHD to study fluctuations in a non-equilibrium steady state
was by Zaitsev and Shliomis [1] in 1970 who consider a one-component fluid subjected to a
temperature gradient (Rayleigh-Bénard problem). They correctly identified a non-equilibrium
enhancement of the fluctuations that, eventually, diverges (in a linear theory) when the con-
vection threshold is approached. But that work [1] had little impact and no continuity. It did
not discuss consequences relevant for experiments.

For our purpose here, one can consider that the beginning of a continuous line of re-
search on non-equilibrium fluctuations in fluids subjected to a temperature gradient was in
1982 by Kirkpatrick et al. [13]. These authors put the focus on consequences observable by
laser light scattering when the system is far from any hydrodynamic instability, and correctly
identified that the most prominent experimental effect will be in the Rayleigh line of the scat-
tering spectrum, in contrast with tiny unobservable effects on the Brillouin doublet that other
authors were investigating at that time [ 14] and confusing a bit the issue. The original work of
Kirkpatrick et al. [13] was based on kinetic theory, in line with the Fox and Uhlenbeck [5]

15



justification of FHD. However, very quickly [15], their results were re-derived based on FHD
proper', which provides a simpler way and became the theory of choice since.

The theoretical predictions [13-15] on the non-equilibrium enhancement of fluctuations
were confirmed by accurate dynamic light-scattering experiments with toluene at the laborato-
ry of Prof. Jan V. Sengers at the University of Maryland [16,17]. Pretty quickly, the theory
was extended to binary liquid mixtures subjected to a temperature gradient, in which case the
Soret effect induces enhanced concentration fluctuations [18]. Similarly, the predictions for
mixtures were swiftly confirmed experimentally [19,20], even in a more convincing way
since concentration fluctuations are easier to observe.

Researchers soon realized that these non-equilibrium fluctuations are highly anisotropic
and, generically, of long spatial range [13,16]. This is in contrast with equilibrium fluctua-
tions, which only are long-ranged in the close vicinity of critical points. The spatial long-
ranged nature of the fluctuations causes them to be affected by gravity [21] (a theoretical pre-
diction also quickly verified experimentally [20]) and by finite-size effects [22]. Interestingly,
it was the incorporation of buoyancy and confinement effects [21,22] into the theory of light-
scattering from fluid and fluid mixtures subjected to a temperature gradient which allowed to
make contact with the theme of fluctuations close to the convection threshold and the original
paper of Zaitsev and Shliomis [1] and Swift and Hohenberg [2], see ref. [23].

The field of non-equilibrium fluctuations has continued to experience important devel-
opments in the latter years. On the experimental side it is worth mentioning the development
of the shadowgraph technique [24,25], that allows to perform simultaneous light-scattering at
multiple wave numbers, while covering a range where buoyancy and confinement effects are
important. By conducting shadowgraph experiments in microgravity, it was possible to verify
the effects of confinement on non-equilibrium fluctuations [26]. With a dynamic version of
shadowgraphy [27], also the effects of buoyancy and confinement on the decay rate of non-
equilibrium concentration fluctuations has been studied [28]. Among the recent theoretical
developments, we mention the theoretical evaluation of fluctuation-induced (Casimir) forces
associated with the spatial long-range nature of non-equilibrium fluctuations [29]. In addition,
the progress of computational FHD, based on a numerical solution of hydrodynamic equa-
tions with stochastic forcing [30] is opening new possibilities.
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Mass and thermal diffusion processes in a liquid mixture are accompanied by non-
equilibrium fluctuations. The amplitude of these fluctuations at small wave vectors is orders
of magnitude larger than that of the equilibrium ones [1,2]. On Earth gravity quenches long
wavelength non equilibrium fluctuations [3,4], while in microgravity conditions they are fully
developed and span all the available length scales up to the macroscopic size of the systems
[5,6]. Available theoretical models, based on linearized hydrodynamics, provide an accurate
description of the static and dynamic properties of the fluctuations under ideal conditions such
as small gradients and stationary states [1].

The aim of the Giant Fluctuations space project is to investigate Non-EqUilibrium Fluc-
tuations during DIffusion in In compleX liquids (NEUF-DIX), under conditions that cannot
be tackled easily by theoretical models, such as transient diffusion, concentrated samples and
large gradients [7]. The focus of the project is on the investigation of the non-equilibrium
fluctuations in complex liquids, because of the rich phenomenology that can be attained by
tuning the interactions in such systems. Since gravity quenches long-wavelength non-
equilibrium fluctuations, in order to fully exploit the scale-free behaviour of the fluctuations
we envision performing experiments under microgravity conditions. The project recently en-
tered its A/B phase and will be flown on-board the International Space Station.

The goal of the project is to tackle several challenging problems that emerged during the
last years, such as i) understanding the non-equilibrium fluctuations in a complex ternary mix-
ture including a polymer [8], ii) understanding the non-equilibrium fluctuations in a complex
ternary mixture including a polymer close to a glass transition [9-10], iii) checking the theo-
retical predictions of Casimir-like forces induced by non-equilibrium fluctuations [11,12], iv)
the investigation of the onset of fluctuations during transient diffusion [13], v) understanding
the non-equilibrium fluctuations in concentrated colloidal suspensions [14], a problem strictly
related with the detection of Casimir forces], vi) understanding the effect of non-equilibrium
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fluctuations on antibodies. We envision to parallel these experiments with state of the art mul-
ti-scale simulations [15-16].
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We present experimental evidence of the existence of an interfacial instability be-
tween two miscible liquids of similar (but non-identical) viscosities and densities
under horizontal vibration. A stably stratified two-layer system is composed of the
same binary mixture with different concentrations placed in a confined cell (with
length twice as large as the height). Unlike the case of immiscible fluids, here, the
interface is a transient layer of small but non-zero thickness. Vibrations are im-
posed parallel to the diffusive interface. In the experiments, the frequency and
amplitude were varied within the ranges 2-24 Hz and 1.5-16 mm, respectively.
Depending on vibration forcing, that is amplitude and frequency of vibrations, the
different interfacial patterns were observed. The experiments were conducted in la-
boratory and in reduced gravity. This evolution is also examined numerically.
Keywords: Frozen wave; pattern formation; Faraday waves

1. Introduction

The interfacial tension between immiscible fluids is an equilibrium thermodynamic prop-
erty that results from different cohesion forces between various types of molecules. At a phase
boundary, the sum of the interactions with the molecules of the same phase is greater than that
of the interactions with the molecules of another phase. When two miscible liquids are brought
into contact, a concentration (and density) gradient can occur, which relaxes through diffusion
as the system approaches a uniform, equilibrium state. However, there are differences in
intermolecular interactions. The nature of the interface between two different miscible fluids
has been the topic of an intense study for more than a hundred years in the fields of physics and
chemistry. Korteweg proposed in 1901 that stress caused by a density gradient could act like
interfacial tension. Zeldovich [1] considering free energy suggested that the transient surface
tension could be evaluated as 6~Ac/5, where Ac is the change in composition expressed as a
mole fraction, and 6 is the width of the transition zone.

Here we consider an even trickier miscible interface. two different binary mixtures of
closely matching viscosities, which will be brought into contact in a closed cell, are composed
of the same molecules (water and isopropanol, IPA) but at different concentrations. Two su-
perposed layers of incompressible and miscible liquids are placed in a rectangular container
which is vibrated at constant frequency and amplitude. Vibrations are implied parallel to inter-
face. Our recent experiments under normal and reduced gravity conditions have shown that
application of shear stresses along the miscible interface, such as periodic excitations, leads to
an interfacial instability instead of an active diffusion process. Instability in miscible systems is
noticeably different from immiscible ones because of its transient nature; the difference in den-
sity across the interface and the effective interfacial tension decrease over time.
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2. Vibrational instability at normal gravity

Horizontal vibrations of the flat liquid/liquid interface produces instability in the form of
frozen waves caused by a shear-driven mechanism similar to the Kelvin-Helmholtz instability.
The distinction is that, as a result of a harmonic change in the flow direction, the wave remains
on average in the same place, as its profile is frozen in the reference frame of a vibrating
container. This instability has a threshold which depends on the frequency and amplitude. The
observed regular structures above the threshold look static and are referred to as “frozen
waves”. Instability in miscible systems caused by horizontal vibrations is noticeably different
from immiscible ones because of its transient nature. One of the features that highlights the dif-
ference between immiscible and miscible fluids is the shape of frozen waves. For immiscible
fluids, the shape of frozen waves is sinusoidal while in the case of miscible liquids it takes saw-
tooth shape as shown in Fig.1a. We have provided an explanation that vanishing interfacial ten-
sion is responsible for triangular-shaped waves while for immiscible fluids this shape is known
to be sinusoidal [2, 3].

@) Frozen waves on miscible interface () Fish spine pattern [4],
[2], f=10Hz, A=11.2mm, g=g f=4Hz, A=20.3mm, g=g

Fig.1. Interfacial patterns on miscible interface under tangential vibration in normal gravity.
The flow dynamics was monitored from the side by direct shadowgraphy of the interface.

We discovered an unexplored pattern generated by lateral walls in miscible liquids [4].
Generally these patterns can be seen as a wave spreading from the wall along the interface with
decaying amplitude and, literally, can be called a fish spine, see Fig.1b. We suggest that the
fish-spine pattern has no threshold, and at the lowest tested its horizontal extension is contract-
ed to the point. The pattern is observed in laboratory experiments and numerical simulations
below and above the frozen-wave instability threshold. At the threshold, a competition devel-
ops between the novel “fish spine” pattern and frozen waves, while above the threshold these
two kinds of patterns may coexist in spatially separated domains.

3. Vibrational instability at reduced gravity

In the reduced gravity experiments, after the formation of the waviness on the interface,
the growth of the amplitude does not stop, but continues until the interface reaches the up-
per/bottom wall. The long lived pattern consists of a series of vertical columns of alternating
liquids as shown in Fig.2a. The different peaks attain a rectangular shape of various widths.
The vertical columns exist for a long time, at least until the end of the experiments, without in-
teraction between them. Note that in the vertical columnar pattern the density and viscosity
gradients perpendicular to vibrations practically vanish. Thus, the mechanisms that initially
drove the instability (density, inertia and viscosity) and the mechanisms that limit its growth
(gravity and effective interfacial tension) become weak. We suppose that the columns will de-
cay on the diffusion time scale as the small fluctuations of density and viscosity will smear the
interface over time.
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(a) Columnar instability [5], f=12Hz, (b) Faraday waves over frozen waves [6]
A=5.8mm, g=10"g, f=8Hz, A=10.7mm, g=10"g,

Fig.2. Interfacial patterns on miscible interface under tangential vibration in reduced gravity
of parabolic flight.

We have discovered another peculiar behaviour of the interface between two miscible
liquids placed in a finite-size container under horizontal vibration [6]. Faraday waves occur as
a secondary instability on the primary wavy patterns created by periodic vibrations parallel to
the interface between two miscible liquids. We provide evidence that periodic wave patterns
created by the Kelvin—Helmholtz instability and Faraday waves simultaneously exist in the
same system of miscible liquids as seen in Fig.2b.

Specifically, this scenario was first observed in the reduced gravity experiments where
the instability pattern was covering a vast area, and therefore they can be characterized more
easily. Next, a similar temporal behaviour of the two instabilities was revealed in ground-based
experiments. In the dynamics, vertically growing large-scale frozen waves yield Faraday waves
with a smaller wavelength. The emergence of the different scale waves observed in the experi-
ments in normal and reduced gravity is confirmed numerically and explained theoretically.

The work was supported by Russian Science Foundation (grant No. 14-21-00090).
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A comprehensive analysis of recent studies on diffusion and thermodiffusion (also
Sore or thermal diffusion) in liquid mixtures is presented. The focus is placed on
mixtures composed by three chemicals. The need in microgravity experiments is
caused by the existence of mixtures with negative Soret effect when denser
component moves toward the hot region, i.e. against gravity. It may lead to the
development of convection. The IVIDIL (Influence of vibration on diffusion in
Liquids), the first diffusion controlled experiment in binary mixtures on the Interna-
tional Space Station (ISS), has shown that on-board g-jitter does not affect the re-
sults and it paved the road to more complex experiments. The international
DCMIX (Diffusion coefficients in mixtures) project is focused on the investigation
of the mass transport in ternary mixtures and it comprises four experiments on the
ISS. The results and problems disclosed during microgravity experiments will be
discussed in details.
Keywords: diffusion; Soret; microgravity; IVIDIL; DCMIX

1. Introduction

In a liquid mixture composed of several components, a temperature gradient leads not
only to the transport of heat, but also to a mass transport and thus also to differences in con-
centration between the various components. This so-called thermodiffusion (also Soret effect
or thermal diffusion) may play an important role in many natural and technological processes.

The Soret coefficient is negative (positive) when thermodiffusion separates the species
with the denser component migrating to the hot (cold) wall. Consequently, in a gravity field,
Soret separation can have either a stabilising or destabilising effect on the conductive state, de-
pending on its sign. The sign of the Soret coefficient depends on the mixture considered, its
composition and the working temperature. In the case of negative Soret effect, the instability
may develop even in system with gravitationally stable configuration [1, 2]. In the case of ter-
nary mixtures with negative Soret coefficients, most of experimental techniques do not allow
even to recognize the development of convection.

With the aim to establish reliable and guaranteed convection-free reference data on ther-
modiffusion, ESA (European Space Agency) has created instrument SODI (selectable optical
diagnostics instrument) which is placed on the ISS. Note that the benefits of microgravity envi-
ronment on space platforms such as International Space Station (ISS) can be altered by the re-
sidual gravity (g-jitter).

2. The IVIDIL experiment

At earlier stage of microgravity experiments, there was a comprehensive discussion
about the role of on-board g-jitters. The open question had to be solved by the IVIDIL exper-
iment on the ISS: does g-jitter cause a sizeable mean flow and, if so, does this mean flow pro-
mote striations and other defects in materials processing in microgravity? For this, the working
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liquid was placed in a cubic inner cell (Fig. 1. a). The external walls of the cell are shaped in
the form of two prisms (Fig. 1. b) to allow optical observation in two perpendicular directions.
The opposite horizontal walls of the cells were held at constant temperatures Ty and Teoa. In
the experiments, the mean temperature was fixed at 25°C, while the applied temperature dif-
ferences AT=Tyot — Teoa Were 5, 10 and 15 K. Experiments were conducted with a water—
isopropanol mixture when the cell is subjected to translational vibration in the direction per-
pendicular to the temperature gradient. Several experiments were conducted without imposed
vibrations.

Cubiccell
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I T
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I ﬂy
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/
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’ f \X
<> L
Vibration
(a) (b)

Fig. 1. The cell arrangement: (a) the cubic cell and coordinate system; (b) top view of the ex-
perimental cell (note that the front view corresponds to a beam that travels directly through
the cell)

The effect of the gravitational environment on a diffusion-controlled process can be iden-
tified in the following ways:
(a) by direct observation of temperature or concentration fields and their smoothness;
(b) by comparing fields along two perpendicular views;
(c) by reproducibility of experimental results when repeating experiment on different days and
thus in a different microgravity environment;
(d) by comparing with computations in the absence of perturbations;
(e) by observation of g-jitter-induced convection, in the case that it arises.

These objectives were fulfilled by observing diffusive process under different imposed
controlled vibrations. The IVIDIL experiment provided one of the first quantitative observa-
tions confirming that the daily on-board environment of the ISS does not perturb diffusion con-
trolled experiments [3]. Experiments with two binary mixtures were reproducible on different
days, even in different months, and thus in a different environment, and provided a separation
of the components equivalent to that obtained from numerical simulations without perturba-
tions. The transient (pulse-like) acceleration of external forces (docking, orbit correction, etc.)
may affect the diffusion-controlled processes and it requires analysis in each particular case.
The 3D concentration field, shown in Fig.2a, did not reveal significant disturbances due to on-
board accelerations, except for small ripples of iso-surfaces typical of most experiments. It was
demonstrated that, unlike g-jitter, imposed vibrations with constant frequency and amplitude
do affect the diffusion process, see Fig.2b.

While IVIDIL examined a binary solution, it also paved the way for research on more
complex mixtures in orbit by demonstrating that g-jitter would not complicate the results and
that the available on-board experimental technique allows accurate measurements of the Soret
and diffusion coefficients.
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(a) Experiment in g-jitter environment of the ISS (b) Experiment in case of imposed vibra-
tions with f=1Hz, A=68mm.
Fig.2. Results of IVIDIL experiment on the ISS present the iso-surfaces of concentration field
after 12 h of Soret separation. Various colour correspond to different levels of concentration

3. The DCMIX project

International DCMIX project is focused on the investigation of the mass transport in ter-
nary mixtures and it comprises four experiments on the ISS with participating research groups
from Belgium, Canada, France, Germany, Italy, Japan, Russia, and Spain.

The first experiment DCMIX1 analysed mixtures of three hydrocarbons, THN, IBB and
nC12 [4]. The second one, DCMIX2, considered three chemicals which are mixable only at
certain concentrations: Toluene, Methanol and Cyclohexane [5]. The DCMIX3 experiment
was conducted from September until November 2016 and the major results did not yet arrived
from the ISS. The recorded images of thermodiffusion in ternary mixture composed by Water,
Ethanol and Triethylenglycole will arrive to the ground shortly. Following DCMIX4 experi-
ment have already been planned for the coming years.

This work was supported by Perm Region Government (Contract C-26/004.03).

References

1. Shevtsova V.M., Melnikov D.E., Legros J.C. Onset of convection in Soret driven instability,
Phys. Rev. E, 2006, Vol. 73, 047302.

2. Lyubimova T., Zubova N., Shevtsova V. Onset and non-linear regimes of Soret-induced
convection in binary mixtures heated from above. Eur Phys J E Soft Matter. 2017, Vol.40,
no. 3, 27. DOI: 10.1140/epje/i2017-11517-5.

3. Shevtsova V., Gaponenko Y.A., Sechenyh V., Melnikov D.E., Lyubimova T., Mialdun A.
Dynamics of a binary mixture subjected to a temperature gradient and oscillatory forcing. J.
Fluid Mech., 767 (2015), pp. 290-322 doi:10.1017/jfm.2015.50.

4. Bou-Ali M. M., Ahadi A., Alonso de Mezquia D., Galand Q., Gebhardt M, Khlybov O.,
Kohler W., Larraiiaga M., Legros J. C., Lyubimova T., Mialdun A., Ryzhkov 1., Saghir M.
Z., Shevtsova V., Van Varenbergh S. Benchmark DCMIX1: Soret, thermodiffusion and mo-
lecular diffusion coefficients of the ternary mixture THN-IBB-nC12. Eur Phys J E Soft
Matter., (2015) 38, 30.

5. Mialdun A., Shevtsova V. Temperature dependence of Soret and diffusion coefficients for
toluene—cyclohexane mixture measured in convection-free environment, J. Chem. Phys.
143, 224902 (2015); DOI: 10.1063/1.4936778.

25



UDC 532.5

Nonlinear Convective Oscillations in a Two-Layer
System

I. B. Simanovskii’, A. Viviani®

* Department of Mathematics

Israel Institute of Technology, 32000 Haifa, Israel

® Department of Industrial and Information Engineering

University of Campania “Luigi Vanvitelli”
via Roma 29, 81031 Aversa, Italy

It is known that two-layer liquid systems are subject to numerous instabilities.
Several classes of instabilities have been found by means of the linear stability
theory for purely thermocapillary flows and for buoyant-thermocapillary
flows.There are two basic physical phenomena that produce convective instability
in systems with an interface: buoyancy and thermocapillary effects. When heating
is from below, the buoyancy instability generates the Rayleigh - Benard
convection, while the thermocapillary effect is the origin of the Marangoni -
Benard convection. One of the interesting phenomena caused by the joint action
of buoyancy and thermocapillary effects is the appearance of the oscillatory
instability of the mechanical equilibrium by heating from below. There are
various phenomena that can be the origin of a heat release on the interface. For
example, the interfacial heat release accompanies an interfacial chemical reaction
and the evaporation. The interfacial heating may be generated, e.g., by an infrared
light source. The presence of a constant, spatially uniform heat release at the
interface can also lead to the appearance of an oscillatory instability. In reality, the
interfacial heat release/consumption is not constant but is determined by the
interfacial temperature. The heat produced on the interface is equal to the heat
transported to the rigid boundaries of the system. In the present work, nonlinear
convective ows developed under the joint action of buoyant and thermocapillary
effects in a two-layer system with rigid heat-insulated lateral walls, have been
investigated. The influence of a temperature-dependent interfacial heat
release/consumption on nonlinear oscillatory convective regimes has been
studied. The wide range of a parameter Qr, characterizing the temperature
dependence of heat sources and heat sinks at the interface, has been considered. It
is shown that in the case of heat consumption, the region of oscillatory flows can
be restricted by the values of Qr, both from below and from above, by the regions
of the steady flows. We have found that sufficiently strong temperature
dependence of interfacial heat sources and heat sinks can lead to the change of the
sequence of bifurcations and the development of new nonlinear regimes in the
system.
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We present an experimental and numerical study on oscillatory flow states in a
non-isothermal liquid bridge heated from above. Ambient gas enters the cylindrical
duct from the cold side and its motion is counter-directed with respect to the Ma-
rangoni flow. The velocity and temperature of gas were well-controlled. The
temperature of gas was changed in the range between 12°C and 31°C and two ve-
locities were analysed: 0.1m/s and 0.5m/s. The test fluids were nitrogen (gas) and
n-decane (liquid), the latter is weakly volatile. Their viscosity ratio is about 40 and
for the considered low gas velocities the shear stresses are relatively small. Conse-
quently, the main action of the gas flow is through the heat transfer between gas
and liquid.
Keywords: liquid bridge; heat transfer; instability

1. Introduction

Hydrothermal instabilities in a liquid bridge have been extensively studied since the 80s
using different test liquids and at various volume and aspect ratios [1]. Lately, the effect of
ambient gas on the stability of a flow inside a liquid bridge has become an object of investiga-
tion [2]. A typical liquid bridge is a finite volume of liquid confined between two solid cylindri-
cal rods, kept in its position by surface tension. The schematic of the system, relevant to the
experiment and numerical simulations, is shown in Fig.1.

ROUI

Fig.1. Geometry and scales relevant to the experiment and numerical simulations.

A non-isothermal liquid bridge can be regarded as the simplest idealization of the config-
uration appearing in the floating zone technique, which is used for crystal growth and purifica-
tion of high melting-point materials. This study is connected to the microgravity experiment
JEREMI (Japanese European Research Experiment on Marangoni Instabilities) where the use
of a forced coaxial gas stream is proposed to control the hydrothermal instabilities in liquid
bridges [3]. The results of a recent numerical study on instability caused by a gas stream along

© Yasnou V., Gaponenko Y., Mialdun A., Shevtsova V., 2017
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the interface of an axisymmetric liquid bridge [4] have shown that the cooling of the interface
may cause Pearson-like type of instability prior to the appearance of typical hydrothermal
waves.

2. Experimental

The experiments are conducted in a ground laboratory where the stationary flow appears
at arbitrary tiny values of imposed AT due to thermocapillary stresses and evolves under the
action of both Marangoni and buoyancy forces. In order to study hydrothermal instability in the
liquid bridge under the action of a parallel gas flow, we have developed a new instrument. The
new set-up is profitably different with respect to the previous models. In this instrument only
the tips of the rods (disk-shaped), which are in contact with liquids, are heated or cooled as
can be also seen in Fig.1. The temperature of the disks is adjusted independently. The major
part of the rods is thermally insulated and does not influence gas temperature. Unlike any
other existing instruments, this design allows gas temperature to be below the temperature of
the cold rod.

The experimental study reports on non-isothermal experiments in liquid bridges while the
counter-current gas moves with constant velocity: (a) V=0.1m/s and 0.5 m/s. In the present
experimental campaign gas of a constant flow rate enters from the bottom through an annular
duct. The gas temperature is the control parameter of the study. During the experiment the
mean temperature was kept constant while AT was increasing with the small ramping rate. The
discussion concerning the experimental observations is based on the records of three thermo-
couples imbedded into the liquid near the upper rod. In the case of an oscillatory flow, for
each imposed temperature difference (AT) the Fourier analysis was performed each 50 s. Then,
the frequency spectra made at each AT were combined into a Fourier map where the amplitude
of the frequency is shown by colours. One of the most intriguing Fourier maps is shown in
Fig.2. The map helps to follow the evolution of non-linear states with the increase of AT. Us-
ing these maps we can observe not only the critical parameters but also all the non-linear tran-
sitions occurring in the system.

Fig.2 Fourier map for the experiment with gas velocity V=0.5m/s at temperature T=
28°C. The system stabilizes instability shortly after appearing of periodic oscillations.
It reappears again with further increase of temperate difference

3. Numerical results

The investigated physical problem is the same as in the experiment. We perform 3-D
time-dependent numerical simulations of buoyancy-thermocapillary convection in a cylindrical
liquid bridge in two phases. The liquid and gas are considered as Newtonian fluids with tem-
perature-dependent properties. The weak evaporation of liquid is taken onto account through
the heat transfer across the interface. Numerical simulations provide a spatiotemporal behav-
iour supporting experimental observations. In the tests, when the gas temperature is below the
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mean temperature, the azimuthal wave number is equal to m=2. With further increase of the
gas temperature the interplay between different modes was observed.

The comparison of temperature fields for the cases when gas is motionless and moving
with velocity 0.1m/s are shown in Fig.3 a and Fig.3 b, respectively. In the absence of forced
gas the iso-surface of the mean temperature approaches the interface while the temperature in
gas is almost linear in vertical direction as seen in Fig.3 a. The colder gas is localized only in
the vicinity of the cold rod. When gas is moving, the mean temperature approaches the inter-
face only at the upper part while in the bulk it is closer to the symmetry axis, see Fig.3 b. It can
be attributed to the cooling of the interface; the gas temperature in Fig.3 a is essentially colder
than in Fig.3 b.

Cold rod Cold rod

Fig.3: Computed temperature field in a liquid bridge filled with n-decane and air as gas; 7 =
7.4K, Tmean = 298K and T, = 293K. The iso-surfaces of the mean temperature inside the liquid
are shown by green colours. The temperature field in gas phase is illustrated by colours.
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HccnenoBaHo moBeeHNE Ta30BOr0 MUIUHAPUYECKOTO MMy3bIpbKa B HEOJHOPO/I-
HOM TIEPEMEHHOM 3JIeKTpuuecKoM moJe. [1y3pIpek oKpy:KeH HeC:)KUMaeMOU >KU/I-
KOCTBIO ¥ OTPAaHUYEH B OCEBOM HAIMPABICHUH IBYMS MapauIeIbHBIMH TBEPIBIMHU
MOBEPXHOCTSIMU. ['a3 B My3bIpbKe MPEIOJIaracTcsi HEBECOMBIM M €0 COCTOSTHUE
OTIMCHIBACTCS MOJUTPOIHBIM TporieccoM. CKOPOCTh ABUKCHHSI KOHTAKTHOM JIH-
HUU TPOMOPIIHOHATBHA CyMME OTKJIIOHEHUSI KPaeBOI'0 yIiia U CKOPOCTH OBICTPBIX
pellakCallMOHHBIX MPOIECCOB, YACTOTHI KOTOPHIX MPOIMOPIIMOHATBHAS YIBOCHHOM
9acTOTe JIEKTpHUecKoro moisi. OOHapyXeHO, YTO B TMEPEMEHHOM 3JIEKTpHUYe-
CKOM TIOJIE CYIIECTBYIOT «aHTUPE30HAHCHBIC» YACTOTHI, KaK U MPU OOBIYHBIX Me-
XaHUYECKUX KoJeOaHusAX Mmy3blpbka. OIHAKO, B CIIydal CHUMMETPUYHOTO IO
(BO30YXIatoTCsl YeTHBIC MOJIbI), HEMIOABMKHASI TOUKAa Ha OOKOBOW MOBEPXHOCTH
HaOIIOAAeTCsl TOJBKO BOJIM3M YacTOThI OOBEMHBIX KoJieOaHui. s Hec)kmmae-
MOH KAl «aHTHPE30HAHCHBIC» YAacTOThI HAOMIOJArOTCS Ui BceX MoA. Peso-
HAaHCHAs aMIUIUTY/Aa Ha 3TOH 4YacTOTE€ MMEET SIPKO BBIPAKCHHBIA XapakTep IO
CPaBHEHHMIO C OCTAJILHBIMHU pe3oHaHcaMu. Ho ¢ yBennueHWeM [aBICHHS raza B
My3bIPbKE MPOUCXOTUT CIBHUT PE30HAHCHOW YAacTOTHI M 3TOT 3((deKT mcuesaer.
OTMeTHM, 9TO aMIUTHTYIa OOBEMHBIX KOJeOaHUH aHAIOTUYHOTO My3bIpbKa B TIe-
PEMEHHOM TIOJIe IaBIICHUS PACTET C YBEIMUECHUEM NTapaMeTpa aBJICHHS rasa.
KiroueBble cjioBa: ra30BbIi MYy3bIPEK; IEPEMEHHOE IIEKTPUUIECKOE MOJIC; BBIHYKICHHBIC
KoJIcOaHusT; TUHAMHUKA JIMHAUM KOHTaKTa

The influence of contact line motion on the
forced oscillations of a gas bubble under

an alternating electric field

A. A. Alabuzhev*®, M. A. Kashina®

* Institute of Continuous Media Mechanics, Koroleva str., 1, 614013, Perm
® Perm State University, Bukireva St. 15, 614990, Perm
email: alabuzhev@psu.ru

The behavior of a cylindrical gas bubble in an inhomogeneous alternating electric
field is investigated. The bubble is surrounded by an incompressible fluid and is
bounded axially by two parallel solid surfaces. The gas in the bubble is assumed to
be weightless and its state is described by a polytrophic process. The contact line
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velocity is proportional to the sum of the deviation of the edge angle and the veloc-
ity of fast relaxation processes whose frequencies are proportional to the doubled
frequency of the electric field. It is found that in an alternating electric field there
are "antiresonant" frequencies, as under ordinary mechanical oscillations of the
bubble. However, in the case of a symmetric field (even modes are excited), a fixed
point on the lateral surface is observed only near the frequency of the volume oscil-
lations. For an incompressible drop, the "antiresonant" frequencies are observed for
all modes. The resonance amplitude at this frequency has a pronounced character
in comparison with the other resonances. But as the gas pressure in the bubble in-
creases, the resonant frequency shifts and this effect disappears. Note that the am-
plitude of the volume oscillations of an analogous bubble in an alternating field of
pressure increases with increasing gas pressure parameter.

Keywords: gas bubble; alternating electric field; forced oscillations; contact line dynam-

ics

HccnegoBanuto moBeeHUs Kareiab U My3bIPHKOB B 3JIEKTPUUYECKOM I0JIE€ B HACTOSIIIEE
Bpems yaensercs Oonbinoe BHuManue [1,2]. OnHo#t u3 Hanbosiee BayKHBIX IPOOIIEM SIBIIIETCS
3 GEeKT IMEeKTPOCMAYUBAHUS HA JUAICKTPUUYECKON Mojyioxkke. [lpu omucaHwy IBHKEHUS
JTUHUY KOHTAKTa MO ICHCTBUEM AJIEKTPUIECKOTO OISl OOBIYHO UCTIOJIb3YyeTcs yeioBue KOH-
ra-Jlunmana [1,2], ogHaKo JaHHOE YCIOBHUE IJIOXO OIMUCHIBAET MOBEACHUE KPAeBOIrO yria B
MEPEMEHHBIX TIOJIIX U MPHU OOJIBIIUX MOTEHIManaxX. ABTOpaMU aHHOUW pabOThl, HA OCHOBE
3¢ GEKTUBHOTO TPAaHUYHOTO YCIOBUST XOKHUHTA [3], OBLIO MPEIOKEHO APYroe COOTHOIICHUE
MEXKy CKOPOCTBIO ABUKEHUS JIMHUM KOHTAKTa U OTKJIIOHEHUEM KpaeBoro yria [4]: nBuxeHus
KOHTaKTHOHM JIMHUU TPOMOPIUOHAIIEHA CyMME OTKJIOHEHHUsI KPAaeBOTO yIiia U CKOPOCTH OBICTPBIX
pENaKCAalMOHHBIX MPOIECCOB, YaCTOThl KOTOPBIX MPOMOPIUOHAIBHAS YIBOCHHON YacTOTE JJICK-
TPUYECKOTO MOJIsl. ITO YCIOBUE MO3BOJSIET MOJIYYHTh XOPOIIEe KaUeCTBEHHOE COTIacue ¢ IKCIe-
PUMEHTAIBLHBIME JaHHBIMH.

B nmanHoil paboTe MccienoBaHO TMOBEACHHE Ta30BOTO IMIIMHIPUYECKOTO MYy3bIPhKa B

OJIHOPOJHOM TEPEMEHHOM 3JIEKTpUYe-
zZ A ckoM mose (puc. 1). PaBHOBecHBI# paau-

yC Ty3bIpbKa 7, , BeicoTa — h . ['a3 B my-

3BIPbKE PACCMATPUBAJICA HEBECOMBIM,
€ro COCTOSIHUE OIUCHIBATIOCH MOJUTPOII-
HbIM IpoueccoM. Ily3bIpek OKpyx eH He-
CKUMAEMOW  KHUJIKOCTBIO  KOHEYHOI'O

oObemMa (paBHOBECHBIH pamuyc — R,) u

OTPAHUYEH B OCEBOM HAIIPABJIICHUU JBY-
Msl TapaJUIeIbHBIMU TBEPABIMU MOBEPX-
HOCcTsIMU. PaccMarpuBanucek ciydau CBO-
00JHOM W TBEpAOH BHEIIHEH MOBEPXHO-
CTH JKMJIKOCTH. DJIEKTPUUECKOE MOJIE CO-
31a€T BHEIIHIOK IEPUOJUYECKYIO CHUILY,
KOTOpasi HENOCPEACTBEHHO JCHCTBYET Ha
JUHUIO KOHTaKTa TpexX cpei. [IBukeHWe JIMHUM KOHTaKTa omuchiBaetTcs d(h(eKTUBHBIM rpa-
HUYHBIM ycloBUeM [4]:

z=F1/2, r=1: ¢, =FA(¢, + Acos2at), (1)

Puc. 1. I'eomempus 3a0auu. K — scuokocmo, I’
—ea3, 1 — anexkmpoowi, 2 — ousiekmpuieckue
NAACMUHDL
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rae & (z,t) — (YHKIUS OMHUCHIBAIONIAS OTKJIOHEHHE OOKOBOM IMOBEPXHOCTH ITy3bIpbKa OT

pPaBHOBECHOTO TMOJIOKEHUs, A — »>(PQeKTUBHAS aMIUIMTyJa 3JIEKTPUUYECKOro IOJs,
z=z[h, r=r'[r,, C=("]A, /I:Ab\/(pc +pi)r0*/a* , b=r,/h", A" — napamerp

XokuHra, o — K03()(OHUIUEHT OBEPXHOCTHOTO HATSKEHHUS.

[lepemenHoe neKTpUYEcKOe MOJE BO30OYKIAET TOJIBKO OCECUMMETPUYHBIE KOJIEOaHUs
ny3bipbka. CoOCTBEHHbIE KOJIEOAHUS PAacCMaTPUBAEMOTO ITy3bIpbKa OBUIM HCCIEIOBAHBI B
pabotax [5—7]. B nannoil paboTe M3ydaroTCsl TOJILKO YETHBIE MOJIbl BBIHYKICHHBIX KOJieOa-
Huil. Ha puc. 2 nokasaHa aMIUIMTy/la OTKJIOHEHUsI OOKOBOH MOBEPXHOCTH ITy3bIpbKa (§, Ha

BEpXHeH MIacTUHE U ¢, B LIEHTPE) U KPAcBOIo yrila OT pABHOBECHOT'O 3HAUCHMUS.

: : YO

1,6 1,6 [y—m/2| 1
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Puc. 2. 3asucumocmv omxnonenus aunuu konmaxma & (a), 60k080iU nosepxHocmu
¢, (0) u omrnonenus Kpaesozo yzna (8) om uacmomvl GHEWHUX SUOpayui @ npu

pasnbix 3HaueHusx napamempa Xokuwea A (R,=5, b=1), 1=0,01, A=1,
A =100

Pabota BbinosnHeHa npu nojepxkke rpanra POOU (mpoekt Ne 17-41-590108).
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Hccnenyroresi BBIHYXACHHBIE KOJIEOAHUs KAIUIU JKUIKOCTH, OKPY)KEHHOU Apyroiu
KUJKOCTBIO B IWJIMHAPUIECKOM COCYZIe KOHEUHOTO 00bhéMa. B paBHOBECHOM co-
CTOSIHMH Karuis uMeeT (GopMy HUIMHAPA, KOTOPHIH OTpaHUYEeH B OCEBOM HaIpaB-
JICHHM JIBYMs NapajuleJIbHBIMU TBEPABIMU IMOBEPXHOCTAMHU. Ha cocyn aenctByer
BUOpAIMOHHAs CHJIa HApaBlIeHHAs MapajUIeIbHO OCH CUMMETPHUH. YUUTHIBACTCS
JUHAMUKA JUHUM KOHTAKTa TPEX CPel: CKOPOCTh IBUKEHUSI KOHTAKTHON JIMHUM
MPOMOPUHOHATIbHAS OTKJIOHEHUIO KPAaeBOro yIjia OT €ro paBHOBECHOI'O 3Haye-
Hus. He cMoTps Ha MCIIOJIB30BAHUE MOJENM HEBA3KOM KUIAKOCTH, PUMEHECHHUE
JAHHOTO YCJIOBHSI TMPUBOJIUT K 3aTyXaHHWIO KOJIeOaHUM, KOTOpoe OOBSCHSAETCS
B3aMMOJICHCTBUEM JIMHUM KOHTaKTa C TBEPAOW MOBEPXHOCTHIO. DTO 3dexTus-
HOE TPAaHUYHOE YCJIIOBHE U €ro MOIU(MUKALIUU HCIOJH30BAIHCH BO MHOXKECTBE
paboT, HampuMep, MPU HCCIEAOBAHUM KOJEOAHUN KAaMWJUIIPHOTO MOCTa, TOIY-
chepruyecKoil Karmim U ra30BOT0 My3bIphbKa Ha MOIOKKE, IIMIHMHIPHYECKON Karl-
JI ¥ ra3oBOr0 MY3bIPbKA, CKATOM KaIlld, PaCCEMBAHUM KAIWJUISPHBIX BOJIH U
JBH)KEHUS JIMHUM KOHTAKTa [0 BEPTUKAIBHOW TBEPIOW IMOBEPXHOCTH. [ 1aBHOE
OTIIMYHE JaHHOUW 33aa4d OT OCTAIBHBIX PAa0OT — HEOJHOPOJHAS CMAYMBACMOCTh
MOJUIOKEK, T.€. MOCTOSIHHAs XOKHUHTra (MapaMeTp CMauyuBaHUs) SIBJISETCS HE IO-
CTOSIHHOM BEJIMYMHOM, & 3aBUCUT OT KOOPJHUHAT.
KiroueBble cjioBa: NUIMHAPUIECKAS KAIIst; KOHTAKTHAS JIMHWS; BBIHYKJICHHBIC KOJeOaHuUs

Influence of the heterogeneity substrate surface on
the axisymmetric oscillations of a cylindrical drop

A. A. Alabuzhev
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The forced oscillations of a fluid drop surrounded by another fluid in a cylindrical
vessel of finite volume are studied. The drop has the cylindrical form in the equilib-
rium state, which is bounded in the axial direction by two parallel solid surfaces.
The oscillatory force is parallel to the symmetry axis of the vessel. The dynamics of
the three media contact line is taken into account: the contact line velocity is pro-
portional to the deviation of the contact angle from its equilibrium value. Despite
the use of an inviscid fluid model, the application of this condition leads to oscilla-
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tion, which is explained by the interaction of the contact line with a solid surface.
This effective boundary condition and its modifications have been used in many ar-
ticles, for example, in studying the oscillations of a capillary bridge, a hemispherical
drop and a gas bubble on a substrate, a cylindrical drop and a gas bubble, a com-
pressed drop, scattering of capillary waves, and motion of the contact line along a
vertical hard surface. The main difference between our problem and the resent pa-
pers is the non-uniform wettability of the substrates, i.e. the Hocking’s constant
(wetting parameter) is a function of coordinates.
Keywords: contact line; forced oscillations; cylindrical drop

B HacTtosiiee Bpemsi UCCIIEJOBAHUIO AUHAMUKY JIMHUM KOHTAKTa TPEX Cpell YIeNIseTcs
Oonblioe BHUMaHue. B paGote [1] mpu M3ydeHHH CTOSIYUX BOJH MEXAY JBYMSI BEPTHUKAJb-
HBIMU CT€HKaMH, OBLJIO MPEUIOKEeHO 3(P(PEKTUBHOE T'PAHUYHOE YCIOBHE, Mpearoiaraoiiee
JUHEWHYIO CBA3b MEXIY CKOPOCTBIO JIBUKCHMS JIMHUHM KOHTAKTAa U OTKIOHEHHEM KpaeBOIO
yrila OT paBHOBECHOTO TOJIOKEHUs. [laHHOE yCIOBHME COIEPIKHT JIBa BaKHBIX MPEIETbHBIX
ciydast: (PMKCUPOBAHHOTO KpAeBOTO yriia (JIMHM KOHTAaKTa HE B3aUMOJICHCTBYET C TBEpAOH
CTEHKOM) M HENOJBM)XHOW JIMHUU KOHTaKTa (KpPaeBOW Yroj MOKET U3MEHAThCs). JlaHHoe
YCJIOBHE HCIIOJIb30BAJIOCh ISl IPYTUX OOBEKTOB (KAarisi, My3bIpeK, KUIAKUI MOCT) B pa3ind-
HBIX MMOCTaHOBKaxX ¢u3mdeckux 3anad [2—7]. OgHako BO Bcex MOJMOOHBIX paboTax paccMar-
pHUBaJIach OJHOPOJHAsI MOBEPXHOCTh IIACTUHBL. B nmaHHO# paboTe paccMaTpuBaroTCs oce-
CUMMETPHYHBIE KOJIEOAHUS LMIMHIPUIECKON KAl B COCY/I€ KOHEYHOTO 00beMa ¢ HEeOIHO-
POJIHBIMU CTEHKaMH (KOJIeOaHUs KaIuld B COCY/e C OJHOPOJIHBIMU CTEHKAMH PACCMOTPEHBI B
[8D).

PaCCMOTpHM KaILTI0 HEeC:KHUMaeMoit XKXHUAKOCTH IIIOTHOCTBIO L, , KOTOpaAsA HAXOAUTCS B

UIMHAPUYIECKOM cocyae paauyca R, u Beicotoil h (puc. 1). B paBHOBECHOM COCTOSTHUU
Karist uMeeT (opMy LMIMHIpA
paguyca 7, , KOTOPbIA OTrpaHUYEH

B OCEBOM HAlpaBJICHUU Tapai-
A0 JeNbHBIMUA TBEPABIMU TIOBEPXHO-
CTSMU (THOM M KPBILIKOW COCy/a).
PaBHOBECHBIN KpacBOM Yrojl Mex-
1y OOKOBOI MOBEPXHOCTHIO KarlIu
U TBEPAON IOBEPXHOCTBIO IIps-
= Moi. Kamg B cocyne okpyxkeHa
Puc. 1. I'eomempus 3adauu. 1 — sxcuokocmn, 2 — kanas ~ HECKUMACMOH HKUIKOCTBIO ILIOT-
HOCTBIO pl* . Ha cocyn neiictByet

BUOpAIIMOHHAs CHJIAa C YacTOTOW @ M aMIUIMTYIOH A , KOTopas HalpaBlieHa BJOJIb OCH
CUMMETPUHU cocyna. B nunmHapuyeckoil cucreMe KOOpAMHAT (OCh Z COBIAJAET C OCHIO
CUMMETPHHM COCyZa), OOKOBYIO TIOBEPXHOCTh KAaIUIM MOXHO ONHCaTh (QyHKIHEH

r=r,+¢ (z ,t ), rue ¢ (z € ) - ()yHKLUS, ONMUCHIBAIONIAS OTKIOHEHHUE IIOBEPXHOCTHU OT
PaBHOBECHOTO IOJIOKEHUS.

JIBUKeHHE JIMHUM KOHTAKTa OMUCHIBACTCS MOAU(DUIMPOBAHHBIM YCIOBUEM XOKHUHTA
[1] (B r1aBHOM MOPSIKE PA3JIOKEHHS IO MAJION aMIUTUTY/Ie BUOpAIuii):

z=F12,r=1: £ =+A(a)S,, (1)
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rne z=z [k, r=r'[r,, £ =("/A, A:A*b\/(p:+p:)r0*/a*, b=r,/h", A" — napa-

MeTp XOKHMHTa, & — KO3(MUIHMEHT MOBEPXHOCTHOTO HATKEHHUS.
Jlns mpumepa BbiOepeM B KayecTBE (PYHKIIMHM HEOJHOPOJHOCTH MOBEPXHOCTH IOJUIO-

xKek (2) — nuHelHoe pacmhpeneneHue A = l‘sin(k cos a)‘. Ha (puc. 2) noka3zana oCHOBHas

4acToTa COOCTBEHHBIX KojeOaHWi M K03(pULMEHT 3aTyxaHus A Clydas OJHOPOJHBIX H
HEOJTHOPOIHBIX MOJIOKEK MIPU Pa3HbIX 3HAYCHUSAX ITapaMeTPOB 3aauu.

Pabora BeImonHeHa npu nojepxke Poccuiickoro nayynoro ¢gonga (mpoext Ne 14-21-
00090).

0 T IIIIIIII T III|%'| T IIIII|T| 1 IIIIIII|
0.01 0.1 1 10 3 100 0.01 0.1 1 10 3 100

Puc. 2. 3asucumocms uacmomsi Re(Q) U Oekpemenma 3amyxauust Im(Q) om napamempa
Xoxunea A (b=0.4, p,=0.7, R,=5)

A=A (cnnownas nunus), k =0.1 (nynxmupnas), k =1 (wmpux-nynkmupnas), k =10 (umpuxoeas)
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BuxpeBble TEUCHUSA B TOHKHUX CJ0AX KUJAKOCTH
U KANJIAX HA BUOPUPYKOIIIEH NJIACTHHE

B. A. Anexkcanapos, JI. E. Tonkos

WNuctutyr mexanuku YpO PAH
426067, UxeBck, yn. T. bapam3unoii, 34
email: ava@udman.ru

DKCIIEpUMEHTAIBHO MCCIIEA0BAHO MOBEAEHNE TOHKHUX CIOEB KUJIKOCTH U KaIellb
Ha TOPHU3OHTAIBHO PACHOJIOKEHHOM MPSIMOYroJbHOW BUOPUPYIOILEH MJIACTHHE,
BO30Y)XJITaeMOH € OJHOTO Kpas MbE303JIEKTPHUECKUM TpeoOpa3oBareneM. OOHa-
PYXKEHBI SBJICHUS IBUKEHUS CJI0sI )KMJIKOCTU K yJaCTKaM IOBEPXHOCTHU IMJIACTUHBI
C MYYHOCTSIMM M3THOHBIX KOJIEOaHUH, BO30YKICHHE KANMWUIAPHBIX BOJH Ha IO-
BEPXHOCTH CJIOS )KUJKOCTH U OTIEJIbHBIX Kallejlb, BHYTPECHHUE U IIOBEPXHOCTHBIE
TEYEHMsSI B CJOSIX JKMJIKOCTH M KaIUIAX. B Kammsx BA3KOM XKUAKOCTH Ha Kpasx
IUTACTUHBI BUOPAIIMU CO3/1aI0T BUXPEBbIE TEUCHUS U BO3BPATHYIO CTPYIO, TOBEPX-
HOCTh KOTOPOH NedhopMHUpOBaHA KAMWILIAPHOU BoIHOU. [IpoBeieHHbIE SKCTIEpH-
MEHTBI IEMOHCTPUPYIOT BO3MOKHOCTh IIEPEMEIIUBAHNS KUIKOCTEH U CYCIIEH3UI
B 00BEME OTAEIBHBIX KaIlellb.
KaroueBble cjioBa: nbe3onpeodpazoBaTelb; BAOPUPYIOIIas IIACTUHA; BUXPEBbIE TCUCHUS

Vortex flows in thin layers of liquid and drops
on the vibrating plate

V. A. Aleksandrov, L. E. Tonkov

Institute of Mechanics UB RAS, T. Baramzinoy St. 34, 426067, 1zhevsk,
email: ava@udman.ru

The behavior of thin layers of liquid and droplets on a horizontally arranged rec-
tangular vibrating plate excited at one edge by a piezoelectric transducer was ex-
perimentally studied. The phenomena of motion of the liquid layer toward the sur-
face areas of the plate with antinodes of bending vibrations, excitation of capillary
waves on the surface of the liquid layer and individual droplets, internal and surface
currents in liquid layers and droplets are detected. In the droplets of a viscous lig-
uid at the edges of the plate, vibrations are created by vortex currents and a return
jet whose surface is deformed by a capillary wave. The carried out experiments
demonstrate the possibility of mixing liquids and suspensions in the volume of indi-
vidual drops.
Keywords: piezoelectric transducer; vibrating plate; vortex flows

dusnueckue MpoIecchl MPH B3aUMOJICHCTBUM KOJIEOMIOMIUXCS TBEPABIX TEIl C JKHUIKO-
CTBIO HaXOJT NPUMEHEHHE B PA3JIMYHBIX TEXHOJIOTUAX 00paboTKU kuaKocTeil. OcoOblil MH-
Tepec MPEACTABIAIOT MPOIECCHI, MPOSBISIOIMECS MPU KOJEOAHUSIX B HHTEPBAJIE YIbTPa3By-
KOBBIX M OJIM3KMX K HUM 4acToT. HanbomnpInyro aMIuMTyy U3 yrpyrux KojeOaHuid UMeroT
M3rUOHBIe KOJICOAaHUs, B CBSA3M C ITHM LIEJIbIO TAHHBIX MCCIICOBAHUH SIBIIAETCS HCCIeI0Ba-

© Anekcannpos B. A., Toukos JI. E. 2017
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HUE B3aUMOJICHCTBHS KUJIKOCTH U BHOPUPYIOILEH yHNpyroi IjaacTUHBI, BO30YXJICHHON Ibe-
303JIEKTPUUYECKUM MPeoOpazoBaTeieM.

YcTpoiicTBO ¢ BUOpUPYIOIIEH MJIACTUHOM MPEACTaBIAET KOJIEOATENbHYIO CHCTEMY U3
JiepaKaTes, Mbe30npeoOdpazoBaTes U MPSMOYToJIbHOM TUIacTHHBI. Ha 31eKTpo bl JMCKOBOTO
nbe301peoOpa3oBarTenst, OJHUM U3 KOTOPBIX CIY)KUT €ro KOPITYC, MOJACTCS SIEKTPHUECKOe
HaNpsDKEHUE OT YCHIIUTENs, Ha BXOJ KOTOPOTO IMOCTYIAIOT CUTHAJBI OT T€HEpaTopa 3BYKO-
BbIX yacToT. KoneOanusi mpezompeoOpa3oBarens, BO3HUKAIOMIME 32 CYET OOpAaTHOIrO Ibe-
303¢eKTa, co31al0T BUOpPAIIMY TUTACTUHBI B BUJIE BHIHY)KJICHHBIX U3TMOHBIX KOJICOAHHIA.

[Tpu B3auMoeHCTBIM BUOPUPYIOLIEH KOHCOJIBHON TUIACTHHBI C KUAKOCTHIO OBLITH BbI-
aBNeHBl APQPEKTHI MepeMenIeHnss CMaunBaIOLIET0 CJIOSI KUAKOCTH 10 MOBEPXHOCTU BEPTH-
KaJbHO YCTAaHOBJICHHON BUOPUPYIOIIEH TUIACTHHBI M PACHBIICHUS XKUAKOCTH B CIIO€ B MECTax
MyYHOCTEH ee M3ruOHbIX KojeOanuid. [Ipu BUOpanusx ropu30HTAIBLHO YCTAHOBJICHHOM Ijia-
CTHHBI C TOHKHM CJIOeM XKUAKOCTH (puc. 1) u xamsamu (puc. 2) oOHapyKUBAIOTCS KaluJuIsip-
HbIE BOJIHBI Ha MOBEPXHOCTH CIIOS KUAKOCTH U Karejb, a TAKKEe BHYTPEHHHE TECUEHUS B UX
o0beme [1]. ManoBsizkue KUAKOCTH KaK BOJA, CIIUPT WU OCH3MH, 110 MOBEPXHOCTH IUIACTH-
HBI PACTEKAIOTCS TOHKUM CIIOEM U MPH OTPEAEICHHBIX YacTOTaxX BUOpAIMil HA TOBEPXHOCTH
CJIOS KUJAKOCTH BO3HMKAIOT JIBYMEPHBIE KallWJUISIpHbIE BOJIHBI B Buze paou @apanes. C yse-
JMYEHUEM aMIUIMTYbl BUOpaMi IUIACTUHBI YAaCTHIIBI JKUKOCTH OTPBIBAIOTCSA OT TpeOHei
KallWJUISIPHBIX BOJIH, B MPOIIECCe KOTOPOTO XKUAKOCTh PAaCIbUISETCS.

(a) ()

Puc. 2. Buxpesvie meuenus 6 kanie 600bl 8 cuoauem (a) u sucaujem (6) noi0iceHusx.

HccnenoBanue moBeeHNs OTACIBHBIX Kalleldb MAJTOBS3KHX JKUAKOCTEH TpeOyeT moaro-
TOBKHM MOBEPXHOCTH TUIACTUHBI MJIM MOA0Opa Marepualia IUTACTHHBI JJIsl COXPaHEHHS (POPMBI
Karui. [1oBepXHOCTh MOJMMEPHBIX MaTepUANIOB 00JIaaeT HEKOTOPOH JIMO(POOHOCTHIO U TO-
ATOMY OHU MOTYT UCIIOJIb30BAThCsl B KQUECTBE MOJUIOKEK MPH MCCIICTOBAHUSIX BIUSHUS BUO-
pauuit Ha Karum XuaKocTH [2, 3]. B kauecTBe BUOpUpYIOLICH TUIACTUHBI HAMU MCIIOJIb30BaHA
npo3payHas moanoxka u3 nonmdtunerddranara (PET) tommuuoit 0.35 mm. C npuMeHeHneM
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PET mnacTuH CTaHOBUTCSI BO3MOKHBIM HAOJI0IeHUE BHYTPEHHHX MPOLIECCOB MPU BUOpALIUAX
KaK B CHJSUUX, TaK U B BUCAUMX Karurix. Ha (puc. 2) moka3aHa oJiHa W Ta K€ Karjis BOJAbI B
CUISTUEM U BUCSIIEM MOJIOkKeHUsX Ha moBepxHocTu PET mmactunbl, BUOpUpyrolei ¢ yacto-
Toit 635 I'l. TeueHus B Karuie BU3YaTU3UPYIOTCS YacTUIIAMU rpaduTa.

Bsi3kue jxuaKOCTH, HAHECEHHBIE TOHKUM CJIOE€M Ha MOBEPXHOCTh IUIACTHHBI, MPH BO3-
OykaeHuu BHOpaluii cHavaja MepeTeKaloT K y4acTKaM MOBEPXHOCTH TUIACTHHBI C MyYHOCTSI-
MU KosieOaHM, MPUHKUMAs BHIMYKIYI0 (popmy. C yBenTMUeHHEM aMIUTMTYIbl BUOparuii gop-
MUPYIOTCSL OT/ACIbHBIE KAIUIA BBITSHYTOW (OPMBI B LIEHTPE MyYHOCTEH KOJeOaHH MIaCTUHBI
(puc. 3. a). lanbHeiilee yBelIu4eHUEe aMILUTUTYIbl BUOpALUK MIPUBOJUT K TOMY, UTO B KarlisxX
BSA3KOM KHUAKOCTH 00pa3yloTCsl KaluJUIIPHBIE BOJHBI HA UX MOBEPXHOCTH M BUXPEBBIEC TeUe-
HUSL.

(0)
Puc. 3. Kannu cunuxonosoeo macna (a) Ha subpupyroueti niacmute u 6038pamHvle meyeHus
8 Kanisx pacmumenvrho2o (0) u 6aKyymHo2o macia (8).

BuxpeBble Te4eHHsI CO3[Aal0T BO3BPAaTHYIO CTPYIO, HAllPaBJICHHYIO OT Kpasl IIACTHUHBI
(puc. 3. 6). B HEeKOTOPBIX Clydyasx yaaeTcsi co3/aTh YCIOBHS 00pa3oBaHMs BO3BPATHOIO Te-
YEHUsI B BUJE MOCTHUKA.

Ha moBepxHOCTH BHOPHUPYIOIIMX Karlelb BSI3KOHM MKHUIKOCTH 00pa3yrOTCs TaKKe Karui-
JISIpHBIE BOJIHBI, KOTOPbIE MPOSIBIISIIOTCS B EPBYIO OUYepeib Ha YUaCTKe TTOBEPXHOCTH BOJIH3HU
Kpasl IJIaCTUHBI U, PACHIPOCTPAHSACH 10 MOBEPXHOCTHU KaIlsld, MPUBOJAT K JieopMaIuu Mo-
BEPXHOCTh BO3BpATHOM CTpyiku (puc. 3. B). B ycnoBusx Bo30YKICHHUS CTOSYEH Kanuyuisip-
HOM BOJIHBI Ha Kparo KaIlljli BHYTPEHHUE TE€UCHUs BOJIU3M IMOBEPXHOCTH BHOPUPYIOIIEH Ijia-
CTMHBI HaIlpaBlieHbl K LEHTPY IYYHOCTH KoJeOaHWW Kpas IJIaCTUHBI, a TEYEHHUs Ha
MIOBEPXHOCTH — OT LIEHTpa IMyYHOCTU. BUXpeBble TEUEHUS B CIOSX KUIAKOCTH U OTIEIIBHBIX
KaIUISIX B YCIIOBUSX BUOpAIMiA MEPEMEIINBAIOT KHUIKOCTh B UX 00beMe.

Pabota BeinmosiHeHa npu noanepkke rpanta POOU Ne 16-41-180276 p ypain a.
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HccnenoBana AUHaMUYecKasi CUCTEMa, OMMCHIBAEMasi HEIMHEHHBIM ypaBHEHHEM
HNyddunra ¢ oneparopamu npobHoro muddepenunposanus. [loctpoens! dazo-
BbI€ TPACKTOPUH AUHAMHUYECKOM CHCTEMBI NPH Pa3IMUHBIX 3HAUEHUSIX MapameTpa
o. YCTaHOBJICHO TOTOJOTHYECKOE U3MEHEHHUE (Pa30BOM MIIOCKOCTH MPHU M3MEHE-
HUU MapaMeTpa o.

KaroueBble cjioBa: tuHaMuyeckast cuctema; pa3zoBasi INIOCKOCTh; IpOOHAsE TPOU3BOIHAS

On peculiarities in the phase plane of
the generalized nonlinear Duffing system

R. B. Arslanbekova®, I. O. Omarov’, V. D. Beybalaev’, A. A. Aliverdiev’
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We have studied the dynamical system, which are described by a nonlinear Duffing

equation with fractional differentiation operators. The phase trajectories of a dy-

namic system are constructed for the different values of the parameter o. We have

established a topological change in the phase plane with the changing of ¢.
Keywords: dynamic system; phase plane; fractional derivative

I1oBBIIIEHHBIN MHTEPEC K U3YYECHHUIO HEJIMHEHHBIX TUHAMUYECKUX CHCTEM, IJle peall-
3YIOTCSL MJIeM JIETEPMUHHUPOBAHHOTO Xaoca U (paKkTaIbHON reoMeTpuu 00yCIOBIEH TEM, UTO
3aKOHOMEPHOCTH TAaKUX CHCTEM CTAHOBSTCS 0a30BBIMH Il YCTAHOBJICHUS CYIIHOCTH IIMPO-
KOTO Kpyra sIBIICHH, OXBaTbIBasi HE TOJIBKO (PU3MUECKUE, HO U XUMHUYECKUE, Fre0PU3NIECKHE,

OMOJIOTHYCCKUE, COIUATbHO-DKOHOMUYECKHE CUCTEMBI [ 1-3].

PaCCMOTpI/IM AUHAMHUYCCKYIO CHCTCMY, OIIMCBIBACMYIO HEJIMHEHHBIM OCHUJIATOPHBIM

ypaBHEHHEM C IpoOHBIM npou3BoaHbeM Caputo [4] Buja:

0, (00, %(1)) + k05, x(1) + [ (x) = P(1), (M

rae k- koapduumeHT 3aryxanus, f(x)- HeJIMHEWHas BOCCTaHaBIMBaoLIas cuia, P(¢) — ne-

puoanueckas GyHkius nepuoga 7 .

© Apcnanbekosa P. b., Omapos 1. O., beiibanaes B. /1. u np., 2017
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PaccmoTpum yacTHbIN cityyait ypaBHenus (1)
()
3

a=0.75

-2 -1 0 1 2 x(0)

Puc.1. @aszosasn niockocmv OUHAMUYECKOL CUCTEMbL, ONUCLIBAeMOL YpasHeHuem (3)
npu B =0, a=0.75.

0%, (08, x(t)) + k* 0% x(t) + B x + x> = Bcost . )
3anuiieM ypaBHeHUE (2) B BUI€ CUCTEMBI

o t — ,
Otx() Y . (3)
0o y(t)=—k-y—pf-x—x" + Bcost.

VYpaBuenue (3) ONMUCHIBAET BBIHYKJCHHbIE KOJIeOaHUS B cCUCTeMax C (pakTalbHOM

CTPYKTYpOii. 31eCh k MOCTOSHHBIN IOOKUTENBHbIH KO(DDHUIHEHT 3aTyXaHus, a X° HElU-
HeifHasg Bo3Bpamaromas cuia. PaccMoTpum 3agauy B OTCYTCTBMM BHEIIHUX cuil (B = 0 ). B
3TOM cllydyae cucrema npu [ <0 uMeeT eJMHCTBEHHOE MOJIOKEHHE PAaBHOBECHS, a B Cilydyae

P >0 umeercs Tpu mnojioxeHus paBHoBecus x=0,t\/f. Illpu B > 0, Touku x=./4,
y=0wu x=—f, y=0 saBuaaorcs ocodbiMi ToukamMu. C MOMOIIBIO 3aMeHbl & =X — X,

n=y—y, 0rpaHUu4uBasACh TOJbBKO CJIaraCMbIMHU IICPBOT0 MOpAAKAa MAJIOCTU, UMCCM:

60 = =2 e, ()= E, ) s

L SOk +71(0) —y5(0)

a a 2IBVﬂ ¢ a a
E -E + ENE |E - E
5 /—72—4/3 [ a1 () = Eg (Aot )]+2 72—4/3[ wa ()= E, (Aot )l
n(t) = —77(20) [Ea,l(ﬂqt D+ E,, (At “)]+

—4PEO) O E2BB [ ey g 1y
TR (£, ()~ E, (2t

Pemenue cucremsl (4) OynemM HaXOAUTh YUCIEHHBIM METOJIOM B 00JacTu

4)

D={tI<T,|x, —x|<b,i=12,.m}.

Jnis uucnenHoro pemeHus 3anaun Kommwm anst cuctemsl (6) BBeIeM MO MEpEeMEHHOH ¢
paBHOMepHYyIo ceTKy ¢ waroM 7 > 0: @, ={t, =n7,n=0,1,2,...}.
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Pemenue 3amaun MOKHO HAWTH B SIBHOM BHJE 1O PEKYpPPEHTHBIM (opmymnam [5-7]
o, =1{t,=nt,n=012,.}.

x(0) = xy, y(0) = y,,
X =xg+I'2—-a)t”y,,

n—1
-1 1- -
Xy =X, =% Z (X =X ) i~ )+ T2 -a)t%y,,
k=0

Y1 =W +F(2—a)rﬂ(—ky0 +B-x, —(xo)3 +Bcostol

n—1
Yne1 =Vn — Tﬂ_l Z(ykﬂ - yk)(t;lq_—fﬂ _t:l:f) +
k=0
+I'(2- a)rﬂ(— K%y, —p%x, —(x,) + Bcostn),
n=12,...

IIpu a =0.75 (cm. puc. 1) B TMHAMUYECKOH CHCTEME YCTAHABIIMBAETCS YCTOWUYMBBII
npenenbHbld UK. Hanuure ycToiMuuBOTrO mpeaenbHOro Hukia Ha (pa3zoBOM MIOCKOCTH MO-
Ka3bIBa€eT, YTO B JUHAMMYECKOW CHCTEME YCTAHOBWIKMCH HE3ATYXAIOLIUE MEPUOJIUYECKUE KO-
neGanus. AMIUITYIA U NEPUOJ ITHX KOJICOaHUI B ONpe/eNIeHHBIX Mpeieax He 3aBUCIT OT
HayaJIbHBIX YCJIOBUH U ONPEIENAIOTCA JUIIb 3HAYECHUAMH IIapaMETPOB CUCTEMBbl. B Hamem
cllydae apaMeTpoM CHUCTEMBI ABIISICTCS M MOKa3aTellb ApOOHON mpou3BoaHOM. Takum oOpa-
30M, TapameTp APOOHON MPOU3ZBOJHON ¢ SBJISETCS YHPABISAIOIMIMM MapaMETPOM CUCTEMBI U
IIPU €ro U3MEHEHHH B (Pa30BOM MIIOCKOCTH MPOUCXOIAT TONOJOTUYECKUE U3MEHEHUS
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B kanane c cynepruapogoOHBIMU CTEHKaMU MO ICHCTBHEM I'PaJMEHTa IaBICHUS
TEHEPUPYIOTCS CJIOKHBIE CTPYKTYpbl TEYEHHS, CBA3aHHBIE C AHU30TPOIHBIM
ckonbxkeHueM. IlomydeHo pemieHue UIss TPEXMEPHOIO TEUYEHUs B KaHAIE CO
CKPEIICHHBIMH TIOJIOCATBIMU CTEHKAaMH Ha OCHOBE MPUOIMKEHHOTO peIIeHUs
ypaBHeHunii Ctokca u meroaa JuccunaruBuoi Junamuku Yactun. CpenHee Te-
YeHHE TpeACTaBiIsieT co0oi cymepno3unuio TeueHuil I[lyaseinss, momepeuHoro
CABUTA U OJHOPOJHOI'O TE€YECHUS CKOJIbKCHUSA. TedeHue B MONEPEYHOM HaIlpaB-
JICHUH CONPOBOXKJAAeTcsa 0Opa3oBaHuEM mapel BUXpel. [lomepeunslii caBur 3Ha-
YUTEIHHO YCUIIMBAET JUCIIEPCHUI0 OPOYHOBCKMX YACTHUIl B IIMPOKUX KaHamax. [lo-
JIy4E€HBI IIPOCTHIEC OLIEHKH Ul AUCIIEPCUU B IIONIEPEYHOM HAIIPABICHUU HA MaJbIX
1 OOJBIINX BPEeMEHaX, KOTOpPbIE MO3BOJIAIOT HAUTH ONTHUMAaJIbHbIC 3HAUECHUS YH-
cen Ilexne Pe, mpu KOTOpPBIX JOCTUIracTCss MaKCHMAaJIbHAsl IUCIIEPCUs B KaHaJe
3alaHHOM JUIMHBI. OLIEHKH COTJIACYIOTCSl C PE3Yy/IbTaTaMU KOMIIBIOTEPHOIO MOJIE-
JUPOBAHMS TUCTIEPCUM aHCAMOJIS YacTuIl.

KaroueBble ciioBa: cyneruipohoOHbIe TOBEPXHOCTH; JUCIIEPCUS YACTHIL; CKOJIbKEHHE

Flow and particle dispersion in a channel with

anisotropic superhydrophobic walls

E. S. Asmolov®’, T. V. Nizkaya®, O. I. Vinogradova®®

* Institute of Physical Chemistry and Electrochemistry RAS,
Leninsky Prospect 31, 119991, Moscow

email: aes50@yandex.ru

> Moscow State University, Lenin mountains 1, 119991, Moscow
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Pressure gradient generates complex flow patterns in superhydrophobic channels
with misaligned textured surfaces. We present approximate theoretical solutions of
Stokes equations and Dissipative Particle Dynamics (DPD) simulations for 3D flow
in striped superhydrophobic channels. The mean flow is the superposition of the
Poiseuille, transverse shear and slip-driven plug flows. A transverse shear can
strongly enhance spreading of Brownian particles across the channel. We provide
simple scaling results to guide the optimization of this transverse hydrodynamic
dispersion. We relate short- and long-time spreading of the particle assembly to a
Peclet number Pe and average slip velocities. We evaluate an optimal Pe that max-
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imizes transverse spreading in superhydrophobic channels of a finite length. Simu-
lations of particle assembly validate the scaling relationships.
Keywords: superhydrophobic surfaces; particle dispersion; slip

1. Introduction

Superhydrophobic (SH) textures in the Cassie state, where the texture is filled with gas,
have motivated numerous studies during the past decade [1]. The use of highly anisotropic SH
textures provides additional possibilities for flow manipulation due to secondary flows trans-
verse to the direction of the applied pressure gradient [2]. This can be used to separate non-
Brownian microparticles [3] and enhance mixing rate [4] in microfluidic devices. Most of the
prior work has focused on calculations of the eigenvalues of the effective slip-length tensor for
a single SH interface [5]. In the present paper, we show that any misalignment of textured and
anisotropic walls necessarily leads to a generation of shear flow in the transverse direction,
which has not been appreciated in previous work [6]. The transverse shear generates complex
flow structures at the scale of the texture period [7]. Dispersion of Brownian particles is rele-
vant to many applications. It is difficult in wide microchannels with smooth walls since the dif-
fusion is slow at low Re and large Pe. SH surfaces with anisotropic patterns can enhance mix-
ing in channels and both transverse shear and vertical components of the velocity contribute to
this process. We study dispersion of additives in the flow under combined action of advection
and molecular diffusion and look for an optimal regime.

2. Flow field and particle dispersion

= S |Usin(a)

L/cos(a)
Fig. 1. (@) Two identical misaligned superhydrophobic walls with no-slip (white) and partial-
slip (colored) stripes. (b) Top view of a periodic rectangular unit cell.

We consider the pressure-driven flow between two parallel stationary SH walls decorat-
ed with identical anisotropic textures with the fraction of the slipping area ¢ = 1 - &L. The
flow is periodic with a rectangular unit cell shown in Fig. 1(b). We assume the gas interface to
be flat with no meniscus curvature. The 3D flow is found using the theoretical solution of
Stokes equations valid at H/L ~ I and DPD simulations. The effective properties of the channel
are characterized by the flow and shear rates averaged over the cell volume V-

Ny,
0z

1 1
Q:;IurdV, G:;I
where coordinates are scaled by H, w. = (u, u,) is the tangential velocity scaled by

U,=-HVP/ (2u). The results evaluated within the two approaches are presented in Fig.
2(a) and compare very well. The flow in the transverse direction at x=0 is shown in Fig. 2(b).
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Fig. 2. (a) Forward flow rate (b) and transverse shear rate vs. &/z. Symbols show
simulation results for Re=2.8 and a=7/12 (circles), a=m/6 (triangles) and a=n/4

(squares). Solid curves are theoretical predictions for Re <<I. (c) Velocity field (u,,
u;) at x=0.

The dispersion of additives in the transverse direction due to a combined effect of con-
vection and Brownian diffusion is scaled for the two limiting cases as

(1)

o,(x) usyPe’l/zﬁf/2 , u;yl << A << Pe,
——F — C
H  |u Pe™ 2%, 2>>Pe,

where 4 = L/H >> 1, L, is the channel length, u,, is the averaged slip velocity across the
flow at channel walls, Pe = UyH/D is the Peclet number. It follows from (1) that the maximal
spreading can be attained when Pe ~ A, or equivalently, when the time scales for particles to
migrate through the channel and to diffuse to channel walls are comparable. This conclusion is
validated by simulations of particle assembly.
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CMemannas KOHBCKIHUA IIPHA TCUYCHUU
AKHUIAKOIo MeraJjjia B KaHaJjiax B
CHJBbHBIX MAIrHUTHBIX ITIOJHAX
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IIpencraBieHbl pe3ynbTaThl 3KCIEPUMEHTAIBHBIX HCCIEJOBAHUN M UYUCIIEHHBIE
JTaHHBbIE METOJIa MPAMOTO YHciIeHHOro monaenupoBanus (DNS) ans ruapoauHa-
MHUKU M TEIJIOOOMEHA KHMJIKOTO MeTalyla B Pa3IMYHBIX KOHPUTYpalusx B MPO-
JOJIBHOM U TomnepedyHoM MarHuTHbIX nosisix (MII). YcnoBus monydeHHBIX pe-
3yAbTaToOB OJM3KU K yCIOBHsM paboTel TepMosigepHoro peakropa (ITER) tuma
TOKaMakK. XapakTepHOH 0COOCHHOCThIO TaKMX MCCIEAOBAHUIN SBISETCS COBMECT-
Hoe BiusiHME cuiabHOTOo MII m TepmorpaBurannonHoil konsexkuuu (TI'K), mpu
KOTOPBIX HAOJIOAAIOTCS HEAOCTAaTOYHO M3ydeHHBbIE S(P(EKTH Takue Kak: HEpaB-
HOMEpHOE pacrpezeieHne Ko3((GUIIMEHTOB TEIUIO0TIauu 110 TIEpUMETPy KaHaua,
Ype3BbIYAfHO BBHICOKHE TeMIIepaTypHbIe KOJeOaHUs BO3JIe CTEHKU KaHalla, HaJU-
yue 30H yxyaueHHoro termnooomena. Pazsutue TI'K B ycnoBusix MII npuBoaut
K TOSIBJIEHMIO HU3KOUYACTOTHBIX ITyJbCALUH AHOMAJIbHO BBICOKONH MHTEHCHUBHO-
CTH, B HECKOJIBKO pa3 MPEBHIMIAIONIEH TypOyIeHTHBIH YPOBEHb.
KuroueBnble cj10Ba: )uAKUI METa/ll; MArHUTHAS THIPOJIMHAMUKA; CMEIIAHHAs KOHBEKIUS

Mixed convection in the channel flow of the
liquid metal affected by strong magnetic fields

R. M. Akhmedagaev®, Ya. I. Listratov®

* National Research University «Moscow Power Engineering Institute», Krasnokazarmennaya
St. 14, 111250, Moscow
email: akhmedagaev.r.m@gmail.com

The results of experimental investigation and numerical data of the method of di-
rect numerical simulation (DNS) for fluid dynamics and heat transfer of liquid met-
al in various configurations in the longitudinal and transverse magnetic fields (MF)
are presented. Conditions of the received results are close to the fusion reactor
(ITER) tokamak type. A characteristic feature of such research is the joint effect of
strong MF and thermo-gravitational convection in which there are understudied ef-
fects such as: the extremely uneven distribution of heat transfer coefficients along
the perimeter of the tube, abnormally high temperature fluctuations near the wall
and the presence of areas with degraded heat transfer. Generation of large scale
secondary vortices with the axis parallel to the MF induction causes temperature
fluctuations of the abnormal intensity that considerably exceeds the level of turbu-
lent fluctuations.
Keywords: liquid metal; magnetic hydrodynamics; mixed convection
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1. BBeaenue

UccnenoBanue TI'K B moTokax KM B kaHanax u TpyOax MpH COBMECTHOM BIIHMSIHHHU C
cunpHbIMU MII sBNIsieTCS BeCbMa akTyallbHOM 3aaueil B HacTosIee BpeMs. DTO 00bsCHIeTCS
TeM, 4TO B CHIIy psizia cBouX ocobeHHocteil KM paccMmarpuBaroTcsi B KaUeCTBE MEPCIEKTHB-
HOI'O TEIUIOHOCUTENA B psane npoektoB MMMb MexayHapoIHOro TepMOSAEPHOTO peakTopa
[1].

Onnum u3 nposiBiaeHuid 3¢ ¢exra Baussausa TI'K, KOTOpBIA JT0MKEH YYUTHIBATHCS MPH
pa3paboTke OiaHKeTa, SBISETCS BO3HMKHOBEHHE aHOMAJIbHBIX MyNbCAlMil Temreparypsl. B
KAaueCTBE IPUMEPA MOXKHO IPUBECTH PE3YNIbTAThl HIKCIIEPUMEHTA 110 CMEIIAHHON KOHBEKIUU
TypOynenTHoro teueHus: KM B ropuzoHTanbHOM TpyOe B CHiIbHBIX nomnepednbix MIT mpu
HIDKHEM 00oTrpeBe y4yacTKa sl TeMIepaTypHbIX myascauuit (puc. 1. a) [2, 3]. beumn npose-
JICHBbl YUCJICHHBIE HCCIENOBaHUs [4] U MOATBEpKACHA TUIIOTE3a O PECTPYKTYpU3aAlMU BTO-

4

6 (K)

6 (K)

f(K)

(6)

Puc. 1. (a) Temnepamypuvie nyrvcayuu 6 nomoxe KM (v/d=0.35, $=3n/2 - 6bausu
nudicneti wacmu mpy6ul, x/d=37): Re=10°, Gr=8.5-10"; (6) Ilpednoracaemas cxema pe-
CMPYKMypu3ayuu 6MopuyHsIX meyenull.

PUYHBIX TEYCHHI CBOOOTHON KOHBEKIIMH IO IeiicTBUeM cuiibHOro MII (puc. 10).

AHoOManbHbIE MyIbCALIMM BO3HUKAIOT U B DKCIEPUMEHTAX JI BEPTUKAIbHBIX KAaHAJIOB
u TpyO B monepeuyHoMm MII [5]. Ananornuynslie pe3yapTaThl ObUTH MOJTy4eHBl MeTo1oM DNS
[6]. DxcriepumenTsl B ipogoiibHoM MIT s BepTukanbHOUM TpyOs! [3] Takke MOKa3bIBAOT,
YTO C YBETMYEHUEM YHuclia ['apTMaHa MOTYT BO3HHMKATh MOI00HBIE S PEKTHI.

Lenp maHHOM pabOTHI COCTOUT B YHCICHHOM HccienoBaHuu MetonoM DNS ropuzon-
TanbHOM o0orpeBaeMoit TpyOs! B pogoasHOoM MII (puc. 2) s HOATBEPKASHUS TUIIOTE3HI O
BO3HMKHOBEHUHU aHOMAJIbHBIX TEMIIEPATYPHBIX MyJIbCALUI C pOCTOM uKcia ["apTMana.

}
\ / \1)‘ - -
™ 1 \ -~ o
Y ) X - - - -
L F‘gﬁ ,-PF i u*““ rff
o N, e f?f
Vij — b2 t
/ i N\ g "1\1“12

Puc. 2. Hccnedyemasn cxema meuenus.
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2. Pe3yabTaThl

Hccnenyemas reomeTpus mpeacrasieHa Ha (puc. 2). [nmna ydactka (1) mpuHumaercs

paBHo# 5d. Panmuyc pacuetnoii obnactu (r) uamensiercs ot 0 go 1. JlomymieHus, rpaHUYHBIC
yCJIOBHS, CUCTEMA ypaBHEHUH 1 anroputM meroaa DNS npencrasienst B padote [6].

®

035 —————— — — —
03 |

025

02

0 60 120 180 240 300 360

() (6)

Puc. 3. (a) Pacnpeoenenue memnepamypvl CmeHKu no nepumempy cedeHus mpyoul,
Re=10°, Gr=0.8-10°: 1-4 — DNS, 5-8 — [2]; (6) Ilons ocpeduennoii memnepamypui 8 no-
nepeunom cevenuu mpyowl, Re=10°, Gr=0.8-10°.

ITomyueHHble pe3ynbTaThl WILUTIOCTPUPYIOT 3HauuTenbHOe BiugHue TI'K Ha mons cko-

POCTH ¥ TEMIIEpaTyphl: HAPYIIAETCs OCEBasi CHMMETPHSI, PACIPE/ICIICHIE TEMITIEPaTyphl CTEH-
KM IO IICPUMCETPY CCUCHHUA CTAHOBUTCA HCOJHOPOJIHBIM. MaKCI/IMYM TEMIICPATyphbl OKa3bIBa-
CTCA B BerHeﬁ YaCTu CCUCHUA prGBI M €ro a0COJIIOTHOE 3HAUYEHHE OKA3BIBAETCS BBIIIEC, YEM
IIpU JJAMUHAPHOM TerioooMene (puc. 3).

Bmussane TI'K Ha monst ckopocTu OKasbIBaeTcs emie 0ojiee CHUIbHBIM, YeM Ha TOJs

TEMIIepPAaTyphl: MAKCUMYM CKOPOCTH CMEIICH K HHU3Y TPYObI U PACTSHYT MO OKPY>KHOCTH. B
nponaossHoM MIT addextsr TTK He ocnmabnsrores, a naxe ycunuBatorcs. HecmoTpst Ha mo-
nasienue TypoyneHTHoctd, pu Ha=300 u BhIIe He HAOMIOJAETCS CHUKEHHE TEIUIOOTIaun
710 TaMUHAPHBIX 3HAYCHUH.

Pabota BhInosHEHa npH nojiepxkke rpanTta [IpaBurensctBa PO Ne14.7250.31.0042.
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N3mMeHeHUe MOBEPXHOCTHBIX CBOMCTB
aJIOMUHUEBOrO ciiiaa AMI'-6
TEKCTYPUPOBAHUEM BOJOKOHHBIM JIa3epoM
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* HarmoHaNbHBINA UCCIIEI0BATEIbCKUN TOMCKHM MOJUTEXHUYECKHI YHUBEPCUTET
634050, Tomck, nip. Jlenuna, 30
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OnpeneneHo H3MEHEHHE CcTaTUYecKoro KoHTakTHoro yria (CKY) kamiu
IUCTUILTUPOBAHHONW BOABI 00beMOM 10 MKJI Ha TEKCTYpHUPOBAHHBIX IOJUIOKKAX
u3 amoMmMuHueBoro cmiuaBa AMI-6 nasepHbIM  M3Iy4EHHEM  PA3IUYHOMN
MOIIHOCTHU. TeKCTypa HaHeceHa Ja3epHOM cHUCTEeMOW Ha 0a3e BOJOKOHHOTO
Jazepa. YCTaHOBJIEHO, YTO YBEJIWYEHHME MOILHOCTH JIA3€PHOTO H3IIydeHUS,
npuBOANT K yMeHblIeHHI0 CKVY, u3aMepeHHOro B NepBbIi A€Hb MOCIE HAHECEHUS
TeKcTyphl. OnpeieneH0 N3MEHEHHE TUCIIEPCUOHHOM U MOJSPHON COCTaBIISIFOIIMX
IIOBEPXHOCTHOW HEPIUU TEKCTYPUPOBAHHBIX MOJIOKEK. Y CTAHOBIIEHO, YTO IO
BO3JICHCTBUEM  OKpY)XKAloOIleW Cpeapl IOBEPXHOCTHbIE cBoiictBa AMI-6
U3MEHSIOTC ¢ TeueHMeM BpeMmeHH. CKVY  yBennuuBaeTrcs M JOCTUraeT
CTaOMJIBHOTO COCTOSIHMS Ha JIBAJATHINA JIEHb MOCIIC HAHECECHUS TEKCTYPHI.
KuroueBble cj10Ba: cTaTUUYECKUI KOHTAKTHBIN YroJl; CMaulBaHUE; TEKCTYpa

Modification of aluminum alloy surface
properties by wave-long laser texturing

K. A. Batishcheva®, D. V. Feoktistov®

* National Research Tomsk Polytechnic University, Tomsk Polytechnic University,
Lenin Avenue 30, 634050, Tomsk
email: bkal801@mail.ru

Change of the static contact angle (SCA) of distilled water droplet 10 pl volume on
textured aluminum alloy AMG-6 substrates by laser radiation with different power
was studied. The texture is applied by a laser system based on a fiber laser. It is
established that increase the power of laser radiation leads to decrease SCA
measured on the first day after application of texture. Change dispersion and polar
surface energy components of textured substrates is determined. It was found that
under the influence of the environment, the surface properties of AMG-6 change
with time. SCA increased and reached stable state on the twentieth day after
application of texture.
Keywords: static contact angle; wetting; texture

1. BBeaenue

W3BectHO [1-3], 94TO HAa MEXMOJIEKYJSIPHOE B3aMMOJICHCTBUE KOHICHCUPOBAHHBIX (a3
KHUJIKOCTH U TBEPJIOTO Tela (CMauyMBaHUE) BIMSAET MHOXECTBO (hakTopoB. OCHOBHBIMH, U3

© barumena K. A., ®eoxrucros /[l. B., 2017
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KOTOPBIX, SBIISIOTCS TIOBEPXHOCTHAS SHEPTUsl M TEKCTypa MoBepxXHOCTH. OJUH U3 cocoOoB
MOAU(UKAITIH TTOCIEHUX — 00pad0TKa JTa3epHBIM U3ITYyYEHUEM.

[lenb pabOTHI AKCIEPUMEHTAIBHO OMPEICTUTh M3MEHEHHE TOBEPXHOCTHBIX CBOMCTB
AMI -6 nazepHbIM TEKCTYpPUPOBAHHUEM.

2. OnmcaHue IKCIIePUMEHTA

IIpyHOMn  [EHCTBUS  DKCIEPUMEHTAIbHOM  YCTAaHOBKM, METOJUKA IPOBEICHUS
uccae0BaHus onucansl B [1-2].

OKCIIEpUMEHT NPOBEJEH C HCIOJIb30BAHUEM WIECTH IOJUIOKEK, M3TOTOBJICHHBIX W3
amoMuHueBoro ciuiaBa AMI™-6. [loBepxHoCTh ocneaAHUX nosiMpoBanack. [locne noampoBku
IATh TMOAJIOXKEK 00paboTaHbl Ja3epHBIM M3IIydeHHEM, OJIHA OcCTajach 0e3 W3MEHEHH.
Texctypa HaHeceHa J1a3zepHO cucteMoit «MunHu-Mapkep 2 M 20» (Tabauna).

Tabumuna. Texnuueckue xapakmepucmuxu 1a3epHol CUCTEMbl
«MunnuMaprep 2 M 20» ucnonv3yemvle npu HaneceHuu mekcmypbl

4acTOTa JIa3epHOTO Jy4a, I'1L 99
CKOpOCTh nepeMenienns, 10~ m/c 800
MomiHocTts, BT 2,6, 10, 14, 18

Cpennee apudmernueckoe OTKIOHEHHE Mpoduias MOBEpXHOCTH mnoainoxkek (Ra)
onpeneneno Ha npodmiomerpe «HOMMEL TESTER T1000». C moMoIisi0 MHKpPOCKOTA
«Hitachi-3000M» nomydensl ¢oTtorpaduu MUKpOCTPYKTYphl. Bece o0pasiiel ncciienoBainch
METOJIOM PEHTIeHOBCKOH mudpaktomerpun XRD ¢ momomsio nudpakromerpa Shimadzu
XRD 7000S. Omnpenenena mnoJsipHass U AUCIEPCHOHHAST COCTABIISIIOIIAS MTOBEPXHOCTHOM
SHEPTUU MOJTOKEK.

Ha mnoBepxHOCTh € TMOMOIIBIO BBICOKOTOYHOIO JI03aTOpa pa3Mellanach Karis
TUCTHIUTHPOBAaHHOHM BOJbI 00beMoM 10 M. CKY usmepsiics B TeueHUE ABAALATU THEH C
HMHTEPBAIIOM B IISTh JHEH.

3. AHaau3 pe3yJbTATOB

ITonyuensr 3HaueHuss CKVY mnoanokek, TEKCTYpUPOBAHHBIX Ja3€PHBIM H3IIyUYEHHUEM.
VYCTaHOBIIEHO, 4YTO TEKCTYpUPOBAaHUE JAa3€pOM MOULIHOCTHIO a0 2 BT He npuBoaut K
n3menenno CKV. Ilocneanuii paBeH 3HaYeHHIO OJMPOBaHHON noBepxHocTH — 102 rpanyca.
BennunmHa mMOBEpXHOCTHOW »HEpPruM ocraerca mnoctosiHHOW 34+4 mH/mM. Bo3saeiicTBue
Ja3€pHBIM H3JIyYEHHEM MOIIHOCTBIO 10 2 BT HE BIMAET Ha CTPOEHHE KPUCTAINIMYECKOU
pereTKy moBepxHocTHOTOo ciost metaiia. CKY ¢ TeueHneM BpeMeHU CTaOuIIeH.

CKY mnomnoxek, TEKCTYpUPOBAHHBIX  JIA3€pHBIM  M3JIYYEHHEM  MOULIHOCTHIO
6, 10, 14, 18 Bt, yBenuuuBancs U AOCTUT CTAOUIBLHOTO COCTOSHHUS 4epe3 ABAALATh JTHEH.
VYCTaHOBJIEHO, YTO YBEJIWYEHHE MOIIHOCTH JIa3epHON O0OpabOTKU MPHBENO K HU3MEHEHMIO
CTpO€HUs KpHUCTaJuIMueckod pemerku. Yepes nBaauars gHed CKY  nmomioxex,
00paboTaHHBIX Ja3epoM MOINHOCTBIO 6, 10 BT, gocTur 3HAauYeHUS MOJIMPOBAHHOMN
nosepxHoctu 102 rpagyca. BosgeiictBue nazepom MomHocThi0 14, 18 Br mno3Boauno
MOJIyYUTh TIOPUCTYIO TEKCTYpYy, 0Opa30BaHHYIO CEThIO KPHCTAIOB PA3JIMYHBIX pa3MEpoB U
dopm. I'myomna mop He mpebimaer 2+0.19vxm. CKVY cocraBun 114 u 120 rpamgycos,
COOTBETCTBEHHO. CO BpeMeHeM JiexKalas KarJs MoJ IeHCTBUEM CHIIbI TSDKECTH pacTeKallach,
3anonHss nopsl. CKY ymensmaics 1o 70 rpamycos.

YCcTaHOBIIEHO, YTO C YBEIMYEHMEM MOIIHOCTH ja3epa oT 2 1o 18 BT moBepxHOCTHas
SHEpPrusl IOJUIOKEK, HM3MEPEHHas 4epe3 [BaauaTh [JHEH II0C/ie HAaHECEHUS TEKCTYpBHI,
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yBennumiack Ha 10 MH/M (pucyHok). [lonist mucriepcMOHHON COCTaBIISIONICH TOBEPXHOCTHOM
SHepruu ysenuuupaercs. [TossgpHas cocraBisiomas 0CTaeTcsi HOCTOSHHOM.
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Pucynoxk. 3asucumocms nosepxnocmuoii snepeuu (o, mH/m) om mowpocmu nazepnozo nyua

4. 3axkiadeHue

VYcranoBneno, uro 3HaueHue CKY noanoxek, TEKCTypUpOBAaHHBIX JIa3€pHBIM
U3Iy4eHrneM MOIMHOCThIO 6, 10, 14, 18 BT u3mensiercs Bo BpemMeHU. CTaOMIBHOE COCTOSIHUE
HACTyIaeT Ha JBAAIAThIM JeHb mocie o0paboTku nazepoM. YBenuueHne CKY oOycnosieHo
M3MEHEHUEM KPUCTAUIMYECKOW pEelIeTKM M W3MEHEHHEM COOTHOIICHUs TMOJSpHOU U
JUCIIEPCUOHHOM COCTABJISIIOLIEH ITOBEPXHOCTHOM JHEPTrUM IMOJJIOKEK. Y CTAHOBJIEHO, YTO
Jla3epHoOe TeKCcTypupoBaHue (momHocTh — 14, 18 Bt) amomunueBoro cruiaa AMI-6
MO3BOJISIET YIYUIIUTh TUAPO(HOOHBIE CBONCTBA TOBEPXHOCTH.

PaGora monmnepxkana rpantom IIpesunmenta Poccwuiickoit  ®Denmepanuu s
roCyJapCTBEHHOUN MOJACPKKH MOJOJBIX POCCUMCKUX Y4YEHBIX — KaHaujaatoB Hayk (MK-
6810.2016.8).
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BiavsiHue rpaBUTAIMH M TENJOBOU HATPY3KHU
HAa PEeKUMbBI UCIAPUTEJIbHOU KOHBEKIMHU
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¢ Anraiickuii rocyIapcTBeHHBIN yHUBepcuTeT, 656049, Bapuayn, mp. Jlenuna, 61

Hccnenyercst Tounoe pemienue ypapHenuid OdepOeka — byccunecka, onuchiBaro-
1€ COBMECTHOE TECUCHHUE UCIHAPSIOLIECHCS BA3KON TEILIONPOBOAHOMN KUIAKOCTU U
ra3onapoBOl CMECH B TOPU30HTAIbHOM KaHase. [Ipu onucanuu aBuKEHUs raso-
BOM (pa3bl B OCHOBHBIX YPaBHEHHSIX U T'PAaHUYHBIX YCIOBHUAX Ha TMOBEPXHOCTHU
pazzaena gononHuTenbHO yuTeHsl 3¢ dextsl Cope u drodypa. [Ipeanoxena kmac-
cuuKalnys TUMOB TEYEHUH B 3aBUCHMOCTH OT CTPYKTYpPhI MOJEH CKOPOCTH U
TeMIepaTypbl, TUNA TPAHUYHBIX YCIOBUH A (YHKIMHM KOHLEHTpAIMH Mapa.
N3ydyena nuHeHas yCTOWYMBOCTDh BCEX BO3HMKAIOIIMX TUIIOB TEYCHUH B Cllydae
PaBHOU TEIJIOBOM HArpy3KM Ha BHEIIHUX IpaHULAxX KaHaia. MccienoBaHbl 1u-
HaMMKa U CBOMCTBA BO3ZHMKAIOIIHUX XapaKTEPUCTUYECKUX BO3MYILUCHWUM NPU U3-
MEHEHMM TPAaBUTALMM U HMHTEHCHUBHOCTU BHELIHEIO TEILIOBOIO BO3JEHCTBHS.
Bozmymienust MOryT npuBoAUTh K (POPMUPOBAHUIO SIUEEK, TEPMOKATMIIISPHBIX U
ne(opMHUPOBAHHBIX BUXPEBBIX CTPYKTYP, OTBEUAIOUINX Pa3HbIM MEXaHU3MaM I10-
Tepu ycToWunBocTH. [lomyueHHBIE pe3ynbTaThl MO3BOJIAIOT PEIIUTH MPOOIEeMy
MHTCHCU(UKAIIMN WIN TOJaBJICHUS] KOHBEKLUHU 32 CYET YIpaBJICHUS BHEIIHUMU
BO3JICHCTBUSAMHU B CUCTEMAX KHJIKOCTHOTO OXJIAXKACHUS U TEPMOCTAOMITM3AIIHH.
KuroueBrble cjioBa: ncnapurenbHasi KOHBEKINS; TOYHOE PELLIEHUE; YCTOMUUBOCTD

Influence of the gravity and thermal load on
regimes of evaporative convection

V. B. Bekezhanova®, O. N. Goncharova™®

* Institute of Computational Modelling SB RAS, Akademgorodok 50/44, 660036, Krasno-
yarsk

email: vbek@icm.krasn.ru

® Institute of Thermophysics SB RAS, Ac. Lavrentieva ave 1, 630090, Novosibirsk

email: gon@math.asu.ru

¢ Altai State University, Lenina pr. 61, 656049, Barnaul

The exact solution of the Oberbeck — Boussinesq equations is investigated. The solution de-
scribes a joint flow of an evaporating liquid and gas-vapor mixture in a horizontal layer. The
Soret and Dufour effects are additionally taken into account in the governing equations and in-
terface conditions. Classification of the flows types is proposed depending on structure of the
velocity and temperature fields, type of boundary conditions for the vapor concentration func-
tion. The linear stability of the flows is studied in the case of equal thermal load on the channel

© Bbekexanona B. b., 'onuaposa O. H., 2017
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walls. Dynamics and properties of the arising characteristic perturbations are investigated un-
der changing gravitational and thermal actions. Perturbations can lead to formation of cells,
thermocapillary and deformed vortex structures responsible for different mechanisms of the
stability loss. Obtained results allow one to solve the problem of intensification/suppression of
the convection in systems of fluidic cooling and thermoctabilization with help of external ac-
tions.

Keywords: evaporative convection; exact solution; stability

1. BBeaenue

HoBsle pusnueckue skcriepuMenTs [1, 2] mo3BOSIOT U3YYUTh pa3IMuHbIe XapaKTepu-
CTUKU TEUYEHUH HCHAPSIOIIMXCS KUAKOCTEH B CIIyTHOM ra30BOM HoToke. CTpykTypa Takux
TEUYEHUH OIpenenseTcss pasHOPOIHBIMU (aKTOpaMH: €CTECTBEHHOW M TEePMOKAIMIIIIPHOMN
KOHBEKIMEH, KacaTelbHbIMH HANpPSHKEHUSMH, BEI3BAHHBIMU Ta30BbIM IIOTOKOM, TETI0(pU3H-
YEeCKUMHU CBOWCTBAMH pabOuuX Cpel M MAacCOMEpPEeHOCOM uepe3 Mek(azHyl0 IOBEPXHOCTH 3a
CU€T MCIAapeHMs] WIM KOHICHCALMU. Pe3ynapTaTbl TEOPETUUYECKOTO MCCIENO0BAHUS BIIMSHUS
OTIENBHBIX (DAKTOPOB SIBJISIFOTCS OCHOBOMW /ISl MOAMU(DUKAIIUY CYIIECTBYIOLUIUX OMBITHBIX Me-
TOJUK M Pa3pabOTKU HOBBIX TEXHHUUYECKUX PEIIEHUH 3a7ay Teruio(U3UKU JUIS SKUIKOCTHBIX
CHCTEM OXJIQXKJICHUS U TEPMOCTAOMIIN3ALIUH.

2. IlocTaHoBKa 3a/1a4M M TOYHOE pelIeHNe

PaccmarpuBaeTcss CTalMOHapHOE TEYEHUE MCHAPSIOEHCS KUIAKOCTH, YBJICKAeMOMU
CITyTHBIM T'a30BBIM MTOTOKOM, B TUNIOCKOM OECKOHEYHOM TOPHU30HTAIBHOM KaHaJe ¢ HEMPOHH-
LIa€MBIMM TBEPABIMU CTEHKaMU. J{1 onMcaHus JBUKEHUS JKMJIKOCTH M I1apora3oBOi cMecu
UCTOJb3yoTCs ypaBHeHUs1 O0epOeka — byccrHecka, yUuThIBAIONIUE TOTIOTHUTENBHO YPdek-
el [ropypa u Cope (XapakTepH3ylOTCsl IMapaMeTpaMu o M o COOTBETCTBEHHO) B BEpXHEM
cioe. [lap cuMmraercs macCUBHOM NPUMECBHIO, U KOHIEHTpALUs apa B ra3e ONUCHIBAETCS
ypaBHeHHEM AU dy3un, KOTOpPOE SBISETCS CIEACTBUEM 3aKOHOB Duka.

TouHoe pelieHre cucTeMbl HCXOIHBIX YPaBHEHUM UMeeT BUL [3]

uj=u;(y),v;=0,p;=p;(xy),T; :(alj +a§y)X+9j(y), C=(b +byy)x+¢(y), (2.1)

rZie U; — CKOPOCTb j-OU Cpelibl, p; — AaBIeHUE, 1; — naBieHue, C — KOHLEHTpauus apa B rase,
j=172.

Ha BHEmHMX cTeHKax 3aJaHbl YCIOBMS NMPWINMIIAHUSA, IMHEHHOE IO MPOI0JIBHON KOOp-
JIMHATE paclpesielieHue TeMIIepaTypbl U yCIOBHE OTCYTCTBHS MOTOKa mapa (Jaubo ycioBue
HYJIEBOM KOHIICHTpAllUU Iapa) Ha BepxHel rpanuie. Ha moBepxHOCTH pa3zena *KUAKOCTh-Tra3
— YCIIOBUSI HENPEPBIBHOCTU TEMIIEPATYpbl M KacaTEJIbHBIX CKOPOCTEH, KMHEMAaTHYECKOE U
JMHaMUYECKOe ycIoBHE. B sHEpreTHueckoM yClIOBUU YUTEHBI TU(PQPY3UOHHBIN OTOK MACChI
3a cu€T HCIapeHus, ypaBHEHHe OajaHca MacChl U TEPMOIMHAMUYECKOE COOTHOILIECHHUE IS
KOHLIEHTPALIMK HACBIILIEHHOTO Iapa:

kI, —koTp, =6k, Cy [p=—LM, M =-Dp,(C,+al,)|r,

rie kj — ko3¢hGULUEHT TEeIIONPOBOAHOCTH j-0i cpelbl, M — MaccoBasi CKOPOCTb HCHApEHHUS.
Jl1 3aMBIKaHMSI 331a4¥ MCIOJIb30BAHO YCIOBHE, 331a0IEE PACX0/] IapOra30BOil CMECH.
[Ipennosxena kimaccuukanus TUMOB TEUEHUH B 3aBUCHMOCTH OT CTPYKTYpPhI HOJIEH
CKOPOCTH M Temneparypsl. IIpy n3MeHeHnn HHTEHCUBHOCTU IPABUTALIMOHHOIO U TEIIOBOTO
(3amaétrcs mpoAOIBHBIM TPAJUEHTOM TEMIepaTypbl) BO3JCHCTBUS, pacxoja ras3a, TONIIUHBI
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(6)
Puc. 1. Tunuunvie popmovl meniogwix u UOPOOUHAMULECKUX B03MYUJEHULL O8YXCLOUHBIX
meuenull ¢ ucnaperuem: 0eghopmMuposanHvle suxpesvie CmpyKmypbl (a), KOH8eKmMugHvle
auetiku (06), mepmMoKanULIAPHbIE CIMPYKMYPbL (8).

JKUJIKOTO U MaporazoBoro cios perieHne (2.1) MOXKeT OMHMCHIBATh TEUYCHUS YHCTO TEPMOKa-
MWUIIPHOTO, CMEIIAHHOTO U Iya3eisieBckoro Tuma (moapobdHee o knaccudukanuu cM. [4]).

3. 3apava 00 ycToituuBOCTH

HccnenoBana MHENHas yCTOMYMBOCTD BCEX KJIACCOB TEYEHUH OTHOCHUTENBHO IUIOCKHUX
HOPMAJIbHBIX BO3MYIICHUN. V3ydeHo BIUsSHUE IPaBUTAIMM U TEIJIOBOW HAarpy3ku (3amaércs
IPOJOJIBHBIM IPATUEHTOM TEMIEepaTyphl) Ha CTPYKTYPY BO3HUKAIOUINX XapaKTEPHUCTUUECKUX
BO3MYIICHUNA. YCTaHOBJIEHA 3aBUCHMOCTH (POPMBI BO3MYIICHUH OT THUIIA OCHOBHOTO Teue-
Hus. Jlns TeueHmii myaseisieBckoro Tuma ((GOpMHUPYIOTCS B YCIOBHUSAX THUIEPrpaBUTALUU
u/uny npu OOJIBIIMX pacxojiaX rasza) xapakTepHo oOpa3oBaHHE 1e(OPMUPOBAHHBIX BHUXpE-
BBIX CTPYKTYpP, «BBITSHYTBIX» BJIOJIb OCH TeueHUd (pHcC. 1. a). YMeHbIIeHne IPaBUTAI[IOHHO-
ro BO3ACUCTBHS NMPUBOJUT K NEPECTPOIKE BO3MYILIEHUN — B CUCTEME BO3HHMKAIOT KOHBEK-
TUBHBIE sueiiku (puc. 1. 0). [Ipu MUKpOTrpaBUTAIIMM WU B YCIOBHSIX HHTEHCUBHOW TEIIOBOM
Harpy3ku GOpMHPYIOTCSI TepMOKAMWUIAPHBIE CTPYKTYpHI (pUc. 1. B) ¢ XapaKTepHBIMU TEILIO-
BBIMH MIATHAMH BOJIHM3HU MOBEPXHOCTH pazjiena.

[TosrydeHbl KaueCTBEHHbIE KPUTEPUU CMEHBI HanboJiee OMAaCHBIX BO3MYIIEHUH, YCIOBHS
COCYILIECTBOBAHNSI KOHBEKTHMBHOIO M TEPMOKANWIIIPHOIO MEXaHW3MOB HEYCTOMYMBOCTH U
3 peKTUBHBIE BO3MOXKHOCTH TOJABJICHUS HEYCTOMUMBOCTEH B JBYXCIOWHOM cucTeMe ¢ uc-
IIApEHUEM B TPaBUTALMOHHBIX NOJIAX Pa3IMYHON MHTEHCUBHOCTH 3a CUET BHELIHUX YIpPaB-
JISIOIIMX BO3JICHCTBHIA W/WIIM TOJIIIMHBI CIOEB pabouuX cpel.

PaboTa mepBoro aBTopa BBINOJIHEHA MPU YaCTHUYHOM mojanepxke Poccuiickoro ¢gonma
bynnameHTanbHbIX uccnenoBanuil (rpant 17-01-00229). PaGora BTOpOTo aBTOpa Mo mocra-
HOBKE 33/1a4M U IOCTPOEHUIO TOYHOTO pereHus nojuepxana POOU (rpant 17-08-00291).
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BoluuciaunreibHbIE METOABI U TEXHOJOIUH
HCCIHCAOBAHNA XAPAKTCPUCTUHK MOBCPXHOCTH
pa3acija cpea TMCTAHIUOHHBIM 30HIAUPOBAHHUEM

B KOpOTKOBOJIHOBOM AHAITIA30HC paZ[I/IOBOJ'IH
C. 10. Beaos

MockoBckuii rocynapcTBeHHbIN yHuBepcuter umenu M. B. JlomonocoBa, 119991, Mockaa,
Jlenunckue ropsl, 1
email: Belov_Sergej@Mail. Ru

MOHUTOPUHT MOBEPXHOCTU 3€MJIM METOJOM JMCTAHIMOHHOTO 30HIUPOBAHHUS B
KOPOTKOBOJIHOBOM JIHMAIIa30HE PAJUOBOJH MOKET IO3BOJIUTH ONEPATUBHO BbISB-
JATh HEKOTOphle Teo(u3nyeckue mapaMeTpbl dKocucTeM. JlaHHBIM auamna3oH
[I03BOJISIET JUATHOCTUPOBATH U MOJIOBEPXHOCTHBIN CIIOW 3€MIIM, ITIOCKOJIBKY II1a-
pameTrp paccestHus (OPMHUPYETCS U HEOJHOPOJHOCTSIMH JIUAIIEKTPUUYECKON TPO-
HULIAEMOCTH IOAIOBEPXHOCTHBIX CTPYKTYP. JJaHHBIM METOAOM IPU OpraHU3aLUU
MOHHMTOPHUHI'OBOTO 30HIMPOBAHMS, BO3MOKHO BBISBIATH 0O0JACTH HM3MEHEHUS
9TUX Cpell, HAIIPUMED, AJI OLICHKH CEHCMUYECKON OMACHOCTH, ONIACHBIX IIPUPOL-
HBIX SIBJICHUM, U3MEHEHUs DKOCUCTEM, a TAKKE€ HEKOTOPBIX dKCTPEMAJIBHBIX CO-
ObITHI TeXHOTEeHHOTO xapakTepa. [Ipobiema n3mepenus u yuéra paccenBaromeit
CIOCOOHOCTH 3€MHOM MOBEPXHOCTU B KOPOTKOBOJHOBOM JMAaIia3oHe PaJuoBOIH
BAJKHA JUIS PELICHUs psAla 3aj1ad, HaIpUMEp, NPU JUATHOCTUKE CBOMCTB CPENBI C
[IOMOIIBIO METOJOB, MCIOJB3YIOIIKUX 3TOT PAAUOAMANA30H, YTO IPEACTABIISACT
MHTEpEC U Te0JIOTOPA3BEIOYHBIX M SKOJIOTHUECKUX HccienoBaHuil. B pabore
NPEJCTAaBICH HOBBI HEKOT'CPEHTHBIH METOJ OICHKH IapaMeTpa CUTHAJ/IIyM.
BbInosIHEH CpaBHUTENBbHBIM aHAIN3 U IOKA3aHO, YTO IO aHAJIUTUYECKOW (OTHO-
CUTEJIbHOM) TOYHOCTHU OINPEAEIEHUS 3TOTO MapaMeTpa HOBBIM METO/ Ha MOPSA0K
[IPEBOCXOAUT IIMPOKO MCIIOJb3yEeMbIH CTaHAAPTHBIA M OJHOIO IOpsAJKA C U3-
BECTHOM KOTE€PEHTHOW METOAMKOW. AHalN3 aHAIUTUYECKUX IOTPEIIHOCTEN
OLICHKH 3TOTO ITapameTpa MO3BOJIWI PEKOMEHI0BAaTh HOBBIA METOJ BMECTO CTaH-
JApTHOTO.
KiroueBble cj10Ba: JUCTAHIIMOHHOE 30HAMPOBAHUE; PACCESHUE PAJHUOBOJIH IOBEPXHOCTHIO;
KB-auamnasou

Computational methods and technologies
of a research of characteristics of the interface
between media by remote sensing in the short-wave

range of radio waves

S. Yu. Belov

M. V. Lomonosov Moscow State University, Lenin mountains 1, 119991, Moscow
email: Belov_Sergej@Mail.Ru
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Monitoring of the earth's surface by remote sensing in the short-wave band can
provide quick identification of some characteristics of ecosystems. This band range
allows one to diagnose subsurface aspects of the earth, as the scattering parameter
is affected by irregularities in the dielectric permittivity of subsurface structures.
The new method is suggested. This method based on the organization of the moni-
toring probe may detect changes in these environments, for example, to assess
seismic hazard, hazardous natural phenomena, changes ecosystems, as well as
some man-made hazards and etc. In this paper, we propose a new method for es-
timating the parameters of incoherent signal/noise ratio. Analysis of admissible rel-
ative analytical error of estimation of this parameter allowed to recommend new
method instead of standard method. A comparative analysis and shows that the an-
alytical (relative) accuracy of the determination of this parameter new method on
the order exceeds the widely-used standard method.
Keywords: remote sensing; surface scattering of radio waves; SW-range

1. BBeneunue

[Tapamerp Px BO3BpPAIIEHHOTO, YaCTHYHO PACCEIHHOTO HMOHOC(EPHOrOo CUTHAJA
MIPEACTABIISICT MHTEPEC KAK BAXKHASL XapaKTEPUCTUKA «BO3ZMYIIEHHOCTH», «MYTHOCTH)
CTaTUCTHYECKH HEOJHOPOJIHOM HOHOC(EpHON IIa3Mbl, MOKa3aTreidb HaA&KHOCTH PabOThI
MOHOC(EPHBIX KaHAJIOB CBSI3M, a TaKKe JUMAarHOCTHYECKMX KaHayioB. OmnepaTHBHas H
Han&KHAsg OIGHKAa mapamerpa [x wuMeeT oOmedusnueckuii uHTepec (panuodusmka,
reopusrka, ONTHKA M T. J.); KOHKPETU3aLUsl OCYLIECTBIEHA Ui MOHOC(HEPHOTO Ciryyas.
JlaHHBI JMana3oH NO3BOJSET JUATHOCTUPOBATH M NOANOBEPXHOCTHBIA CIIOW 3EMIIH,
MOCKOJIbKY ~ mapameTp  paccestHus — (opMmupyercs  Takke U HEOJHOPOAHOCTAMHU
JWDIIEKTPUYECKON TIPOHULIAEMOCTH IIOIIOBEPXHOCTHBIX CTPYKTYP.

[Ipobnema u3MepeHHst U y4éTa pacceMBarOUIe CHOCOOHOCTH 3€MHOM IMOBEPXHOCTH
B KOPOTKOBOJIHOBOM JMara3oOHe PAaJMOBOJH Ba)KHA I PELICHUs DPsAa 3a1ad, Halpumep,
IIpU  JUArHOCTHKE CBOWCTB CpeApl C IIOMOIIBIO METOJOB, HCIIOJB3YIOIUX O3TOT
paanoauana3oH, Korja Ha TPacce MPOUCXOAUT MPOMEXYTOUHOE OTpaKeHHUE (paccesHue) oT
36MHOM IIOBEPXHOCTH, 4YTO IMPEACTABISICT MHTEPEC I TIE0JOTrOpa3sBENOYHBIX U
9KOJIOTUYECKUX UCCIEA0BAaHUM.

BaxHelmumu acnekTaMu MpH HUCHOJIB30BaHUHM CPEJICTB KOCMUYECKOTO Oa3sMpOBaHUS
U Leled TMPHUPOJOIONIB30BaHUS M IKOJIOTMYECKOTO MOHUTOPUHTA SIBISIOTCS BBIOOD
pabouero auanazoHa 30HIMPOBAHUS M BOMPOCHI BIMSHUS CPEI HAa MPOXOISIIee U3ITydeHHUE.
Brei6op KB nuamnazoHa mo3BosieT yYUTHIBATH MOANOBEPXHOCTHBIN CIION (TOJIIUHBI TTOPSIKA
JUIMHBI BOJIHBI MAJIAIOLIETO U3ITyYEHHUS).

2. MeToasbl pacuéra (KOrepeHTHbIN U HEKOTrepeHTHBIIH)

B ¢uxcupoBanHoii TOuke mpuéMa Ha TOBEPXHOCTH 3eMJIM (B CKAJISIPHOM
npuOIMKeHUH) HOHOC(EpHBI CUTHAN, Y3KOIOJIOCHBIM CiydailHbIil mporecc E(1)
MPENCTaBIseT COOOM Cymepmo3ulnio ‘3epKabHON” Ej(t) M paccesHHOW Ep(t) 10

HOpMaﬂBHOMy 3aKOHy KOMIIOHECHT:
E0)=5(1) + &) =E,e )

m0~t—(D(t)

+5P(t)= (1)

=R LB (045 By(0)] 6

55



rie  o(t), D), R(), E.(t), m=c,s — MeEIJIEHHbIE Ha TIEPUOJIC T_Z—n Clly4alHbIE
0

npouieccsl; Eyy = Const.
[TapameTp paccessHUSI OTIPEIENIACTCS OTHOIICHUEM:

o 2
Bz MOIHOCTb 3epKaJIbHOM KOMIOHEeHThl  Eg )
kK MomHOCTb paccessHHOH KOMIIOHEHTHI 7 . 51%

3mecy M HIDKE YepTa “— > O3HAuYaeT CTaTUCTHUYeCKoe ycpenaHenue. Ec(t) = R(t)-cos O(t) u
Es(t) = R(t)-sin ®(t) — HU3KOYACTOTHBIC KBAJIpaTypbl HOHOC(PEPHOTO CHUTHANa, KR(?) — oru-
Oatomast, D(t) — cymmapnas dasa.

[Ipu stom unaexc K = E4, R2, R4 o3Ha4yaeT 3KCIEPUMEHTAIILHO PETUCTPUPYEMBIE TIEP-
BUYHBIC CIIy4alHbIC IIPOLIECCHI U COOTBETCTBYIOLIUN METOJ MX perucrpauuu: FE4 — kore-
peHTHBIN; R2, R4 — HEKOT€pEHTHBIE aMILJIUTYAHBIE.

JIOCTaTOYHO MIMPOKO MCIOJIB3YETCs Ui OLCHKH Pk (2) CTaHJapTHBINA HEKOT'epEeHTHBIN
R2-meTon, oOCHOBaHHBIN Ha COOTHOIIEHUH [1]:

R 4 (1 + Biz)'exp(mez) (3)
iQ:f(BRZ):;' 5 ) ) ) 2’
(R) [(1+BR2)'IO(BR2/2)+BR2'Il(BRz/z)]
1,(x) —byskus beccens n-ro mopsaka oT YACTO MHIMOTO apTryMEHTa.
Hcnonb3yst KorepeHTHBIN E4-MeTOI, B4 OLIEHUBAETCS MO IKCIIECCY Yrs KBAIPATYP:

_Bw o 3 B . op=cs @)
Tl T ey

CJIG,Z[yeT 3aMCTUTDb, UTO U3MCPACMBIMU IICPBUYHBIMU MMAPAMCTPaAMU SABJIAIOTCA OTHOILIC-

2RV ®* /(B2 )
HHUSI MOMEHTOB R / (R) , E,, / (Em) COOTBETCTBEHHO. EctecTBeHHO, cooTHOmeHus (3), (4)

MOJIy4EHBI ¢ YUETOM OIpeeIEHHBIX MOJIeNell CTPYKTypbl noHOc(hepHoro curtana. Mceneno-
BaHUS TOKa3alld, YTO BEPOSITHOCTHBIE CBOWCTBA MOHOC(epHOro curHana (1) orpakeHuit
IEpBOM KPAaTHOCTU JOCTATOYHO XOPOLIO OMMCBHIBAKOTCA MOJAENbi0 Paiica co cMemEHHbBIM
cnektpoM (PC-monens) [2], Ha oCHOBE KOTOpOM moJiydeHbl BoipaxkeHus (3), (4). 3ametum,
9TO BBIpakeHue (4) KOrepeHTHON MeTonuku E4 o0ecrnieunBaeT Ha MOPSAOK 00Jiee BBHICOKYIO
OTHOCHUTENhHYIO aHAIMTUYECKYIO TOYHOCTh OIICHKH mapameTpa Pk [3].

B Hacrosimieit paboTte mpesiaraeTcsi HOBBI HEKOTEPEHTHBIM R4-METOJ ONpeaeTeHHs
Br4 TO 3KCIIECCY VR4 OTHOAOIIEH 17151 PC-MOmemnu:

R4 B4
BR4 27—2_3: BR4 :_1_%' (5)
Y a(Brs) G Y s (Brs) (152

Jlist conocraBiieHUs. NMPUBEACHHBIX METONOB B CMBICIE OTHOCHUTEIBHBIX IOIPEIIHO-
CTEH, JTOMYyCKaeMbIX MPH BBIYUCIECHUH Bk, OOYCIOBIEHHBIX BUJOM (YHKIIMOHAIbHBIX 3aBH-

cumoctert f(B), Yes(B) 1 Yr4(B), momyunm Beipakenus (6):
R> E, R*
» Ly ="7—"3"> —:nz’ —\2 (6)
(R} (&) (%)
rne Gk = f, Yes, Yra; A(Zk) — aOCOMIOTHBIE CTATUCTUYECKHUE OMIMOKH U3MEPSIEMBIX BEITUYHH.
[TorpermHoCcTH (BKIIIOYAs CTATUCTUYECKUE) [Tl PA3HBIX METOAUK OTnpeaeneHus P [4]:
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'[(1+32)-1 (B2/2)+B*-1,(p 2/2)]3 |

SRz(B)zg B eXp( ) ( 2/2) A(ZRz);
€,4(B) _(1+i) 'A(ZE“); )
8R4(B)=(1;L;4)'A(ZR4)'

Craructuueckas ommoka A(Zg) 3aBUCHT OT 00bEMa BBIOOPKM N M MpPH OJWHAKOBBIX
00BbEMax BBIOOPKH MOKET OBITh PasHOW Ui KaXJ0TO U3 croco6oB. UTOOB! aKIEHTUPOBATH
BHHMAaHHE Ha MOTPEIIHOCTIX 3a CYET pasziauuus (QyHKIHMOHANBHBIX 3aBUcuMocTel (3) —(5),
HopmupyeM (7) Ha A(Zx).

I'paduku 3aBucumMocCTei €, = ( ) s PBrz , Pes U Prs TPUBEICHBI HA PUCYHKE.
A K

% o o
€, Oyznem HMXe Ha3bIBATh AHAIUTHUYECKOHN (OTHOCUTENILHOMN) MOTPEIIHOCTHIO METO/IA.

8;zo‘- R2 _‘0}7\’3([})
15 |
10 |
5|
0 . .
0 1 2 3 4 B

Pucynok. I pagux s3asucumocmeii €, K =R2, R4, E4 (cnnowmnvie runuu) u sxcne-
pumenmanvroe pacnpeoeietue Wo(f) (nynkmup) (crnoui ¥2, 4,5 — 9,5 MI'y).

DKcriepuMeHTalIbHOE pactipeneicHue Wo(3) onpenenseTr nuana3oH U3MEHEHHUS [3.
3. 3akiiouenue

. 2
U3 eipaxkenuii (4) u (5) BUAHO, uTO €1, 25-8; — OJHOTO MOPSAJKA U CYLIECTBEHHO

(Ha MOPAAOK) IPEBOCXOIAT TOUYHOCTh U3MEPEHUs CTaHIapTHOM R2-metoquku. B utore, aHa-
JIM3 aHAJUTUYECKHUX MOTPEIIHOCTEH OLIEHKU mapameTpa [k MO3BOJIMI PEKOMEHI0BATh METOT
R4 BmecTo ctanmaptHoro R2. Ilpu 3ToM 10CTaTOYHO BBICOKAsl aHAIUTHYECKAs (OTHOCHUTENb-
Has) TOYHOCTh OIICHKH IMapameTpa [Bx MOXKET ObITh JOCTUTHYTA C TIOMOIIbIO HEKOTEPEHTHOM
anmnapatypsl, MCIOJb3ysl BbipaxkeHue (5) metona R4. OTMeTHM, 4TO 3a KOTEPEHTHOW METO-
kot E4 octaéTcs BO3MOKHOCTh ONTHUMHU3ALNN CTATUCTUYECKONW OITMOKH MYTEM COOTBET-
CTBYIOILIEH crienuanbHOM dpoBoii 06paboTki noHOCPepHOTO curHaia [5].
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MaTpu4YHBIN METOJ pacyéTa Tuppakuumn

YHPYIruX BOJIH B CJJOMCTON aHU3OTPONHOM cpeae

10. H. Beasies®, JI. C. Maaplukun’
CBIKTBIBKapCKH rocynapcTBeHHbIN yHUBepcHUTeT, 167001, CoikThiBKap, OKTAOPHCKUIA 1. 55
email: * ybelyayev@mail.ru, bprorid3r@gmail.com

PaccmarpuBaercsi paccesHHE YINPYrUX BOJH CJIOUCTBIMH  aHU30TPOITHBIMHU
cpenamu. J[lns pacuéra 1miecTH Jy4eBOM AM(PAKLUU HCIOJIB3YETCS METOH
MaTpuIbl TepeHoca. PacmpeneneHue »HEPrUM MAAAIOUICH BOJHBI  MEXIY
paccessHHBIMU BOJIHAMU XapakTepHu3yeTcss Kod(p(HUIIMEeHTaMH NpeoOpa3oBaHUM.
[IpencraBieH MeTO1 BEIUMCIECHUH KO3(DHUIIMEHTOB peoOpa3oBaHuil. TOT METO
He TpeOyeT peuieHus anreOpandeckoil 3a7aud Ha COOCTBEHHBbIC 3HAUCHMS IS
BOJH B aHU30TPOMHOM cioe. OCOOEHHOCTH 3aBUCHMOCTEH KOX(PPUIIUECHTOB
npeoOpa3oBaHMi  OT  YIJIOB  MAJEHUS, YacTOThl M TOJIIMHBI  CJOS
JEMOHCTPUPYIOTCS Ha MIPUMeEpax CIOEB HEKOTOPBIX KPUCTAIIIIOB.
KiaroueBble cjioBa: ynpyrue BOJHBI; MaTpHIIa IEPEHOCA; OIMIMOKU yCeUEHHUs] U OKPYTIICHUS

The matrix method for calculating the diffraction of
elastic waves in layered anisotropic medium

Yu. N. Belyayev®, D. S. Malyshkin"
Syktyvkar State University, Oktyabrskii pr. 55, Syktyvkar-167001, Russia
email: * ybelyayev@mail.ru , *prorid3r@gmail.com

Scattering of elastic waves in layered anisotropic media is considered. Transfer
matrix method is used to calculate the six-beam diffraction. The distribution of
incident wave energy between six scattered waves is characterized by conversion
coefficients. The method for conversion coefficients calculations is presented. It
does not require solving algebraic problem on eigenvalues for waves in an
anisotropic layer. Features of dependencies of conversion coefficients on angles of
incidence, frequency and the thickness of the layer are demonstrated by examples
of some crystalline layers.
Keywords: elastic waves; transfer matrix; truncation and round-off errors

1. O630p MeTOI0B pacyéTa ynpyrux BOJIH B Pa3IMUHBIX CIOUCTBIX CpelaXx UMeEETCs B
moHorpadusx [1], [2]. [lagaromas Ha aHW3OTPOIHBIA CIIOM mMponoibHas (P-Tum) wWin
cnsuroBas (SH- unu SV-tum) BoJHa MOPOKJIAeT B OOIIEM ciiydae IIecTb BOJH. [ pacuéra
BOJIH, PACCESIHHBIX aHU30TPOIHBIM CIIOEM, B JaHHOH paboTe MCHOJB3YeTCs] METOA MaTpPHULIbI
[epeHoca. YpaBHEHUs [JBWKECHHSA M 3aKkOH ['yka, OIMCBHIBAIOIIME  HANPsKEHHO-
neopMHUpOBaHHOE COCTOSIHWE TBEPAOTO Tela, pPenylupyroTcs, MNPUMEHUTEIBHO K
negopMarusM, MopokaaeMbIM TIIOCKON BOJHOW B CIOUCTOM cpene, B cuctemy d.¥ = WY,
rae auddepennmpoBanue Benércs Mo KOOpAMHATE z, MEPIEHAUKYISAPHON TpaHHUILIaM CIIOS.
BonHoBoe moisie ommchiBaeTcs BEKTOp-cToOmoM W , smeMeHTaMH KOTOPOTO SBIISIOTCS
KOMIIOHEHTBI BEKTOPA CMELIEHHS U TEH30Pa HANPSLKEHUM: Uy, Pz, Uy, Uz, Px:, P--. MaTpuna
nepenoca 7; = exp[W; (di+1 — d;)] cBsa3bBaeT 3HaueHus BekTop-¢pyHkuuu ‘P(z) Ha rpaHunax
i-ro cnos  W(di+1) =T¥(d;), tak uto mis N-cmoitHoit cpenst  W(d) = T¥(0), rme

© benses 10. H., Manemukun /. C., 2017
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T=TyTny - T'u d=d+ - +dy — tommmnHa cnouctoil cpensl. OOHONH M3 BEIUYMH,
OKa3bIBAIOLINX CYLIIECTBEHHOE BIUSHUE HA PE3YJIbTAT PAaCYETOB MAaTPHILIbI IEPEHOCA, SBIISAETCS
napamMeTp paclpocTpaHeHus k= vd, TAe v — 4acToTa KojeOaHuil BoyiHBL. CTaHIapTHBIN
noaxon [1]-[2] k pacuéry BOJIH B aHU30TPOIHOW Cpe/ie OCHOBAH HA HAXOXKJIEHUU BOJHOBBIX
yucenl (COOCTBEHHBIX 3HAUCHUN MaTpuubl W) Uil KakIoro ciost CTpykTypbl. Ecim uis

CllydaeB JBYX- M YETHIPEXBOJIHOBOW audpakiuii [2] mpobrema COOCTBEHHBIX 3HAYCHHUH U
BBIYHCIICHUE MAaTPUYHON SKCIIOHEHTHl MMEIOT MPOCTHIE AHATUTHUYECKHE PEIICHUs, TO s
Matpuil W; mecTtoro mopsjaka oOImero Bujaa cOOCTBEHHBIC 3HAYEHHUS MOTYT OBITH HaWICHBI
TOJIBKO YMCJICHHBIMH METOIaMU. BO3HUKAIOIINE TIPU STOM TMOTPEITHOCTH SBISIOTCS OJHOU U3
MPUYMH TOTO, YTO BBIYUCIICHUE MATPHUIIBI IEPEHOCA IS OOJBINNX 3HAYCHHUH K MPH HAJTHYUU
HEOJHOPOJHBIX BOJIH MOXET MPHBOIUTH K HEYJOBJICTBOPUTEIHHBIM pe3ynbratam [3]. B
naHHOUW pabote mis HaxoxzaeHus exp(Wd) ucnonsdyercs meron [4], He TpeOyrommit
BBIYHCIICHUS] COOCTBEHHBIX 3HAUCHUN MaTPHUIIBI WV

2. Marpuua mnepeHoca OJHOPOJHOIO CJIOSI TOJNIIMHOM d, €CIU BOCIOJIb30BATHCA
W3BECTHBIMU CBOMCTBAMU MAaTPUYHOM SKCIIOHEHTHI, MOET OBITh IpeCTaBlIeHa (hOpMYyIaMu:

wa\|" [&(waY [ L 1
T =exp(Wd) = exp(zj = Z(?j K |, K= Zz_.'pefng =j-14(6). (D

=0 g=0 1=0 J*
3nech =,4(6) — 3TO TaK Ha3bIBAEMBIE CUMMEmMPUYECKUe MHO20UNEHbl Wecmoz0 nopsoKd,

BbIpakaeMbie depe3 KO3(DOUIUCHTBI py, ... , P XapPAKTEPUCTHUECKOTO YPABHCHUS MATPHUIIBI
Wd/m ¢ momompio peKyppeHTHBIX YpaBHEHHH [5]: =¢(6) = =1(6) = ... = =4(6) = 0; =5(6) =1;

=(6) = p1=g1(6) + pr=g2(6) +...+ pp=ga(6). Tlapamerp macmrabupoBamus m=2" (j —
[eJI0E€ YHUCI0) — O3TO HAUMEHbIIEe YHCIO, YIOBJIETBOpSAIONIEe YCIOBUIO # = 8.5k
(p max|Sgh|)l/2/m <1, rme p — NIOTHOCTb, a Sy — KOMIIOHEHTBl TEH30pa YHOPYroi
MOJIATJIMBOCTH (B MAaTPUYHOM popMe 3amich) aHU30TPOITHOTO CIIOSI.

[Tpubnmxénnoe paBeHCTBO B nocieaneit popmye (1) craHOBUTCS TOUHBIM ITpU N — 0.
[TorpentHoCTh BBIYUCICHUN MAaTpHIBl TepeHoca o Merony (1) He MpeBOCXOJUT BETUYMHBI

N . v
e<mn™/ [(N + 6)1_[,--1(” +z)} Y, OYEBHUJIHO, MOKET PETYIUPOBATHCS BHIOOPOM 3HAUCHHM N.

IIpencraBieHHBI METOJ HAXO0XKIACHUS MATpPULBI IIEPEHOCA TECTUPOBAICA B pacdérax
paccesiHus YIPYTUX BOJH Ha TPEXCIOWHON Mojaenu: kpucramummdeckuii crmoit (PbMoOs, In,
BaTiO,) orpaHu4eHHbld TBEPABIMU HW3OTPOMHBIMU  HOJYNPOCTPAHCTBAMHU. YTIpYyrue
napamMeTpsl KpPHCTAJIOB Opajluch MO KHUTE [5], a mepBOMl M TpEeTUH CJIOM MOJIarajiuch
OJMHAKOBBIMU C ILIOTHOCTBIO po =pg=2.65-10° Kr/M’ ¥ ympyruMm HOCTOSHHBIME Jlame
Ao =Aqa=1.67-10" HM*, o = g = 3.27-10" H/m>. TIpoBoaMioch cpaBHEHHE MPeoOpasoBaHHii
SHEPruM mnajarouied MmIOCKOW BOJIHBI B BOJHBI SH-, SV- u P-tuna (¢ Homepamu 1, 2, 3,
COOTBETCTBEHHO), paccenBaeMble KPUCTAIIOM B 0o0sacTh z < 0, u B BonHbl SH-, SV- u P-tuna
(mponymepoBaHHbIe 4, 5, 6), pacceuBaeMble KPUCTAJUIOM B 00J1acTh z > d.

3. Ko3ddpunuentsl npeodpazosannii C;; onpenensiorcs pasencrsamu Cjs = |4,/Aqil’,
rae As , s=1, ...,6, — aMIUIUTYABl PACCESIHHBIX BOJH, Ao; — aMIUIUTY/a MaJalolIel BOJIHbI
(i = 1 nnsa nagaromet Bonabl SH-tuna, i =2 — SV-tuna, i =3 — P-tuma). Koapdumuentsr Cg
3aBHUCAT OT YIPYTUX CBOMCTB Cpeibl (Uepe3 AIEMEHThI MaTPHULIbI IIEPEeHOCca), YIIIOB HaieHus )
(MeX Iy HampaBJICHHUEM MaJaloNIeii BOJHBI U OCBIO z) U a (MEXIy IUIOCKOCTBIO MaJeHHs U
IUIOCKOCTBIO Xy) M mapameTrpa pacnpoctpanenuss k. llpumepsr cnektpoB Ci= Cis(6o)
paccesHUsl YINPYIMX BOJIH KpUCTaJUIMYecKHMM cioeM PbMoOs mokazaHbl Ha pHCYHKe.
3aBucumoctu Cii(6o), Ci3(6o), Cis(6) nmpencraBnensl cromHbiME, a Ci(6p), Cia(o), Cis(Go) —
LITPUXOBAHHBIMU JINHUSAMHU.
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4. Pe3yabTarbl MOJCTUPOBAHUS  CICKTPOB  TIO3BOJIIIOT  yTBEPXKHAATh, UTO
npeoOpa3oBanusi BOJHBI SH-Tuma B BoiHy SV-THma W Hao00pPOT XapaKTePU3YIOTCS
paBernctBaMu Ci2(6o,0) = C21(6o,0) 11 Ci5(6p,01) = Ca4(6p,01). BbicOKasi TOUHOCTH BBITIOJTHEHUS
3THUX PAaBEHCTB M 3aKOHA COXPAaHEHUsS TOTOKA DHEPrUU TMPH BBIIOJHEHUH PACYETOB
CBUJCTEIHCTBYIOT O HAAEKHOCTH MPEACTABICHHOTO METO1A.

Korma momynu Tp€x coOCTBEHHBIX 3HadeHws ki, k», k3 matpuiei W cooTHOCSTCS
npuMepHo Kak 3 : 2 : 1, Habmrogaercs pe3oHaHCHOE MpeoOpa3oBaHue MOMSPHU3AUN YIPYTHUX
BOJH. B mpumepe, mpencTaBiICeHHOM Ha PUCYHKax a — f , Takas CUTyallus pealn3yercs Ui
4eThIpéX yrioB majaeHus. Tak ecmu 6= 42.18° SH BoNHA NPU OTPAXKEHHUHU TTOTHOCTHIO
npeoOpazyercss B SV BOJMHY. DTO aKyCTUYECKUH aHANOT «KOMOWHAIIMOHHOTO» PE30HaHCa —
BO30YXKJCHHE KOJIEOAHUN ] M @, B CUCTEME C JBYMsI CTETICHSIMU CBOOO/IBI TPU BO3ACHCTBHH
Ha IMOCJIEIHIOI0 C YaCTOTOM @, YAOBJIETBOPAIOIICH YCIOBUIO @ : @1 : w2 =3:2:1[6].

_iﬂ__'f-'u,f.'lz .- IID_J_CZJ-C'H | Dlg__f'n-'f'az
0.8+ .' 0.8+ : 0.16}
-1 | e i 5]

a) 0.6 | I| d) 0.6 g I-Ilu
0.44 AW 04 0.084
024 \ | D.ﬁ- 0.04}

0 '\VJ= 'HIH"’.HD 0 =g L“l A () 4= e 00
0°  30° 60° O0° 0°  30° 60° 00° 0°  30° 60° 90°
1,|}-—'£-_-'.1..T'_'C-” .01 C2 Cas 0.9 Ca Cs
087 08+ 0.16+

L 061 ™ - 0.6+ 012} \

b) e By \
0.4+ 0.44 » 0.08+ -.
0.2 0.2+ 0.041 /

o A .r Lo O [\a

5 300 6r° 00° 90 0°  30° 60° 90
1046 C‘” 5.0 1.0 --C”fj_..-( > |
0.8+ 4 08T .'
0.64 . 06}
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0.2+ 0.2+ '-
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Pucynok. Cnexmpul paccesnus ynpyaux 6onu cioem PbMoOa. k = 7845 m/c, o = 15.09°
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TeyeHue ¢ IIPOCKAJBb3BIBAHUEM BA3ZKOI'0
CZKHMAECEMOIo MaTepualjia

H. A. Beasiesa®, E. A. llpasanmunkosa’, A.M. Croaun’

* ChIKTBIBKAPCKUI rOCY/IapCTBEHHBIA YHUBEPCHUTET

167001, CoikteiBKap, OKTAOpPBHCKHIA Ip., 55

email: belyayevana@mail.ru, email: pryanysh@inbox.ru

® MHCTUTYT CTPYKTYpPHOI MAKPOKMHETHKH ¥ MPOGIIEM MaTepHaTOBEICHUs
(MCMAH) PAH

142432, r. YepHoronoBka MockoBcko#t 00I1., yin. Akagemuka OcunbsHa, 1. 8
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Ha ocHoBe nBymepHON MaTeMaTH4eCKOW MOJENN T€UYEHHSI KOMIIO3UTHOIO MaTe-
puana B LWJIMHIPUYECKOM KaHaJIe IEPEMEHHOI0 CEYECHMS IOJ JEHCTBUEM OJHO-
CTOPOHHETO JaBJICHUs IIOCTPOEHA YCPEAHECHHAs 10 PaAuyCy aHaJIUTUYECKas MO-
nenb. [IpoBeneH YHCIEHHBIM aHaIM3 HMCKOMBIX (DYHKIMHA TEYEHHS C YYETOM
TPEHUs U CKOPOCTH IPUCTEHHOI'O IPOCKAIB3bIBAHUS B PAMKaX YCPEIHEHHOU MO-
nenu. OCHOBHOM METOJ] YMCIEHHOTO aHaju3a — METOJ pa3HOCTHbIX cxeM. Ha oc-
HOBE IIMPOKOI'0 YHUCJIICHHOTO 3KCIEPUMEHTA II0Jy4yeHa AHAJIUTUYECKAs OLEHKA
CKOPOCTH IIPOCKaJIb3bIBAHMS MaTepuala Ha TPaHUYHOM MOBEPXHOCTH. IlomydeH-
HBIE PE3YJIBTAThl COIJIACYIOTCA C PE3yJbTaTaMM COBPEMEHHBIX MCCIIECIOBAHUM,
OITyOJIMKOBAHHBIMU B OTKPBITON MIEUaTH.

KuroueBrble cj10Ba: MaTeMaTH4ecKasi MOJIENb; TEYEHHE KOMIIO3UTA; IPUCTEHHOE ITPOCKaIIb-

3bIBaHUE

Viscous compressible material flow with slip

N.A. Belyaeva®, E.A. Pryanishnikova® A.M.Stolin"

* Syktyvkar State University 167001, Syktyvkar, Oktyabrski pr., 55
email: belyayevana@mail.ru, email: pryanysh@inbox.ru

"ISMAN Russian Academy of Science

Institute of Structural Macrokinetics and Materials Science RAS
142432, Chernogolovka Moscow Region,, Academician Osipyan str., 8,
email: amstolin@ism.ac.ru

The composite material flow in a cylindrical channel of variable cross-section un-
der the action of a one-sided pressure is analyzed. A possible material wall slip is
considered. The slip velocity is analyzed on the basis of the averaged mathematical
model. An analytical estimate of the slip velocity of the material at the boundary
surface is presented. The results obtained are consistent with the results of modern
studies published in the open press.
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BBenenne

B pa6ote [1] mpencraBiena ABymMepHas MaTeMaTHUeCcKasi MOJIENb SKCTPY3UU CHKUMae-
MOTO KOMITIO3UTHOTO MaTepHaja U3 HMWIMHIPUIECKON KaMmepsl yepe3 (HopMYIOIIyI0 MaTpHIly
B HampaBIsAOMUNA KanuOp. UToObl M30ekaTh CIOKHOCTH aHAU3a TOCTaBICHHOW 3amadu,
CBSI3aHHBIE C JIBYMEPHOCTBIO, MPEUIOKEH NEPEX0]] K YCPEAHEHHOM 10 pajnycy MaTeMaTHye-
ckoi Mozenu. Ha oCHOBE MOJIydeHHON aHAIUTUYECKON MOJENH MPEANOJIAaracTcss HaxoxK/Ie-
HUE OLIEHKH BO3MOKHON CKOPOCTH NMPUCTEHHOI'O MPOCKAJIb3bIBAHUS ABUXKYILETOCS MOA AEH-
CTBUEM JABJICHUS KOMIIO3UTHOIO Marepuana. Pe3ynbraTbl HMCCIENOBAHUN, CBA3aHHBIE C
pa3sBUTHEM JTAHHOTO IMOJAX0Ja, MPEICTaBlIeHbl Ha KoH(epeHuusx [2, 3], HEeKOTOpbIe pe3yib-
TaThl M3JI0KEHBI B HACTOSIIEH padoTe.

1. IHocTaHoBKa 3aJa4u

PaccMoTpuM TeueHHE KOMIIO3UTHOTO MTOPUCTOIO MaTepuaia B HUJIMHIAPUYECKOM KaHa-
JIe IEPEMEHHOI0 CEYEHHUs MOJI JEHCTBUEM OJTHOCTOPOHHETO JaBJlI€HUs. MaTremaTH4eckasi Mo-
JIeNIb PACCMAaTPUBAEMOTO IIPOLIECCAa COCTOUT U3 TPEX YPABHEHUM:

0 .

—('g;p)+div(p1pV)=O (1)

PP f—cil—lt/ +divil =0 (2)
M=|—p+ §—§,u div(V) [+2ud 3)

(1) — ypaBHEeHHe Hepa3pbIBHOCTH, (2) — mBrmxkeHusd, (3) — muddepeHnnansHOe ypaBHEHUE
COCTOSIHMS; IUIOTHOCTb MaTepualla OINpEleNsaeTCs NMPOU3BEACHUEM p, -0, TAE O, —ILIOT-

HOCTh HECXKHMMaeMOM OCHOBBI, O —OTHOCHUTCJIbHAA INIOTHOCTh, CKOPOCTh TCUYCHMUA, IT — Ten-

30p HampsvkeHui, 1, ® — eMHMYHBIA TEH30p M TeH30p CKOpocTeil ned)OpMAIHH, COOTBET-
CTBEHHO.

B cuny cummerpun 001acTi TeUeHUs IPEANoIaraeM, YTo UICKOMble (YHKIUH, OTpeie-
JAIOLME TEUEHUE, HE 3aBHUCAT OT YIVIOBOW KOOPAMHATHI, TAK YTO KacaTeJbHAs CKOPOCThb
v, =0, KacarenpHbIC HANPsDKCHUsST o, =0, =0.

BBuny manoctu uncna PeitHospaca: BA3KOCTh HEC)KUMAEMOM OCHOBBI BEJIMKA — ypaB-
HEHMs JBMKEHUS (2) 3aMeHMM YCIIOBUsIMU paBHOBecus [4]. Ilpeanomnaraem otcyTcTBue Jeii-
CTBHS BHELIHUX CHJI F Ha TeYEeHHE MaTepuasa, BHyTPeHHee JaBjeHHe p II0JI0KHM PaBHBIM
Hymo. [Ipumenum k npoekuusm ypaBHeHHH cucTeMbl (1)—(3), COOTBETCTBYIOIIUM Havajlb-
HBIM M TPAaHUYHBIM YCIOBUSM METOJI YCPEIHEHHUS MO PAJUYCy, BOCHOJB30BaBIINCH (POPMY-
JIOM:

2
R’y

() of (r)dr. (4)

2. HexkoTtopsble pe3yJibTaThl YHCJICHHBIX IKCIIEPUMEHTOB

B ycpenHeHHBIX ypaBHEHUSX MUCKOMbIE (DYHKIIMH SIBISIFOTCS (DYHKIIMSIMU JIMIIIb OCEBOM
KOOpauHaThl. UKNCIIeHHOE pellieHre YpaBHEHUN MPOBOJUTCS HAa OCHOBE METOJIa Pa3HOCTHBIX
cxem [5].
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IIpenmnonaraercs CIIEIyIONIEe HaYaIbHOE pacrpeiesieH1e IUIOTHOCTH:
po(2)=py+(p,—Py)2z,  MHTEHCUBHOCTH CHJIBI TPEHMs OmpenenuM  HOpMyIoii:
7, =k, P@t), toe k,— xo- 10’
3pPULHEHT TpEHMUS, 3
P(t)— oqHOCTOpPOHHEE JaBlIE-
HHUE, M0 IEUCTBUEM KOTOPOTO
JIBIKETCS MaTepHall. 3a1a1um
[6] cKOpoCcTh MPUCTEHHOTO
CKOJIbKEHHUS bopmyioii

— C
v, =7, , mapameTpsl f HUC
3aBHCAT OT CBOWMCTB MaTepHa-

6
Ja, B pacueTax HpUHSATHI 3Ha- 1 X- 10.

YeHUS: IB = (),1, c=0.5. 0.6 0.77 1.21 1.6 2 24 28
CpenHsist CKOpOCTb Ha TOPLEBOI IIOBEPXHOCTH, M/C

CKOpOCTh TIPOCKAIB3bIBAHUSI, M/C

Ha ocHoBe npoBeneHHO-
0 YUCJIEHHOTO 3KCIIEPUMEHTA

MOJYYEHO COOTHOMIEHHE (PHC Puc. 1. 3asucumocmo ckopocmu npockanb3vlea-

1), cBS3BIBAIONIEE CKOPOCTH HUSL HA CIMEHKe OM CPEeOHell CKOPOCMU «AKMUG-
b

MPOCKATB3bIBAHUS U CPEITHIOI0 Houy nosepxnocmu

CKOPOCTh NEPCMCILICHUA nonepequﬁ I'paHUIbI, HBH)KymeﬁCH non HeﬁCTBHCM CHUJIbI MHTCH-
CHUBHOCTBIO P(I) . 3aBHCUMOCTD AllIpoOKCUMHPOBaHa KY6I/I‘-IGCKI/IM IIOJJMHOMOM BHA

y=0.0222x> —0.4345x” +4.807x + 7.0143.

[IpuBeneHHbIN pe3yapTaT coryiacyercs ¢ JaHHBIMU, OJy4eHHbIMU B pabote [7]. [Tomy-
YEHHBIM pe3yNbTaT MOATBEPKAACT aJCKBATHOCTb HCIOJIB3YEMBIX B MOJEIM COOTHOLICHUU
MEXK/y JEHCTBYIOIIUM JABICHUEM U CWIOW TPEHHUsI, CKOPOCTBIO IIPOCKAIb3bIBAHUSA U CHIION
TpEeHUs.
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YucieHHoe HCCACA0OBAHUC 3AaABUCHUMOCTH (l)OpM])I
CBOﬁOI[HOﬁ IIOBCEPXHOCTH OT BPECMCHH
pejakcanumn

A. B. bonnapenko, H. A. Pa0koBa, A. B. Kazakos, H. M. Tpydanosa

[TepMckuii HAUMOHAIBHBIN UCCIIEI0BATENBCKUM MTOJUTEXHUUYECKUA YHUBEPCUTET
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B crathe mpezacTaBieHbl pe3yabTaThl YACIEHHBIX MCCIEIOBAaHUM TEUCHHUS IOJIH-
MEpHBIX pacIuiaBoB B ¢uibepe. s MoaeTMpoBaHus MpoLecca UCIOIb30BANIACh
middepennnanbHas Moaenb MakcBemna. B pabore mccnenoBanoch M3MEHEHHE
(bopMBI dKCTpyaaTa Ha y4acTKe CBOOOJHOTO HCTedeHHs. [l pelieHus 3agadu
6bu1 mpuMeHeH nporpaMMHbIit maker ANSYS POLYFLOW.

KiroueBble cjioBa: BpeMs pelaKkcaluy; BI3KOYIpyras >KUIKOCTh; CBOOOHAs! TOBEPXHOCTh

Numerical study of the dependence of the shape

of a free surface from the relaxation time

A. V. Bondarenko, N. A. Riabkova, A. V. Kazakov, N. M. Trufanova

Perm National Research Polytechnic University,
614990, Perm, 29 Komsomolsky av
email: a.bondarenko1991@mail.ru

In the paper, the results of numerical investigations of polymer melts in a channel
die. The Maxwell model is used for viscoelastic simulation. In work studied a
change in the shape of the extrudate in free surface region. The computations are
performed with ANSYS POLYFLOW software.

Keywords: relaxation time; viscoelastic fluid; free surface

1. BBeaenue

[TonGop oNTHMAJIBHBIX TEXHOJOTHYECKUX PEXKHMOB IMpPOIECca dKCTPY3UH, HECOMHEH-
HO, SIBJIIETCS BQXKHOW M aKTyaJbHOM 3a/1aueii, TaK KaK BJIMSIET HEMOCPEACTBEHHO HA KAUECTBO
roToBoro u3zaenus. MccinenoBaHuio mpouecca 3KCTPY3UU MOJUMEPHBIX MAaTEpUAIOB IOCBS-
IIEHO OO0JBIIIOe KOJUYECTBO KaK TEOPETHUECKUX [ 1—2] Tak U 3KCIIepUMEHTABHEBIX paboT [3].
OpHako, cieayeT OTMETUTD, YTO HEJOCTaTOYHO PACKPBITHIM OCTABAJICSA BOIIPOC MPOTHO3UPO-
BaHUS PE3yNAbTHpYIOIeH (opMbl 3KCTpynaTa 3a mpenenaMu KaHaiua Guibepsl. 3agaueii n1aH-
HOTO HCCIICZIOBAHUS SABIISUIACH OLIEHKA CTETIEHU BIUSHUS BA3KOYIPYTHX CBOWCTB Iepepada-
THIBAEMOT'0 MaTepHualia Ha (popMUpoBaHUEe CBOOOIHOM MOBEPXHOCTH TOTOBOT'O U3/IENHUS.

Cxema TeuyeHMs BS3KOYNPYroil KMIKOCTH mpezacTasiieHa Ha (puc. 1). XKuakocTs nona-
etcst Ha BXoJ B kaHan (Inflow). Ha TBepapix cTeHKax BBITOJHSAIOTCS YCIOBHS MPUIMITAHUS U
HenpoHukHoBeHus: (Wall). Ha yuactke cBOOOJHOTO TeueHHs 3aJar0Tcs KMHEMAaTUYeCKOe M
IuHaMudeckoe rpannyHbie yenoBus (Free surface). Jlannyio 3agauy ynobHo paccMaTpuBath B
O0CECUMMETPUYHOU MOCTAaHOBKE (AXiS — OCh CHMMETPHH).
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Wall Free surface

Inflow

dxis
Puc. 1. Cxema meuenus 643k0ynpy2otl H#HUOKOCMU 8 KaHauie u 3a npedeiamu Quibepol

2. ITocTaHOBKA 3aga4H

B pabote OblH crienanbl caeayromue A0MyeHns: | mpolecc CTallmoOHapHbIH, 2 3a1a4ya
ocecUMMeTpHuHasi, 3 K03(pPUIUEHT NOBEPXHOCTHOTO HATSHKEHHUS HE YUYHUTBIBACTCS NPU pe-
LIEHUM 33a4H, 4 IPOLECC U30TEPMHUUECKUN.

MareMaTnueckoe ONHUCAHKUE MPOLIECCa TEYECHUSI OCHOBBIBACTCS HA 3aKOHAX COXPAHEHUS.
VYpaBHEHMsI HEPa3pBIBHOCTU M JIBUKEHUS JIOINOJIHAETCS ONMCAHUEM BS3KOYIPYTHUX CBOMCTB
MaTepHaioB, MPEACTABIAIONIUM COO0H TMHEHHYI0 Moens MakcBesua:

v
o+A-o=2-u-W (1)
v
rae W — TeH30p ckopocTeil nedopMaiui, O - BEpXHSSI KOHBEKTHBHAs MPOW3BOIHAS
BSI3KOYIIPYTOT0 T€H30pa HAIPSHKCHH, KOTOpasi MOKET OBITh HaliJIeHa U3 CIIEAYIOIIETO ypaB-
HEHUS:

;za—a—(Vv-avL(Vv)T) 2)
ot

Ten3op ckopocreii nedopmanuu:

W=05-(Vv+(Vv)") 3)

B ypaBHenusix (1)—(3) o — TeH30p HanpspkeHus, A — BpeMms penakcaluu, i — Bs3-
KOCTb, V — BEKTOpP CKOPOCTH.

3. Pe3yabTaTsl

Mogeinb BA3KOYIPYroMl KMAKOCTH YYUTBIBACT TAKOM IapaMeTp Kak BpeMs pelakCaluu
(A), 3axnrodaronuiics B NaJCHUHM HAYaJIbHOTO HAIPSDKEHUS B € pa3 3a ONpeAeIeHHBIA Ipo-
MEXYTOK BpeMEHH. {1 OIIEHKH CTETeHU BIMSHUS BSI3KOYIPYTHX CBOHCTB SKCTPYIUPYEMBIX
MaTepuaioB Ha (JOPMUPOBAHUE BHEIIHEH CBOOOIHOM MOBEPXHOCTH 3a IpejesiaMu (puibepsl
ObUIa TPOBEACHA CEPHsI YMCICHHBIX AKCIEPUMEHTOB, OTIMYUTEIBHBIM (PAKTOPOM KOTOPBIX
SBIISUIOCH BpeMsl pellakcallii. BbUIM MoTydeHsl MOoJisi CKOPOCTEW, JaBJICHHM, KOMITIOHEHTBI
TEH30pa HaNpsDKeHUA, a TaKkKe KOOPAMHATH JeOopMHUpPYEMON I'paHUIIbl AKCTpyAaTa 3a Ipe-
nenamu Guibepsl (cM. puc. 2). Ha (puc. 2. a) rpaduuecku oka3aHo U3MEHEHHE (OPMBI CBO-
00HOM MOBEPXHOCTHU JJISl PA3IMUHBIX IAPAMETPOB BPEMEHH PeNlaKCaIlUH.

AHanmu3 MOJIy4eHHBIX pe3ylIbTaTOB MOKa3aj, YTO BSI3KOYIPYrHe CBOMCTBA BIUSIOT Ha
UTOTOBBIA pa3Mep SKCTpyJara MpU OTCYTCTBUU NMPUHYIUTENbHON BHITSHKKUA. C yBeTHUECHHEM
A pellakCallMOHHBIE MPOLIECCHl 3aMEIISAIOTCS, YTO MPUBOJUT K OOJBIIEMY pa3OyXxaHUIO Ma-
Tepuana B 006JacTu co CBOOOIHOM MOBEPXHOCTHIO.
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Ha (puc. 2. 6) noka3aHo U3MEHEHHE T€OMETPUUECKUX Pa3MEPOB IKCTPYAATa B 3aBUCH-
MOCTH OT BPEMEHHU peJlakcallui. DKCIEPUMEHTHI MMOKa3aJId, YTO MPEIENbHOE 3HAUEHUE Bpe-
MEHH pellaKCalluy ISl JaHHOW Te€OMEeTpUH, CBOMCTB MaTepuana U pekuMma rnepepaboTKH co-
craBiusier mnopsanka 0.3 c. JlanbHeiiiee yBenuueHWe A NOPUBOAUT K HAPYIICHUIO
YCTOWYMBOCTU PEIICHUs], YTO B (PU3UYECKONH MHTEPIpPETAIIMH MOXET BBIPAKAThCSI B HEKOH-
TPOJMPYEMOM pPACHYXaHHH HKCTpyAaTa U HEBO3MOXKHOCTH KOPPEKTHOH mepepaboTKu mare-
puana. Ymensiienue A meHee 0.1 c. MpakTUYECKH HE OKa3bIBAE€T CYILIECTBEHHOTO BIIUSHUSA
Ha BEJIMYMHY PACITyXaHUs SKCTpy/aaTa.

I 65-
s
6.3 -
3
i 6.1
e " 59
5.7 -
5-5 T T T 1
01 0.15 0.2 0.25 03
At
(a) (©)

Puc. 2. (a) Uzmenenue chopmuvl c60600HOU nosepxHocmu O PA3IULHBIX 8PEMEH pe-
nakcayuu: 1 — 1=03 ¢c; 2— 1=0.2 ¢; 3 — 1=0.1 c; (6) Usmenenue paouyca sxcmpy-
oama 6 3a8UcCUMOCmU OM 8PeMeHU PenaKcayuu

4. 3akaoueHue

B pe3ynbrare mpoBeeHHBIX UCCIIE0OBaHUI ObLIa pa3paboTaHa MOJENb Ipolecca Teue-
HUs TIOJIMMEPHOU JKMAKOCTH. bbla noka3aHa 3aBUCHMOCTb T€OMETPUUYECKHUX Pa3MEPOB I'OTO-
BOTO U3JIENHUS OT BSI3KOYNPYruxX cBOUCTB. bojee rimybokoe n3ydeHune BA3KOYIPYTHUX CBOMCTB
MaTepHaiOB MO3BOJIUT YIIPOCTUTH Mpoliecc (OPMUPOBAHUS KaUECTBEHHOTO U3/IECIHSI.
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JKCIHEePUMEHTAJbHOE UCCIeJOBaAHME
BOCHIPUUMYMBOCTH MOTPAHUYHOIO CJIOH HA
CKOJb3MIIleM KPblile K BUOpanuam
NMOBEPXHOCTH
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B pabote mpezncraBieHbl MEpBbIE PE3yAbTaThl AKCIEPUMEHTAIBHOTO HUCCIIEI0BaA-
HUS MEXaHU3Ma BOCIPUMMYHUBOCTU TOTPAHUYHOIO CJIOS1 HA MOJIENH CKOJIB3SILErO
Kpblila OECKOHEYHOT'0 pa3Maxa K JIOKaJTU30BaHHBIM BUOPAIUAM MOBEPXHOCTHU IPU
MOPOXKJAEHUH MOJ HeyctohuuBoctu mnomnepeyHoro teueHus (CF), a taxxe 3D
BoJiH Tomnmuna-Inuxtunra (TS). MccnenoBanust mpoBeieHbl B IIMPOKOM JHa-
[1A30HE YacCTOT U MOIEPEYHBIX BOJHOBBIX YHCEN C UCIIOJIB30BAHUEM METOJA KOH-
TPOJIMPYEMBIX HECTALIMOHAPHBIX BO3MYILEHUN. KoanuecTBEHHbIE XapaKTEPUCTHU-
KA HCCIEIyeMBbIX SIBICHUN — KO3(PPUIUEHTH JOKaTU30BaHHOW BHOPAaLMOHHON
BOCIIpUUMYMBOCTH 1pH Bo30yxaeHun moa CF u TS, BmepBble moxyueHsl Ha pe-
QJIBHOM CKOJIB34ILEM KpBLIE.
KiroueBrble cj10Ba: TpEXMEPHBIN OTPAaHUYHBIN CIIOH; YCTOMUMBOCTD; BOCIPUUMUYUBOCTD

Experimental study of boundary layer
receptivity to surface vibrations
on a swept wing

V. I. Borodulin®, A. V. Ivanov’, Yu. S. Kachanov®, D. A. Mischenko®,
R. Orlii°®, A. Hanifi’, S. Hein®

* Khristianovich institute of theoretical and applied mechanics SB RAS, Institutskaya St. 4/1,
630090, Novosibirsk

email: bo@itam.nsc.ru

> KTH Mechanics, SE-100 44 Stockholm, Sweden

¢ Institute of Aerodynamics and Flow Technology, DLR, 37073 Géttingen, Germany

The paper is devoted to the first results of an experimental investigation of bounda-
ry-layer receptivity mechanism to local surface vibrations on a model of an infinite-
span swept wing at excitation of Cross-flow (CF) and Tollmien-Schlichting (TS)
instability modes. Experiments were carried out in a broad range of frequencies
and spanwise wavenumbers by means of method of controlled unsteady perturba-
tions. Quantitative characteristics of the phenomenon under study — the coefficients
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of localized vibrational receptivity at excitation of CF- and TS—modes are obtained
for the first time on a real swept wing.
Keywords: three-dimensional boundary layer; instability; receptivity

1. ITapaMeTpsbl NPOBeAEHHBIX IKCIIEPHUMEHTOB

B nacrosimeit pabote npencTaBiieHbl MEpBbIE Pe3yIbTaThl 3KCIIEPUMEHTOB, HAIIPaBIICH-
HbIX Ha KOJMYECTBEHHOE HCCIIEJOBAaHUE MEXAaHU3MOB IOPOXKACHUS IBYX THUIIOB MOJ HE-
YCTOMYMBOCTH, BO3HHUKAIOIIUX Ha CKOJIb3sAEM Kpbuie: (@) moa nonepeyHoro teueHus (CF,
skcniepuMeHnT A) u (6) mon Tommmuua-Ulnmuxtunra (TS, skcnepument B). UccnemoBanus
MIPOBEJICHBI B MOTPAaHUYHOM CJIO€ HA MOJEIH C JIAMUHAPU3UPOBAHHBIM KPBUIOBBIM MPOQH-
nem (yron ckonbxeHus 35°, xopma 0,8 M), ycTaHOBIEHHOW B paboueil 4acTu ManoTypoOy-
neHtHo# aspoauHamuueckoil Tpyost MTL (KTH, Crokronsm). OcHOBHBIE M3MEpPEHUS BbI-
MOJIHEHBl TEPMOAHEMOMETPOM B YCIOBUSAX BO30YKICHHUS IOJHOCTHIO KOHTPOJIUPYEMBIX,
HECTAllMOHAPHBIX BO3MYILIEHUN NOTPAaHUYHOIO CJIOSI CIIELHUAIbHBIM MCTOYHMKOM, YCTaHOB-
JICHHBIM BONU3U MepeHel KpOMKUA MoJend. VICTOUHUK MPeAcTaBisl co00M BUOPHPYIOIIYIO
Ha 33JaHHOM yacToTe f/ MeMOpaHy (AuameTpoM 8 MM), KOTOpas MPUBOAMIIACH B JBHXKCHHE
CIIaObIMH TyJbCALMAMU JABICHHUSA. YKa3zaHHBIC MyJbCAllMM T'€HEPHUPOBAIUCH 3ariylIeHHBIM
JMHAMUKOM (PacHoJIOKEHHBIM BHE paboueil 4acTu TpyObl) U MOJBOAMIINCH B MOJOCTH IMOJ
MeMOpaHoii THOKO# MHeBMOTpaccoi. PacmosoxxeHrne MeMOpaHbl MPUMEPHO COOTBETCTBOBA-
JI0O OKpECTHOCTH HMKHUX BETBEM KPUBBIX HEUTpanbHOU ycToitunBoctu uig Mog CF u TS.

B skcniepumenTe 4 Mozenb Obla yCTAaHOBJICHA TOJ] YIJIOM aTaku —5°, B OKCIIEPUMEHTE
B — +1,5°. B ycnoBusix skcnepuMeHTa A cambiMu ObicTpopactyuniumu O0but Mojnsl CF, a
Moabl TS mopaBisuMCh GIAaronpusATHBIM TPAJMEHTOM JaBieHus. B skcrepuMenTte B MoJibI
CF OpIcTpo 3aryxanu, a Moasl TS HapacTanu B IIMPOKOM AMana3zoHe nmapamerpoB. CKopocTu
HaberaIuero mMoToka B 000X 3KcrepuMenTax obuia okoso 10 m/c. MccnenoBanus mpose-
JCHBI B AWana3oHax 4acTtot: f = 65+140 I'u (4) u f = 98+255 'y (B). B kaxxaom U3 4acToT-
HBIX PEeKUMOB (hopma Komebiromeiicss MeMOpanbl Obula THIATENbHO H3MepeHa. CoriacHo
pacuéraM, BO3MYILEHHS B BHIOPAHHBIX HAa30HAX YacTOT AOJKHBI OB HApacTaTh B HEKO-
TOPBIX JUana3oHaxX NONEPEYHBIX BOJHOBBIX YHCEI.

2. OcHoOBHbBIE pe3yJabTaThl

B kaxnoii cepun mpoBeIEHHBIX SKCIIEPUMEHTOB 00Hapy)eHO ((HEKTUBHOE TTOPOKIe-
HUE NIAKETOB TPEXMEPHBIX BOJH HEYCTOMYMBOCTH. XapaKTEPUCTUKHU UX PA3BUTUS BHU3 110
MOTOKY OBUTM TIIATEIbHO M3MEPEHBI Ul KaKJOTO0 YaCTOTHOTO PEXHMMa, KaK M XapaKTepH-
CTUKM OCHOBHOI'O IIOTOKAa. B TOM umcie, mosrydeHbsl IPOCTPAHCTBEHHBIE MOJIS aMIUIUTYA U
¢a3 Bo3MmymieHHH. Pa3noxkeHue HCCIEIOBAHHBIX BOJIHOBBIX II0€3/I0B Ha HOpPMaJbHBIC
HAKJIOHHBIE MOJIbI TIO3BOJIMIIO MOTYYUTh KPUBBIE HapacTaHus aMIuuty] u ¢as, kak CF-mop,
Tak 1 Mo TS B mMpoKoM Juana3zoHe NONEPEeUYHbIX BOJHOBBIX uncen. Ha (puc. 1.) npeacras-
JIEH TIpUMEpP TAaKUX KPUBBIX, MOJIyYEHHBIX B JKCIIEPUMEHTE A IS OJHOTO M3 MOINEPEYHBIX
BOJIHOBBIX unceln 3. 3Ha4eHUs: aMIUIUTYA, (a3 U MPOJOJIbHBIX BOJHOBBIX YHCEN T€HEpUpYye-
MBIX MOJ| B IOJIO)KCHUH MEeMOpaHbl ObUIM TOJYYEHBI KCTPANOJISAIHMEH YKa3aHHBIX KPHUBBIX
(13 manmpHero mouisg ucrouHuka) npouenypoit PAL [1]. (HemocpenctBenno Hajx MeMOpaHOH
M3MEPEHHUs MPOBECTH ObUIO HEBO3MOKHO BBUJY NMPHUCYTCTBUS OJMXKHETO IMOJISI UCTOYHHKA.)
Ota mpoueaypa MmoapasyMeBaeT anmpoKCHMAIUIO0 3KCIIEPUMEHTAIBHBIX (a3 u morapudmon
aMIUIMTY]l IOJINHOMaMHU BTOPOM CTENEHU U SKCTPANOJISALUI0 U3MEPEHHBIX BEIMYUH B I10JIO-
KEHUE MCTOYHMKA MPSAMBIMU C IPOU3BOJHBIMU PAaBHBIMHU NPOU3BOJHBIM YKa3aHHBIX IOJIH-
HOMOB B CaMO# ONMXHEH K MCTOYHUKY SKCIIEPUMEHTAIbHOM Touke. Kak MOXHO yBHIIETh Ha
(puc. 1.) xpuBsle PAL Xopo110 annpoKCUMUPYIOT SKCIIEPUMEHTaIbHbIE JaHHBIE, & KCTPAIO-
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JSIMST BBITIOJIHEHA HE CIIMIIKOM JIAJIEKO BBEPX I10 MOTOKY. DTH 0OCTOSTENHCTBA YKA3bIBAIOT
Ha JIOCTaTOYHO BBICOKYIO TOYHOCTh MOJYYEHHBIX MU MpoBeaeHun PAL-nporieaypsl JaHHBIX.
KoaduimenTsl BOCOpUUMYNBOCTH, Kak U B [1], ObUIH OomlpeneNieHbl KaK OTHOIICHUE
KOMIUIEKCHBIX aMIUTUTY/l BOJH HEYCTOMYMBOCTU B IOJOXEHUH MEMOpaHbl K PE30HAHCHOMY
CIIEKTPY HEOJHOPOTHOCTH MOBEpXHOCTU. (MOBI PE30HAHCHOTO CIIEKTPa HEPOBHOCTH UMEIOT
T€ € YacTOThI, MOMEPEYHOE M MPOAOJIHHOE BOJHOBBIC YMCIIA, YTO U T€HEPHPYEMbIE MOJIbI
HEYCTOWYMBOCTH MOTPAHUYHOTO CIIOSl B MOJOKEHUU ucTouHMKa.) Ha (puc. 2.) nmpuBeneHbl
npumMepbl aMiTyl Gs 1 ¢a3 A K03)GUIIMEHTOB BOCTIPUMMUYUBOCTH TPU MOPOKACHUU MO
CF (puc. 2a, c¢) u TS (puc. 2 b, d). Pe3ynbraTsl IpUBEJCHBI B 3aBUCUMOCTH OT TOIMEPEYHBIX
BOJIHOBBIX YHCEJl, HOPMUPOBAHHBIX HA TOJIIIMHY BBITECHEHHUS O (B MOJI0KEHUA MEMOPaHBbI).
Pe3ynbTaThl MpsIMBIX U3MEPEHUH XapaKTEPUCTUK BOCTIPUMMYUBOCTH TEUCHHS TIPU BO3-
oyxaenuu moa CF u 3D Moz TS Ha peaibHOM CKOJIB3SIIEM KpbLJIe IMOJIyYeHBI BIIEPBHIC.
100

B| f=105Tu
B = 0.445 pap/mm
101 @ Dxcmepument ——PAL-akcTpanonsuus

@ PesynbpTar SKCTPanoIsAIn

150 200 250 300 350 400 x,mMM 150 200 250 300 350 400 X, MM

Puc. 1 Ilpumep kpusvix napacmarnus amniumyo (a) u ¢gasz (b) eenepupyemvix CF-mo0
u PAL-sxcmpanonsiyust OGHHbIX HA NOJOJCEHUE UCMOYHUKA

2 a b o
. m f=105Tn ® f=221Tuy |2
= o f=110Tx 4 S g
Xm ><w
] Qo
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Q @ 2
% §
S $
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Puc. 2. Amnaumyost u azvl k03¢ puyuenmos socnpuuUMyU80CmU NPU NOPOICOECHUU
Mmoo neycmouuusocmu CF (a, c) u TS (b, d)
Pabora nognepxana rpantoM B pamkax npoekta RECEPT (ACPO-GA-2010-265094),
7-ii pamouHoil nporpammoit EC.
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PacnpenejieHHass BUXpeBass BOCIPUMMYHUBOCTD

B rPaJIJHEHTHOM NMOTPAHUYHOM CJIO€

B. . bBopoayaun, A. B. UBanos, 0. C. Kayanos, /I. A. Mumenko,
A. A. PeneHkoBa

WucTuTyT TeOopeTnueckoi u npuxiiagHo mexanuku uM. C.A. Xpuctuanosuua CO PAH
630090, HoBocubupck, yin. Uacturyrckas, 4/1
email: D.A.Mischenko@itam.nsc.ru

B pabote mpexacraBieHbl pe3yabTaThl 3KCIIEPUMEHTAILHOTO HCCIEIO0BAaHUS 3(-
¢dextuBHOTO MopoxaeHus 3D BonH TommuHa-1InMXTHHra B TOTpaHUYHOM CJI0€
MEXaHHU3MaMH pPaclpeAeIeHHON BUXPEBOM BOCHPUUMYHMBOCTU. DKCIEPHUMEHTHI
NPOBEJCHbI B YCIOBUSAX HEOJArompusTHOrO TpajueHTa JaBIeHHs (mapameTp
Xaptpu Buy=-0.115) ¢ ucnonp30BaHNEM MOJTHOCTHIO KOHTPOJIUPYEMBIX BO3MY-
IICHWI: BUXpel Haberaromiero notoka u 2D HeonHopoaHocTel crenku. OOHapy-
’KEHO, YTO HCCIeIyeMble MEXaHU3MBbI CIIOCOOHBI CYIIECTBEHHO M3MEHATh Xapak-
TE€p Pa3BUTUSA BOJIH HEYCTOMYMBOCTU II0 CPAaBHEHHUIO TE€M, YTO JAaET MEXaHU3M
JIMHEWHOW HEYCTOMYMBOCTH IMOTPAHUYHOTO cios. llosrydeHbl KOIMYECTBEHHBIE
XapaKTePUCTUKUA HCCIEIYeMOro SIBICHUS — KO3(DUIMEHTHI pacmpeneneHHON
BOCIIPUUMYMBOCTH JIByX THIIOB: BUXPEBOH M BHXpb-HEpOBHOCTh. OOHapyxXeHo,
YTO HEONAronpUsTHBIA IPAJUECHT JABJICHUS MIPUBOIUT K OCIA0ICHUIO MEXaHU3Ma
BOCIIPUMMYHUBOCTH TUIIA BUXPb-HEPOBHOCTb.

Kurouessble cioBa: [lorpannunslii cinoii; BoaHsl TomnmuHa-IInuxTuHra; pacnpeaenéHHas

BUXPEBasi BOCIIPUUMYHUBOCTD.

Distributed vortex receptivity in gradient
boundary layer

V. 1. Borodulin, A. V. Ivanov, Yu. S. Kachanov, D. A. Mischenko,
A. A. Fedenkova

Khristianovich institute of theoretical and applied mechanics SB RAS,
Institutskaya St. 4/1, 630090, Novosibirsk
email: D.A.Mischenko@itam.nsc.ru

The paper presents the results of an experimental study of effective excitation of
the 3D Tollmien-Schlichting waves in a boundary layer by mechanisms of distribut-
ed vortex receptivity. The experiments are carried out in presence of adverse pres-
sure gradient (Hartree parameter By = —0.115) using fully-controlled disturbances:
(i) freestream vortices and (ii) 2D surface nonuniformities. The mechanisms under
study are found to be able to modify significantly streamwise evolution of instabil-
ity waves compared to that providing by the linear boundary-layer instability mech-
anism. Quantitative characteristics of the phenomenon under study are obtained —
two kinds of the distributed receptivity coefficients: vortex ones and vor-
tex/roughness ones. The adverse pressure gradient is found to lead to weakening of
the vortex/roughness receptivity mechanism.
Keywords: Boundary layer; Tollmien-Schlichting waves; distributed vortex receptivity
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1. 3KCHeplflMeHTaJIbHaﬂ MoOJeJIb U YCJI0BHUSA IKCICPUMEHTOB

—

78 9
Puc. 1. Dxcnepumenmanvras mooens. 1 — cmenka paboueu wacmu mpyovl, 2 — 10x4cC-
Has cmenka, 3 — naacmuna, 4 — moueunsii ucmouyHuk 6oau T, 5 — 2D-neposrHocmo
nosepxHocmu, 6 — 0amyux mepmoanemomempa, 7 — uOpuUpyrouas npoeonouka, 8 —

uaecoesvle 061/{261}716]21/{, 9— BUXPpU 6 OCHOBHOM NOMOKe.

DOKCIEpPUMEHTHI BBITIOJIHEHBI B MAJIIOTYpOYJIEHTHON a’poanHamuueckoit Tpyoe T-324
NTIIM CO PAH B norpaHu4HoM cJI0€ Ha MOJENIM IUIOCKOM miacTuHbl (puc. 1). @opma
JIOKHOM cTeHku 2 obecrieuyuBana B OOJIACTH OCHOBHBIX M3MEPEHHMH pearu3aliio aBTOMO-
JETLHOTO TEYEHHUsS! ¢ HeONarompHsTHBIM MPOJIOJIBHBIM rpagueHtoM nasieHus (HI'Z, mapa-
metp Xaptpu By =—0.115). CkopocTs mOoTeHIMATBHOTO MOTOKA U, HaJl HOTPAHUYHBIM CIIOEM
m3Menstack ¢ 8,88 1o 8,61 m/c. KonTponupyembie BUXpH B CBOOOAHOM NOTOKE T'€HEPHPOBa-
JMCh BUOPHPYIOLIEH MPOBOJIOYKOH 7. 2D-HEOJHOPOTHOCTH MOBEPXHOCTH MOJIENN (CHHYCOU-
JanbHON (DOPMBI C JUTMHON BOJHBI Ay M aMIUTUTYION /s ~ 200 MKM) MOJICTMPOBATHCH CIICIIU-
QIbHBIMU HAKJIAJKaM{, W3FOTOBJIEHHBIMH I10 OPUTMHAIBHO BBICOKOTOYHOM TEXHOJIOTHH.
OKCIIEpUMEHTBI IPOBEJEHBI B HECKOJBKHUX PEKHMMAX, B 4aCTU KOTOPBIX IapaMeTpsl 3aJauu
(4acToTa BO3MYILIEHUH OCHOBHOTO MOTOKA f U Ag) OBUTH TTOJOOpaHBI TAKUM 00pa30M, 4TOOBI
IUIsL OTIpeNeNIEHHBIX 3HAYEHUH yrila HaKJIoOHa K MOTOKY O Bo30ykaaeMbix BoH TosiMuHa-
[Imuxtunra (TIL) oGecrieunTh BBIMOJHEHHE YCIOBUS PE30HAHCA MPOJOJIBHBIX BOJHOBBIX
yucen nopoxxaaembix Mox TIL, Buxpei HaGeraroero NoToka ¥ HEOJHOPOIHOCTEH MOBEPX-
HoctH [1].

XapakTepuCTUKU JTUHEHHOTO pa3BuTHs BOJIH TIL OblM M3MEpeHs! Ui KaXKI0Tro U3 HC-
CIIENOBaHHBIX PEXUMOB B JONOJIHUTEIBHON CEPUU IKCIEPUMEHTOB, B KOTOPBIX BOJIHOBBHIE
noe3aa BoJiH TII mopoxaaiuch TOYEYHBIM MCTOYHUKOM BO3MYIUEHUH 4. JlOMOJHUTEIbHbBIE
SKCHEPUMEHTHI IPOBEJIEHBI B OTCYTCTBUM KOHTPOJIMPYEMBIX BO3MYILIEHUI B OCHOBHOM IIOTO-
Ke (BUOpHUpYIOIIas MpOBOJIOYKa 7 ObliIa BHIKIIIOUEHA). JTU XapaKTEPUCTUKH ObLIN HEOOX0IU-
MBI 11 KOJIMYECTBEHHOTO HUCCIIEI0BAaHUS MEXAHU3MOB PACIPEAEICHHOTO MOPOXKIECHUS yKa-
3aHHBIX MOJ HEYCTOMYMBOCTH U OLIEHKM BEJIWYMH aMIuMTya U (a3 kosddunumentron
pacupeneneHHON BUXPEBOU BOCIIPUUMYHUBOCTH TCUCHHUS.

2. OcHoOBHbBIE pe3yJbTaThl

OOHapyKeHO, 4TO HCCIIeIyeMble MEXaHHW3Mbl BOCHPUUMYMBOCTH (BUXPEBOW M THUIA
BUXPb-HEPOBHOCTh) MOTYT NMPHUBOJIUTH K 3aMETHO OoJiee ObICTPOMY HApacTaHUIO aMIUIUTYH
BojH TII no cpaBHEHMIO ¢ 3aKOHAMU JIMHEWHON YCTOWUMBOCTH TeueHUs. CloKHas MareMa-
TUYECKH HEKOPPEKTHas 3a7aya HaxXOXJIEHHs KO3(p(HUIMEHTOB paclpeieleHHON BOCIpUUM-
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yuBOoCTH [1] OblJa perieHa myreM anmpoKCUMAIMM 3KCIIEPUMEHTAIBHBIX MPOJOIbHBIX pac-
npeJeNeHU aMIUTUTYA U (a3 BOZMYLICHUN MOTPAaHUYHOTO CJI0SI AaHATUTUYECKUMU pPeleHHsI-
MU COOTBETCTBYIOIIETO 3BOJIIOIMOHHOTO JU(PPEepeHIINaTbHOTO YPaBHEHUS ¢ HEU3BECTHBIMHU
KO3 pULIHEeHTaAMHU.

[TomydeHHbIe pe3yabTaThl HAPSAMYIO COTIOCTABIICHBI C JaHHBIMU paboTHI [1], momydeH-
HBIMU JJIS1 TOTpaHudHOTO ciosi briasnyca. OGHapyXeHO, YTO aMIUIUTY/AbI KOMIUJIEKCHBIX KO-
3QPUIHMEHTOB BUXPEBON BOCIIPUMMYUBOCTH Ha IJIaJKoi moBepxHOCcTH (Gy) BecbMa KOHCEp-
BAaTUBHBI U c1a00 3aBUCAT OT rpagueHTta AaBieHus (puc. 2 a,c). HalinjeHo, 4To aMIIuTy bl
K03 (UIIMEHTOB Ha HEPOBHOU MoBepXHOCTH (Gys), HAOOOPOT, BeChbMa YyBCTBUTEIHHBI K yKa-
3aHHOMY TpaaueHTy. Ero mpucyrcTBHE NpPUBOAMT K HX 3aMETHOMY YMEHBIICHHIO (pHC.
2 b,d). DbheKTUBHOCTP MEXaHU3Ma BOCHPUUMYHUBOCTH BUXPb-HEPOBHOCTH PACTET C yBEJH-
yeHueM yria HakioHa BosHbl T k moToky 6. OGHapyXeHO, UTO MPHU aMILTUTYAaX HEPOBHO-
ctu hy/d; meree ~ 4% (O, — TONIIMHA BBITECHEHUS ), BENUYUHBI Gy B CpeIHEM OOJBIIE, YeM
Gys, T.€. MEXaHHU3M BOCIIPUMMYMBOCTH CBSI3aHHBIN C PacCcesHUEM BUXPEN HA €CTECTBEHHOU
HEOJTHOPOJIHOCTU TOTPAHUYHOTO CJIOS JOMMHHUPYET, a Mpu OoJiee BBHICOKMX HEPOBHOCTAX
HAYMHAET Mpeo0aaTh MEXaHU3M BOCIIPUMMYHBOCTHU THIIA BUXPh-HEPOBHOCTb.
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Puc. 2. Aunaumyos: kosgpuyuenmos euxpesoii 0CHpUUMUUBOCIU (A,C) U BOCHPUUMYUBO-
cmu euxpv-weposnocms (b,d) 6 noepanuunom cnoe ¢ HIJ] (fu = —0.115) u Brazuyca.
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YuciaeHHoe MOJdeJIMPOBaHME
TEPMOKANUJIJISAPHOU KOHBEKIUM NPH

HAJIU4YMHU HEPACTBOPUMOIO cyp(paKkTaHTAa
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PaboTta mocBsimieHa YHMCICHHOMY DPELICHHIO CHUCTEMBbl YpaBHEHHUH TEpPMOKAaIUII-
JSIPHOM KOHBEKIIMHM M OTHCHIBAeT IMOBEJCHUE HEPACTBOPUMOTO cyp(dakraHTa Ha
cBOOOJTHON MOBEPXHOCTH KUIAKOCTU B siueiike Xene — Lloy. Bnons cBoOoaHOM
MOBEPXHOCTH 33/1aBaJIOCh pacIpeieieHue TeMIIepaTypbl, COOTBETCTBYIOIIEE JIU-
HEIHOMY TEIJIONOTOKY, YTO BBI3BIBAJIO HEOJHOPOAHOCTh KacaTeJIbHBIX HampshKe-
HUI U MPUBOJMIIO K Te€HEpaluy TeYeHUs B o0beMe. B Xozie unciaeHHoro mMoienu-
poBaHMsl OBUIM YYTEHBl KaK TEPMOKAMWUIAPHBINA, TaK M KOHIIEHTPALMOHHO-
KallWUISIPHBIA MEXaHU3MBl. YCTAHOBIIEHO, YTO IMPHU 3HAYCHUAX IMapaMerpa sia-
CTUYHOCTH B HMHTEpBaje OT HYNIS JI0 €JUHMIBI Ha TOBEPXHOCTH (POPMHUPYIOTCS
7IBe pa3Iu4Hble 001acTH — cBOOOIHAsE OT cypdakTaHTa M 3aCTOWHAs, MOKPHITas
rwieHkoi. Ha cBOOOIHON MOBEPXHOCTH MMEET MECTO CHIIbHBIM TePMOKAIMILIISAP-
HBIN 3(p(eKT, KOTOPBIH COCOOCTBYET pPa3BUTHIO KOHBEKIIUH. 3acTOiHas 001acTh
XapakTepHa OOJIBIIUM Teperna oM KOHLIEHTpAMK cyp(hakTaHTa, KOTOPBIA TOPMO-
3UT pa3BUTOE TeUeHHE. B pe3ynbraTe Ha MOBEPXHOCTU 0Opa3yeTcsi TOUKa 3acTos,
MOJIOKEHHE KOTOPOH B 3aBUCMMOCTH OT 3HAYCHHUS IMapameTpa 3JMacTHUYHOCTH ObI-
JI0 U3Yy4YEeHO B JJAHHOM padore.

KiroueBble cji0Ba: KOHIIEHTPAIIMOHHAs! KOHBEKIIUS; CBOOOJHAS MOBEPXHOCTD; AP dext Ma-

paHroHu

Numerical simulation of thermocapillary
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This paper is devoted to investigation of thermocapillary convection in the Hele —
Shaw cell. The equations system of interfacial hydrodynamics has been solved
numerically. The behaviour of insoluble surfactant on the free surface of the lig-
uid is described. The temperature distribution corresponding to linear heat flux
has been imposed along the free boundary. Thermal effect is resulted to the non-
uniformity of tangential stresses and generation of convective flow in the volume.
Thermocapillary and concentration-capillary mechanisms have been taken into
account in numerical simulation. It has been found that at values of elasticity
number from zero to the unit, two different regions on the surface are formed.
There are intervals without surfactant and covered by the quasi-solid film. As a
result, there is a specific stagnant point on the surface, which position has been
determined in dependence on value of elasticity number.
Keywords: concentration-induced convection; free surface; Marangoni effect

1. BBeneunue

OO6pa3zoBaHue KBa3u-TBEPAOH MJICHKH Ha CBOOOJIHOM MOBEPXHOCTH B 3aMKHYTOH I10JIO-
CTH OBUIO M3y4eHO B TeopeTudeckux pabdotax [1,2]. OgHako, 4TOOBI MOJYYUTH aHATHTHYE-
CKO€ pellIeHne, B HUX JeNAIOCh MHOXKECTBO YIPOIIeHUi. B yacTHOoCcTH, B OTMEUYEHHBIX pado-
Tax paccMaTpUBalach MOJOCTb C HATPEBOM CO CTOPOHBI OJAHOM U3 BEPTUKAIBHBIX TPaHel, HO
IIPU 3TOM pacIipeielieHIe TeMIIEpaTyphl BIOJIb BCEH MOJOCTU CUUTAIOCH TUHEWHBIM. B pabo-
te [3] manHas 3amada OblIa MCCIIEOBaHA SKCIEPUMEHTAIbHO. Kak BBIICHMIIOCH, MOJIyYHTh
TaKoe pacrpeaeseHle TeMIepaTypbl JOCTATOYHO CII0KHO, TIOITOMY OBLIT MCIOJIB30BaH HEO/I-
HOPOJIHBIN HarpeB CBEpXy Tak, YTOOBI CO3/aTh JIMHEIHOE pacrpeiesieHue Ha CBOOOIHOM 1o-
BEPXHOCTH. BeposATHO, TaHHOE U3MEHEHHUE NIPUBEJIO K CYLIECTBEHHBIM OTIMYUAM B PE3ysIbTa-
Tax, TaK KakK I10JIOXKEHHE TOUKH 3aCTOSI B 3aBUCUMOCTH OT IIapaMeTpa IaCTUYHOCTU HE COB-
Ma/lajio ¢ TEOPETUYECKUMU Ipezcka3anusaMu (puc. 1). B nanHoit paboTe mpuBOANTCS YMCIIEH-
HOE MOJICIMPOBAaHKE TIOBEJCHUSI HEPACTBOPUMOTO Cyp(aKkTaHTa Ha CBOOOTHOMN MOBEPXHOCTH
XKuakoctu B sueiike Xene — Illoy npu HaMuum HEOJHOPOAHOIO HArpeBa CBEPXY C LENbIO CO-
IJ1aCOBaTh TEOPHUIO U SKCIIEPUMEHT.

2. IlocTaHoBKa 3a1a4H M Pe3yJIbTAaThl PACYeTOB

UucneHHoe MOAEIUPOBAaHUE OCHOBBIBAJIOCH HA KJIACCUYECKUX YPAaBHEHMSIX TEPMOKa-
nWUIIpHOM KoHBeKIuH [1,2]. Pabouas xuakocTs Haxoaunach B sueiike Xene — llloy co cBo-
00HOI TOPU3OHTAIBHON MOBEPXHOCTHIO, HA KOTOPOI MPHCYTCTBOBAJI HEPACTBOPUMBII Cyp-
¢daxTanT. B oTCyTCTBHE TpajiueHTa TEMIepaTyphl Ha Bcell CBOOOTHON MOBEPXHOCTH 00pa3y-
ercs 1ieHka. [Io Mepe yBenndeHus pasHOCTH TeMIlepaTyp IUIEHKA CMEILAETCs, CO3/1aBasl, Ta-
KM 00pa3oM, y4acTOK cO CBOOOJHON MOBEPXHOCTHhIO. OJHUM W3 KIIOYEBBIX MapaMETpOB,
XapaKTePU3YIOIUX MOJIO)KEHUE TOUYKHU, Pa3JIeNsoield cCBOOOIHYI0 MOBEPXHOCTh U IUICHKY,
ABIIsIETCS MapameTp 3macTuaHoCcT E = [, o1/ @0, KOTOPBI 10 CYIIECTBY PaBeH OTHOIICHHUIO
KOHLIEHTPALIMOHHOIO 4Yucia MapaHroHu k TemioBomy. 3aech 'y — BelIMUYMHA HACBILEHUS
cypdakTaHTa B Ta30BOM COCTOSIHMH, 6 — XapakTepHas pa3HOCTh TeMIepaTyp, Or, Or — K03(-
(UIMEHTHl KOHLIEHTPAIIMOHHON U TeMIEepaTypHOH HEOJHOPOIHOCTH MOBEPXHOCTHOTO HATS-
JKEHUs, COOTBETCTBEHHO.

3azaya pemanach METOJOM KOHEYHBIX PAa3HOCTEM C MOMOUIBIO JIBYXIIOJIEBOIO METOJA
MIOCPEJCTBOM IPOrpaMMbl, HamucaHHOW Ha s3bike Fortran-90. Ilo pesynpraTam pernieHus
ypaBHEHU ObUIO YCTAHOBJICHO, YTO U3MEHEHHE TEMIIEPATYPHBIX TPAHUYHBIX YCIOBUN CHUJIIb-
HO CKa3bIBACTCd Ha IIOJIOKEHUM TOYKU 3acTos. PesynbTHpyromias KpuBas, ONpEAeIIoIIas
IIOJIOKEHHUE TOYKH 3aCTOsl B 3aBUCHUMOCTH OT IIapaMeTpa dJaCTUYHOCTH XOPOIIO IOBTOPSET
AKCIIEpUMEHTAJIbHBIE JaHHbIe (puc. 1).
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B o6mactu 0 < E < 1 Ha mo-
BEPXHOCTH 00pa3yloTcsi 2 ydyacTka:
CBOOOJIHBIA y4acTOK M Yy4acTokK, 3a-
KPBITBIM IUICHKOW. YMEHBILICHHUE I1a-
pameTpa 9JIaCTUYHOCTU  YCHUIIMBAET
TEPMOKANWIISAPHBIA 3((EeKT U TreHe-
pUpyeT TeueHue ¢ OoJiblIei WHTEH-
CUBHOCTBIO, 4YTO, B CBOI O4Yepelb,
CWIbHEE CABUIAET IUIEHKY B IPOTHU-
BOIIOJIOKHBIN KOHEIl ITOJIOCTH. B xone
pacyeToB OBUIO YYTEHO H3MEHEHHE
cocTosiHUs cypdakraHTa (razoBoe M
KUAKOPACIIMPEHHOE)  IOCPEACTBOM
BBeneHus (QyHkuuu XeBucaiina B
IPaHUYHOE YCJIOBUE Ha KacaTeJIbHbIE
HaIpsDKEHUs. XapaKTepHOE OTKIIOHE-
HUE OT JIMHEHMHOM 3aBUCUMOCTHU IIpH
O6ompmmx E  BBI3BAaHO TEpexo0M
cypdakranta B >KMIKOPACIIHPEHHOE
cocrosHue. IlomyueHHble B pe3ynbTa-
T€ pacyeToB MoJig (PYHKUUU TOKA U
TEMIIEpaTyphl COTJIACYIOTCA C JKCIe-
pumentoM [3] (puc. 1,2).

X
0,8
0,6

A
A
0,4 )
A
A

0,2 A

0

0 0,2 0,4 0,6 08 E 1

Puc. 1. 3asucumocmu pasmepa okna om napamem-
Pa d1acmudHOCmu, NOLYYEHHble PAZHBIMU Memooa-
mu. 1 — ananumuyueckuti pacuem Xomcu, 2 — npu-
onuoicenue Xene — Illoy ona ¢ukcuposantnozo nu-
HeliH020 MenionomoKa Had HNOBEPXHOCMU, mpe-
V2ONbHUKU — IKCNEPUMEHMANbHbLE OAHHbLE.

Pabora nognepxkana PODU, rpant Ne 16-01-00662 a.
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Puc. 2. llone ¢pynxyuu moxa u memnepamypwoi npu E = 0.6
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00 3¢ PeKTUBHOCTH AKTUBHOTIO YIIPABJICHUS
KOHBEKIUen B TepMocu(oHe NPH 3ana3abIBaHUU

KOHTPOJJIEPA
JI. A. Bpauyn®, A. B. 3103run’, . B. Kpacusikos®

* TIepMCKMIi HAIIMOHANBHBINA MCCIIEI0BATENLCKHUIM TIOIUTEXHUYECKUH yHruBepeuTeT 614990,
[lepmsb, yi. Komcomonbckuii npocnexT, 29

email: krasnyakov ivan@mail.ru

b Ilepmckuil rocyaapCcTBEHHBIN HallMOHAIBHBIN HCCIe10BaTeNbCKUM yHUBEpCUTET 614990,
ITepmb, yn. bykupesa, 15

B pabore Teopernyeckm M OSKCHEPUMEHTANIbHO paccMaTpuBaeTcsl 3agada o0
ABTOMATUYECKOM YIIPABIIEHUM IBUKEHUEM KHIKOCTH B IMOJOIPEBAEMOM CHHU3Y
PSIMOYTOJIbHON KOHBEKTUBHOM METJIE C MOMOIIBIO MOJCUCTEMBI, KOTOpasi MEHSIET
pPEXUMBI KOHBEKIMU IOCPEICTBOM MAaJIbIX W3MEHEHHI OpUEHTAlUM METIH B
npocTpaHcTBe. MBI aklleHTHpyeM BHHUMaHue Ha d>(dekre 3ama3ibIBaHus,
KOTOpBIi BO3HUKAET B OOpaTHON CBSI3W TIpU TEHEPUPOBAHUU KOMAH/IBI
KOHTpoiuiepa. [l 3TOro K €CTeCTBEHHOMY 3amla3/blBaHuI0 B padote
KOHTPOJJIEPA, KOTOPOE HMEET TMJIPOJMHAMHYECKYIO IPUPOAY, HCKYCCTBEHHO
BBOJAMIIACH 3aJiepKka. Pa3paborana maTemaruueckas Mojenb siBjaeHUs. M3yueHsl
TUHAMHYECKHE pEeXHUMBbl PaboThl ympaBisiemoro Ttepmocudona. IlpuBomutcs
CPaBHEHHE C JKCIIEPUMEHTAIbHBIMHU JaHHBIMH, MOJTYYEHHBIMHU IJI JT0JIEKaHA U
TpancpopmaropHoro macia. IlokazaHo, 4To Ype3MepHOE YCWIEHHE OOpaTHOU
CBSI3M MOXET BO30YXJaTh B CHCTEME KaK MEepUOJUYECKHE, TaK U XAOTHYECKHE
PEXKUMBI KOHBEKIIUH.
KuroueBble cjioBa: TeioBas KOHBEKIIMS; aKTUBHOE yIpaBJICHHE; 3aMa3/bIBaHle

On the efficiency of active control of convection

In a thermosyphon with time-delay controller

D. A. Bratsun®, A. V. Zyuzgin®, I. V. Krasnyakov®

* Perm National Research Polytechnic University, Komsomolsky prospect 29, 614990, Perm
email:krasnyakov_ivan@mail.ru
® Perm State University, Bukireva St. 15, 614990, Perm

The problem of active automatic control of the fluid flow in a rectangular
convective loop heated from below is studied theoretically and experimentally.
The control is performed by using a feedback subsystem which changes the
convection regimes by introducing small discrete changes in the spatial
orientation of the loop with respect to gravity. We focus on effects that arise when
the feedback controller operates with time delays. In order to tune the retardation
time, a delay was artificially introduced to the natural lag in the operation of the
controller, which is hydrodynamic in nature. The mathematical model of the
phenomenon is developed. The dynamic regimes in the work of the thermosyphon
under control are studied. The comparison of the experimental data obtained for
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dodecane and transformer oil with theory is given. It is shown that excessive gain
of feedback can excite both periodic and chaotic convection modes in the system.
Keywords: thermal convection; active control; time-delay

Bompocel ynpasiieHus mpoueccamu TEMJIOMAaCCONEPEHOCA BbI3BIBAIOT 3HAUUTEIBHBIN
UHTEpEC, KaKk ¢ (yHIaMEHTAIbHONW TOYKH 3PEHUS, TaK M B CBA3HM C MHOTOYHCICHHBIMU
TEXHOJIOTHYECKUMU NpWIoKeHussMU. OcoOEeHHO aKkTyalibHa 33/1a4a 00 aKTUBHOM YIIpaBICHUH
Cc 00paTHOI CBA3BIO, KOTJA YNpaBiICHHE OCYIIECTBISETCS B aBTOMAaTHYECKOM DEXKUME I10
OTIpEeNIeJICHHOMY 3aKOHY. 3ajada o0 aBTOMATHYECKOM MOAJIEPKAHUM MEXaHHYECKOTO
KBa3UPAaBHOBECHS HEOJHOPOJHO HArpeToil J>KUAKOCTHU B TNPSAMOYrOJbHOM TMeTie ¢
3ara3pIBaHuEeM ObllIa PACCMOTPEHA TEOPETUYECKH U dKCIIepUMEHTaNbHO B [1]. B oTnnuume ot
MHOECTBa PabOT 3apyOeKHBIX U POCCHHUCKHX aBTOPOB B KAUECTBE 0OBEKTA yIPaBIICHUS ObLIT
paccMoTpeH TepMOCU(pOH (3aMKHYTass KOHBEKTHBHAs CHCTEMa C OJAHOMEpPHBIM TEUECHHEM
JKUJIKOCTH) TIPSMOYTOJIbHOU (hopMBbl. BpITO TIOKa3aHO, 4TO B 3TOM CIIy4ae MOYKHO JTOOUTHCS
YBEpEHHOH CTaOWIM3allMd MEXaHWYECKOrO PaBHOBECHS KMJIKOCTH B IIMPOKOM JHAara3oHe
YIPaBISIOUUX [apaMeTpoB JAa)ke AJIsl JIMHEWHOTO 3aKOHa yIpaBiieHHs. bbuio oOHapykeHO
TaKXe, YTO Ype3MEpPHOE YCHIIEHHE OOpaTHOW CBA3M BO30YXKAAaeT B cHUCTeME KojeOaHWUs,
KOTOpBIE HMEIOT TUAPOJAMHAMUYECKyI0 mpupony. Okxazanoch, 4YTO JTH KoseOaHUS
BBI3BIBAIOTCS 3alla3/IbIBAHUEM YIPABIISIOMIEH MOACUCTEMBI BOBPEMsI BHOCUTH KOPPEKIHIO B
COCTOsSIHME ympaBisieMort cucteMsl [1]. Takum o06pa3om, Kak OKa3ajloCh, Mbl CTAJIKHBAEMCS
3/1eCh C TUITUYHOIN CHCTEMOH, UMEIOIIEH OTpULIATENIbHYI0 OOPaTHYIO CBSI3b C 3aIa3/(bIBAHUEM.
[TonpoOGHOE 000OCHOBaHME MAaTEMAaTHYECKOW MOJEIH ObUIO BBIMOJHEHO B padote [2]. B
pabotax [3,4] Obul U3y4YeH BOMPOC O BIMSIHUU IIyMa Ha KauecTBO ympamieHus. Hambonee
WHTEPECHBIM Pe3yNbTaT ObT OOHAPY)KEH B MOJIKpUTHUYECKOW obOmacTu. OKazajoch, YTO MPH
COBMECTHOM JICWCTBUY IIIyMa U 3ara3/bIBaHus pU Yrciax Panes HUKe KpUTHUECKOTO MOTYT
BO3OY)K/IAaThCsl KBa3UpEryJsipHble KoseOaHus. Takum oOpa3om, 3ddekr, BrepBbie
OoOHapy>KEHHBII B CUCTEMax ¢ T€HHOH Peryssiiuy B KIeTKax [S5], ObUT MpOIeMOHCTPUPOBAH B
MEXaHUYECKON CHCTEME CO CpPaBHUTEIHHO OOJBIIUM YHCIOM CTENeHEeH CBOOOABL. ITO
NOATBEep kAT pyHIaMEeHTAIbHBIN XapakTep oOHapy>KeHHOTO B [5] addexTa.

Jlannast paboTa MOCBSIIEHA YKCIEPUMEHTAILHOMY U TEOPETHUYECKOMY HCCIIEIOBAHUIO
BIMSHUS 3ama3/blBaHuss Ha A(PQPEKTUBHOCTh ympaBieHUs. i1 moapoOHOro wu3ydeHus
s3¢dexTa B X0lle IKCHEPUMEHTOB K €CTECTBEHHOMY 3HAYCHHIO 3ala3[bIBaHUsI CHCTEMBI,
Oo0Hapy>KEHHOMY paHee, UCKYCCTBEHHO MPOM3BOJIMIACH J100aBKa, MPU M3MEHEHUU KOTOPOU
OBLJIO BO3MOXKHO H3Y4aTh YCTOMYMBOCTH CHUCTEMBbl B IIUPOKOM JIMANa3oHE 3HaueHUM
YIPaBJIAIONUX MAPAMETPOB U BEJIMYHHBI 3a11a3/IbIBAHHUS.

OOmmii BUJ SKCHEPUMEHTAIHHOM YCTAaHOBKM W €€ OIKWCAaHHWE TIPE/ICTABICHB Ha
(puc. 1. a). Kapra ycToiuMBOCTH ANl pa3iMyHBIX PEKUMOB KOHBEKIIMH, TOJyYeHHAs s
TpanchopMaTOPHOTO Macia  JIoJeKaHa mpeacTaBicHa Ha (puc. 1. 0).

B Hactosmieii paboTe mocTpoeHa MalOMOAOBAs IMHAMUYECKAs MOJENb SBICHUS U
TEOPETUYECKH PAaCCMOTPEHBbl TUHAMUYECKHE CBOWCTBA MOJETH AAJEKO OT TOYKU NEpBOU
oudypkauuu. M3ydeHue e€ CBOMCTB MoOKa3ajlo, YTO H3-3a 3ala3]bIBaHUs KOHTPOJUIEP
BCTYIIAET B CJI0KHOE HETMHEMHOE B3aUMOJICHCTBUE C YIIPABIISIEMO KOHBEKTUBHOM CUCTEMOM.
3T0 B3aMMOJICHCTBUE B 3aBUCUMOCTH OT 3HAUCHHUH YIPaBIAIOMIKX apamMeTpoB (uucia Penes
U K03(ppUIMEeHTa YIpaBIeHUs) MOXKET MPUBECTH K CTAlMOHAPHOMY, MEPHUOTUUECKOMY HITH
Jake XaoTHYeckoMy moBeaeHuto. IlocTtpoeHsl (a3oBble MOPTPETHI, BBISABICHBI OCHOBHBIC
oudpypkarun B cucteme. I[loctaBineH Bompoc 00 oOpraHu3aluid HMHTEIJICKTYaJIbHOTO
yIpaBJIeHUs,, KOTOpoe Obl BBINOJHSIO (YHKIMU TPEAUKTOPA, CHUXKAJIO BEIUYUHY
3ara3/bIBaHUs U TOBBIIIANO Obl KauecTBO yrpaBieHus. [IpoBoauTcs cpaBHEHUE ¢ JaHHBIMU
sKcriepuMeHTa. [yl HEeHWTpaldbHBIX KPUBBIX IEPBBIX OHQypkauuii OOHApPYKEHO XOopoliee
COTJIacue C dKCIEPUMEHTAILHBIMU JaHHBIMH (pHC. 1. 0).
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Experiment: steady state mode, 0il [
Theory: steady state mode, oil

Experiment: oscillatory mode, oil, At=0 O
Theory: oscillatory mode, oil, AT=0 -

Rayleigh number R (D.U.)

0 F Experiment: steady state mode, dodecane
Experiment: oscillatory mode, dodecane, At=0 @
Experiment: oscillatory mode, dodecane, At=35s A
Experiment: oscillatory mode, dodecane, At=30s 4

-1 1 1 1 1 1

0 1 2 3 4 5 6
Feedback gain coefficient K (D.U.)

(6)

Puc. 1. Ob6wuii 6uo0 sxcnepumeHmanvHoOUu YCMAaHoO8KU (a) U OCHOBHAs Kapma
VCMOUYUBOCIU, CYMMUPYIOWAs OanHble OJisl MPAHCHOPMaAmopHo2o macia u dodekaua (0),
a makdce meopemudeckue Kpusvle, 6bluUcCieHHble 01 macia. Ha gomoepaguu
npeocmasieHa cama KOHGeKMUBHAs NemJis 8 onpeoeieHHoU (aze 08UNCeHUss NOO Y2IoM K
NOI0 MANCECMU, A MAKIHCE KOHMPOILED, COCMOSWULL U3 KOMNbIOmMepd, COeOUHEeHHO20 C
MEepMOCUPOHOM — uepe3  GONbIMMEmp U  MepMOnapy, U  Wazoevlli  Osuecamerny,
ocywecmensiowuil nosopom nemau. CnioOwHAs U NYHKMUPHAs JTUHUU HA 2paghuke
0003HAYAIOM MOHOMOHHYIO U KOAebamenbHylo Mo0y coomeemcmeento. Benuuuna At
onpeoessiem UCKYCCMBEHHYI0 000ABKY K 6PEMEHHOU 3a0epicKe KOHMPOIIEPd 6HOCUNb
U3MeHeHUsl 8 NogeOeHUe YNPABIAEMOL CUCTNEMBI.

Jannast pabora ObuTa BBHIMOTHEHA TpU (UHAHCOBOM MOANEpkke MuUHHCTEpCTBA
obpazoBanus u Hayku PO (mpoekt Ne 3.6990.2017/by).

Cnmcox aureparypsl

1. Bbpayyn /1.A., 3103eun A.B., Ilonosunkun K.B., Ilymun I.®. OO0 aKTUBHOM YIpPaBIICHUU
paBHOBecHEM XHUAKOCTH B TepMocudone // ITucema B XXypH. Texn. puz. —2008. — T. 34. —
Bpimn. 15. - C. 36-42.

2. bpayyn J[.A., Kpacuaxoe H.B. MaremaTtnueckas MOJEIb aKTUBHOIO YIPABICHUS
KOHBEKIMEW B TepMocudoHe C 3ama3apiBaHueM 1o Bpemenu // Bect. Ilepm. roc. rym. -
nen. yH-Ta. Cep. No2: ®usznko-MareMaTHYECKUE U €CTeCTBeHHbIE HayKu. 2014. — Beim. 2. —
C.28-53.

3. bpayyn J[.A., 3wzeun A.B. Dddext BO30YKIECHUS TMOAKPUTHUYECCKUX KoJIeOaHUN B
CTOXaCTUYECKUX cucTemMax ¢ 3amasapiBanueM. Yacte Il YnopaBineHue paBHOBeECHMEM
)uakocty // KommbsrotepHble uccnegoBanust u MogenupoBanue. — 2012, — T. 4. — Ne 2. —
C. 375-396.

4. Bratsun D., Krasnyakov I., Zyuzgin A. Delay-induced oscillations in a thermal convection
loop under negative feedback control with noise // Commun. Nonlinear Sci. Numer.
Simul. —2017. — Vol. 47. — P. 109-126.

5. Bratsun D., Volfson D., Hasty J., Tsimring L.S. Delay-induced stochastic oscillations in
gene regulation // Proc. Natl. Acad. Sci. U.S.A. —2005. — Vol. 102. — P. 14593-14598.

79



VK 538.9; 620.17; 51-72; 519-6

HUcciienoBanue n3sMeHEeHHU CBOVCTB PMOKCUTHOM

CMOJ1bI, MOAUGUIpoBaHHOM ysiepeHamu Cg,
M. M. by3makosBa, B. I'. I'naeB, A. ®. Mep3asakos, C. B. Pycakos

IIepMcKkuHil TOCYIapCTBEHHBIN HALIMOHAIBHBIN UCCIEA0BATEIbCKUN YHUBEPCUTET
614990, Ilepms, yn. bykupesa, 15
email: mariya nazarova@mail.ru

[TpoBeneHo uccnenoBaHNEe MEXaHUYECKUX CBOMCTB 00pa3IloB AMOKCUIAHON CMOJIBI
nonupoBaHHBIX ¢ymiepeHaMu Cgp B JMana3oHe MAacCOBBIX KOHIIEHTPAIUl OT
0.02% no 1%. WccnenoBanue mpoBOIUIOCH METOJAMH KOMIIBIOTEPHOTO MOJE-
JMPOBAHUS U HATYpHOTO 3KcIepuMeHTa. [IpennokeHa nepkoysMOHHAs MOJAEIb
MOAU(UKAIIIHN SMTOKCUIHON cMOJIBI (yIiepeHaMy, ¢ TIOMOIIbIO KOTOpOil Haiie-
HO 3HAYE€HUE KPUTUYECKOW KOHILEHTpAIMH (YIUIEPEHOB B SMOKCHUIHON CMOJIE,
COOTBETCTBYIOLIEH MOPOry NEPKOJISLUU. BBINOIHEH HATYPHBIA SKCIIEPUMEHT 110
u3MepeHuto Moayns FOHra smokcuaHOW cMoJIbl, MOAMGUIIMPOBAaHHON (yruiepe-
Hamu. IIpoBeneHO cpaBHEHHE PE3YyNbTATOB KOMIBIOTEPHOIO MOJEIMPOBAHUS U
HATYpPHOT'O 3KCIIEPUMEHTA. BbIsBIEHA HEMOHOTOHHAs 3aBUCUMOCTh Moayis FOn-
ra oT KOHIeHTpauuu QymiepeHoB ¢ makcumymoM npu 0.153 macc.%. Ilokasano,
YTO Ha NOPOre MEPKOJSILMY U3MEHEHUE MEXaHUUECKUX CBOMCTB MarepHuala Tak-
K€ UMEET NTOPOTOBBIM XapakTep.

KioueBble cjioBa: HAHOKOMIIO3HT; SMOKCUIHAS cMOJIa; (YIJIepeH; MaTeMaTuYecKoe Mo/ie-

JUPOBAaHUE

The research of the properties’ change of
the epoxy, modified by fullerenes Cg,

M. M. Buzmakova, V. G. Gilev, A. F. Merzlyakov, S. V. Rusakov

Perm State University, Bukireva St. 15, 614990, Perm
email: mariya nazarova@mail.ru

The research of the properties’ change of the epoxy by the addition of various val-
ues of the Cg fullerenes in the range of mass concentration from 0.02% to 1% has
been conducted. The research has been conducted by the methods of the computer
modeling and the natural experiment. The percolation model of the epoxy, modi-
fied by fullerenes Cg is proposed. The result of computer modeling is the value of
the fullerenes’ critical concentration in the epoxy, at which the material changes the
properties. The critical concentration corresponds to the percolation threshold. The
natural experiment on the measurement of the Jung’ module of the epoxy, modified
by fullerenes is executed. The comparison of the results of the computer modeling
and the natural experiment has been conducted. The nonmonotonic dependence of
the Jung’ module of the fullerenes concentration with the maximum at 0.153 %
masses is revealed. It is shown, that the properties’ change of the material also has
the threshold character on the percolation threshold.
Keywords: nanocomposite; epoxy; fullerene; mathematical modeling
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1. BBeaenue

Perienne MHOTUX CJIOXHBIX M MPAKTUYECKH BAXHBIX 3a/1a4 0a3UpyeTcsl Ha UCIOJIb30-
BaHUM CHEeNM(PUYECKHX CBOICTB MOJIMMEPOB. B nureparype MIMpPOKO MpeACTaBICHbI HCCIe-
JOBaHUS (PU3UKO-XUMHUECKUX, ONTHUYECKUX U IEKTPUUECKUX CBOMCTB psijia CHHTETUYECKUX
MaTepHalioB, TOMMMPOBAHHBIX QyiuiepeHaMu (cM. Hampumep, [1]). Ilokazano, yTo mpu Moau-
(buKaIMK MOTMMEPHBIX MAaTPULl HAHOYTJIEPOTHBIMU YacTUIlaMt ((ysuiepeH, HaHOTPYOKH) Ma-
Tepuai NpuoOpeTaeT HOBbIE MIIH YIIy4IllaeT CYIECTBYIOIIKE CBOMCTBA. B Toke Bpemst aHanus3
JUTEPATYpPHBIX JAHHBIX YKa3bIBAE€T HA HEOJHO3HAYHOCTH BJIMSHMS HAHOHAIIOJHUTENSA HA Xa-
PaKTEepUCTUKU Takux MmarepuaioB. CymiecTByeT OOJbLION pa3dpoc B 3KCIEPUMEHTAIBHBIX
JAHHBIX [0 U3YYEHHIO CTPYKTYPHlI M CBOMCTB HAaHOKOMIO3UTOB. OCOOEHHO 3TO Kacaercsi 00-
JacTU MalbIX KOHIEHTpaluid HaHoMoaudukaropa. B Hacrosmeil pabore mpemioxeHa Mo-
Je7b MOIU(UKAIIMH SMOKCUAHON CMOJBl (y/uilepeHaMu U UCCIET0BAHO M3MEHEHUE MOJTYIIs
FOHra B 3aBUCUMOCTH OT KOHILIEHTPAILIUHU (QYJUIEPEHOB B OTBEPKEHHBIX 00pa3Iax SMOKCHIHOM
CMOJIBI.

2. IHocranoBKa 3aJa4Yu 1 METOAbI HCCJICA0BAHUA

2.1.MoaeanpoBaHnue

KoMnbroTepHoe MoAenMpoBaHUe NMPOBOAWIOCH MeTogaMu MoHTe-Kapio ¢ ucnomias3o-
BaHUEM TEOPUU MEPKOJSUN U (HPAKTATIOB, TCOPHH BEPOSATHOCTH U MAaTEMAaTUYECKON CTaTH-
CcTUKU. JIJIs reHepanuu CIlydalHBIX YUCE] HCIIOJIB30BAJICS aIrOPUTM «BUXpb MepceHHay,
KOTOpBIA 00nasaer OonbmuM nepuooM [2]. Jins paBHOMEPHOTO pacHpezesieHus YacTUIl B
cpezne ObUT NCTONB30BaH 3(P(PEeKTUBHBIN anropuT™, pa3paboTaHHBIH aBTOpamu [3].

[lepkonsiuMoHHasE MOJENb SMOKCUAHON CcMOJIBI, MOAM(UUIUPOBAHHON (ysiepeHamu,
MpEJICTaBICHA TPEXMEPHOU CUCTEMOU (KyO ¢ THHEWHBIM pa3MepoM L) — MOJIMMEPHON Mat-
pHIIel, B KOTOPOIl paBHOMEPHO IHCIIEprupoBanbl cepbl paauycoM » = 0.357 um — dyme-
peHbl, Mexda3Hble 00JACTH IMPEICTaBICHBl MPOHUIAEMBIMU 00OJOUKaMu chep, KOTOpbIe
MOTYT TepeceKaThcsi U 00pa3oBbIBATh KiacTepbl. BzauMozelcTBue Mexay QyiepeHaMu xa-
pakTepusyercst cuiamu Ban-nep-Baanbca. J[Ba ¢ynnepena crnumaroTcs, €Clid paccTOSHUE
MeXay HUMU cTaHoBHTCS paBHBIM jinHe cBsizu C—C (0.154 um). Ecnu paccrosiare 60bIie,
TO BEPOATHOCTH 00pazoBaHus cheponurta u3 Mex(pazHeIx obaacTeil (Knactepa U3 MpoHHIIAe-
MBIX 00onouek cdep) mpomopuroHadbHa BaH-nep-BaanbcoBoMy B3aMMOJIEHCTBUIO Ppong
=U/Upax, THE Uy — TIOTEHIIMANT TIPU PACCTOSHUU Mexay Qyrnepenamu, paBHbiM 0.154 HM.
Benuunna Mex¢aszHbIx o0nacTeil (TONIIMHA TPOHUIIAEMON OO0O0JIOYKH) XapaKTepU3yeTcs
CIOCOOHOCTBIO aTOMa yriiepoja ¢yijiepeHa CBA3aThCsl C aTOMOM a30Ta SMOKCHIHOW CMOJIBL.
ITpu stom obGpasyercst mpocrtas cBsa3b C—N mmuHON 0.147 HM, 4TO COOTBETCTBYET MHUHH-
MaJIbHOMY 3HaUY€HHIO TOJIIIMHBI Mex(a3zHoro ciosi. [lopor mepkossuu COOTBETCTBYET 3Ha-
YEHUIO0 KPUTUUECKON KOHIEHTpalnu (QyIIepeHOB B OJUMeEpe, IPU KOTOPOM HaHOMAaTepuall
pUOOpETAET WM YIIy4IllaeT CBOU CBOMCTBA.

2.2, JleTaju HATYPHOI'0 KCIIEPUMEHTA

B pabote ucnonp3oBasnack smokcuaHas cmona L ¢ orBepaurenem EPH 161 (cootHo-
LIEHUs] CMEIIMBAHMUS B BECOBBIX yacTsaX 4:1). B xauecTBe HamoJIHUTENS MCIOJIb30BAIUCH
¢dymnepenst C60 (98+) mpoussoacrea OO0 HIIK «CoBpeMeHHbIE TEXHOIOTHH CUHTE3ay.

[Ipu u3rortoBiieHUM OOPA3IOB JIsl MCCIEIOBAHMs, HAaBECKY CMOJIBI C HAIOJHUTEIEM
3aMELIMBAIM C NOMOILBIO 3JIEKTPOMEXAaHUUECKOTO cMecuTens. [lanee cMech qucneprupoBa-
Jach B yAbTPa3BYKOBOM BaHHE /10 AOCTIIKEHHUS PABHOMEPHOTO paclpeeNeHst MO (pHUKaTo-
pa B xuakoit cmozne. Ilocne yero noGassiicst oTBepauTens. [lonyueHHas cMech TIIATENBHO
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CMEIINBAJIACh 3JEKTPOMEXAHUYECKUM CMECUTENIEM M JIOTOJHUTENBHO B YIBTPa3BYKOBOM
BanHe. COCTaB 3aJqMBaJICSA B MPSIMOYroiibHYIO (opmy, rae orepxkaancs. OOpasisl st Uc-
crenoBanus uMmenu pasmepsl 90*40* 1 mm. M3mepenust macchl cMOJIbI, OTBEpAUTENS U (yII-
JIepeHOB, HEOOXOIUMBIEC Ul pacueTa KOHIIEHTPALMHM CMECH, BBITOJHSUIUCH C MOMOIIBIO
aHanutudeckux BecoB JIB-210A. Moayne FOHra usmepsuics ¢ NOMOIIBIO YHUBEPCAIBHOM
ucnbiTareabHo MamuHbl ZWIC Z-250 ¢ ucnonp30BaHUEM JTAaTYUKOB M3MEpEHUs Jedopma-
LIUH.

3. Pe3yabTaThl M UX 00Cy:KIEHUE

Pe3synbrarel KoMnbroTEpHOrO MojaenupoBaHus 11 L = 50 u paznuyHbIX 3HAYEHUI
TOJILIMHBI TIPOHHUIIAEMOM 000JI0UKH MMOKa3aHbl HA puc. 1. BuaHo, 4TO npHu yBeTHMYEHUH TOJI-
IIMHBI IPOHUIIAEMOM 000JI0UYKH MOPOT MEPKOJIALIUU BO3PACTACT.
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drr p, mass fraction
Puc. 1. 3uauenus nopoza nepxonayuu 8 3a- Puc. 2. Uzmenenue mooynsa FOuea 6 3asu-
sucumocmu  on  OMHOUWLEHUA  MOJUUHDBL cumocmu om KOHyenmpayuu ¢yﬂﬂ€p€H06

Mmedichazno2o cnos k paouycy gyiiepena

Pesynbratel m3mepenuss monyns HOHra mnpu pasznuyHbIX 3HAYEHMSIX KOHILIEHTpALUU
¢ynaepeHoB B SMOKCUIHOW CMOJIe MpeaCcTaBiIeHbl Ha (puc. 2). BugHo, 4To npu yBelIndeHun
KOHLIEHTPALIMK HAMOJIHUTENS MOLylb FOHra Bo3pacTaeT u JOCTUraeT CBOEr0 MaKCUMAJIbHOTO
3HavyeHus npu 0.153 mace.% ¢ynnepeHoB. 3HaueHue mopora MepKoJISAIUN, paBHOE KOHIICH-
Tpauuu QyJUIEpeHOB B CMOJI€ C MAaKCUMAaJbHBIM 3HaueHHeM Moyt FOHra, cooTBeTcTBYeT
OTHOIIECHUIO MEXK(}a3HOTO cJ0s K paauycy Qymiepena, paBHomy 10 (To eCTh TOJIIKMHA MEX-
(a3HOro cnost Ha MOPSAOK OOJbIIe paguyca HAHOYACTHUIIB). MOXHO cliesiaTh BBIBOJ, YTO
Mex(a3Hble 00IacTH B HAHOMAaTepualle UMEIOT BEJIMYMHBI MEXKAY HAHO- U MUKPOpa3MepaMH.
JlanbHelilee yBelnMYeHHE KOHLEHTpAMH (YIJIEPEHOB MPUBOAUT K YMEHBIICHHIO MOJYJIS
KOHra npaxkTuuecku 10 €ro 3Ha4eHUs YUCTOU CMOJIBI.

4. 3akaoueHue

[IpoBeneHo uccieIOBaHUE W3MEHEHHMS MEXAHHYECKMX CBOMCTB JMOKCHIHOM CMOJIBL,
MoaupupoBaHHON QymepeHamu. [TomydeHbl 3HaUeHUS KPUTUYECKON KOHIIEHTpauuu (ys-
JIEpEeHOB, TPU KOTOPOH HaHOMAaTepuasn MpUOOpeTaeT yIydIleHHbIE CBOWCTBA. JKCIIEPUMEH-
TaJbHO MOKa3aHO, YTO CYIIECTBYET ONTHMAaJIbHAs KOHIEHTpAUs (QysIepeHOB B SMTOKCUAHOM
CMOJIe, TIPU KOTOPOHM MPOUCXOAUT CyIIeCTBEHHOE Bo3pactanue monyns FOura. PabGora BbI-
nosiHeHa npu nogaepxkke POOU (rpantst Ne 16-31-00064, Ne 15-0107946)
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Bausinue Harpesa Ha iUaMCHCHHEC BE€Ca TCJI

PA3JIMYHOU CUMMETPUM B BA3ZKOM KUJAKOCTH
JI. H. bypkosa, A. H. Konapamos, K. A. Peiokun, U. O. Cooes

IIepMcKkHil TOCYIapCTBEHHBIN HALIMOHAJIBHBIN UCCIEA0BATEIbLCKUN YHUBEPCUTET
614990, Ilepms, yn. bykupesa, 15
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B pabote skcnepuMeHTaNbHO M3y4aeTcsl BIUSHUE (OPMBI, HATPETOTO Teja, Ha
U3MEHEHHE €r0 Beca B KUIAKOCTH. DKCIEPHUMEHTHI MPOBOJWINCH C KOHYCOM M
[IapOM OJIMHAKOBOTO 00BeMa, M3TOTOBJIEHHBIX U3 cIUIaBa Po3e, BHYTph KOTOPBIX
Obu1 momerieH pesucrop. [lonBerienHple Ha Becax Tela, MOMEIIAINCh B BOY HITH
[JIMLEPHUH, U HArpeBAIUCh IIPU NIOMOIIY UCTOYHMKA IMUTAHUS IIOCTOSTHHOM MOLI-
HocTU. JIOKanuM30BaHHBIM MCTOYHHUK TEILIA CO3JABall B CJIOE KUAKOCTH I'PaJUCHT
JABJICHUs, BCJICACTBHE 4€ro, Ha HEr0 HayvMHala JEHCTBOBATh JOIOJIHUTEIIBHAS
BBITAJIKMBAIOLIAs CUJIA, B 3TOM CIIy4ae, €ro BEC yMEHbIIAJICA. 3aMEUYEHO, UYTO U3-
MEHEeHHE Beca Hauboiiee BBIPRKEHO JJIS KOHYCa, YTO OOBSCHSIETCS Pa3InyueM
BO3HUKAIOIIUX KOHBEKTUBHBIX TCYCHUMN.
KuroueBrble cj10Ba: HarpeB; U3MEHEHHUE BECA; TEIIOBasi KOHBEKLINS

Weight loss on heating of the bodies with
different symmetry

L. N. Burkova, A. N. Kondrashov, K. A. Rybkin, I. O. Sboev

Perm State University, Bukireva St. 15, 614990, Perm
email: lyubashaburkova@gmail.com, akon.psu@yandex.ru, k.rybkin@gmail.com,
ivan-sboev(@yandex.ru

The impact of the shape of a heated body is on the change in its weight in a liquid
was experimentally studied. Experiments were carried out with the cone and the
sphere of the same volume, made of Rose alloy, with electrical heater inside. Body,
hanged on the scale, was placed in water or glycerin, and was heated with a con-
stant current source. The pressure gradient of surrounding fluid layer was made by
fluid convective motion. So, buoyancy force acting on the body was changed and
its weight decreased. It is noted that the weight change is more pronounced for the
cone, than the sphere. Main differences are in the convection patterns form, de-
pendent on body shape
Keywords: heating; change of weight; thermal convection

1. BBeneunue

Kak nokasbiBaeT 0030p AUTEpaTyphl, HA CETOIHSIIHUN JIeHb, MHTEpEC K Ipobiaeme Ten-
JIOBOW KOHBEKLMU B 3aMKHYTBIX MOJIOCTAX IOJ| JEHCTBHEM JIOKAJTU30BAaHHBIX MCTOYHHKOB
Teruia He yracaer [1 — 2]. HanpaBneHue 0CHOBHBIX MCCIEN0BAHUN J0IT0€ BPEMsI ONIPEEsI-
JI0Ch HEOOXOIMMOCTBIO pelieHus: MpoOieMbl 3PPEKTUBHOCTH CHCTEM OXJIAXKACHUS, TO3TOMY

© bypxkosa JI. H., Konapamos A. H., Peiokun K. A., Cooes 1. O., 2017
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noJIaBJIsitoniee OOJBITMHCTBO PadOT, y)Ke HECKOJIBKUX JECATHIICTHH, HAIpaBICHbI Ha UCCIe-
JIOBaHWE 3aBUCUMOCTH MHTEHCHBHOCTU TEIUIOOTAAYM OT I'PAaHUYHBIX YCIOBHUM, a TaKXKe OT
TeOMETPUIECKHUX pa3MepoB padoueil mosioctu. Hanbonbmnii MHTEpEC BBI3BIBAIOT PE3YIbTATHI
paboThl ydeHBIX U3 MaccadyceTcKoro TexHojorudeckoro uHctutyra [3]. Umu Obuto 0OHa-
PYXEHO, YTO B T€X CIIydasiX, KOrJa JOKAJIW30BaHHBIM MCTOYHHUK TEIUIa CO3JIAET B CIOE XKU-
KOCTH I'PAaJUEHT AABJICHUS, Ha HEIO HAYMHAET JIEHCTBOBATh JOMOJIHUTENbHAS BBITAIKUBAIO-
mas cuna. I[Ipu 5ToM B onncaHHOM 3a/a4e paccMaTpUBAJIOCh NTOBEEHUE B )KMJIKOCTH Harpe-
THIX YacTUI[ HEOOJBIIOro pasmepa. Tak, Uit oOecreueHHs JOKaTU30BAHHOTO MOJOTpeBa
IIPOU3BOAWIIOCH HAIIPaBJICHHOE BO3JCHCTBUE JA3€PHOT0 U3JIyUYEHUS HA YACTHILYy, B pe3ysbTa-
TE€ 4Yero Temreparypa o0beKTa yBeanuuBanack. Mcmnonb3yemas skcriepuMeHTalbHasi yCTaHOB-
Ka I103BOJIsIa PETUCTPUPOBATH CMEIIEHNE YACTHUIIBI B )KMJIKOCTH 110 U3MEHEHUIO AJIEKTpUYe-
CKOT0 ToJisi B 3Toi obnactu. TakuM 0Opa3oM, BOSHUKHOBEHHE KYJIOHOBCKUX CHJI 00YCIIOB-
JIEHO CMEUIEHMEM MMKpPOYAaCTHLIbI MJIM U3MEHEHHUEM BECa YAaCTULbI B XKUAKOCTU. DKCIIEpH-
MEHT MPOXOAWI C JIETKUMH dacTuuamu pasmepa 100 — 250 mxm. Kak nmokasan o030p nutepa-
TYpBl, BCIUIBITUE MAKPOCKOIMYECKUX TE€J, BCIAEACTBHE, MOSIBICHUS KOHBEKTHBHBIX TEUEHHUN
HEe paccMarpuBasioch. [1o 3To# mpuuMHe, HEeNbI0 JaHHOW pabOTHI ABJISAETCA U3yYCHUE BIIHS-
HUS HarpeBa Ha MOBEJCHUE TeNa B )KUJIKOCTH.

2. JKCNepUMEHTAJIbHAS YCTAHOBKA U METOIAMKA

B nannoit pabote ucnonap30Bajiach SKCIEPUMEHTAIbHAS YCTAHOBKA, KOTOpPasi COCTOsATIA
U3 CIEQYIOIUX MPEIMETOB: SKCIIEPUMEHTAIbHBINA 00BEKT, CTEKJISIHHAS KIOBETa, BECHI C JIUC-
kpetHocThio 0.01 rpamma, muddepennunanbaas TepMonapa, MUKPOBOJIBTMETP, UCTOYHHK TTH-
TaHus, nazep MomHocThio 0.4 BT, koMmbioTep U ¢oroamnmapar. B kauecTBe 3KcrepuMeH-
TaJbHBIX 0OBEKTOB ObLIM BHIOpaHbI MIap M KOHYC, U3TOTOBJICHHbIE U3 cIjiaBa Pose, BHYTpb
KOTOPBIX OB IMOMEIIEH pe3ucTop ¢ conporusieHueM 100 Om.

[TonBemeHHble Ha Becax, TeJla YCTAaHABIMBAINCH B IIEHTP KiOBeThl. Ha maHHOM 3Tame
paboThl, Ul CpaBHEHMS, MCIIOIb30BAUCH JIBE JKHUJIKOCTH - BoJa U rimuepud. [Ipu nposene-
HUM SKCIIEPHMEHTA, Ha PE3UCTOp MojaBanoch HampsbkeHue 30 B, TOk mpu 3TOM COCTaBIsUI
0.3 A.

3. Pe3yabTarhbl 3KCIIEPUMEHTOB

B pesynbrare 3KCIIEpMMEHTOB MOJyYEHbI 3aBUCMMOCTH M3MEHEHHs Beca Tela OT Bpe-
MeHU npH Harpese B TeueHuu 30 muHyT (puc. 1. a).
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Puc. 1. (a) 3asucumocmov 6eca om épemenu npu nacpese men 8 2iuyepute, (0) 3a8u-
CUMOCMb MmeMnepamypbl Om 8pemenu npu Hazpese KOHycd 8 2auyepure u 600e
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3aBUCUMOCTb IEMOHCTPUPYET, UTO BEC T€JIa, B MOMEHT BKJIOUEHUsI HarpeBa, yMEeHbIlIa-
€TCsl, a IIOCJIE MOCTENEHHO YBEINUYUBAETCS, U NIPU BBHIKIIOYEHUH HArpeBa MPOUCXOIUT PE3KOE
BO3pacTaHUE Beca, IPUYEM OH IIPEBOCXOAUT HAYaJIbHOE 3HAYECHHUE.

3TO MOXXHO OOBSICHUTH TE€M, YTO MPH BO3HUKHOBEHUM KOHBEKTUBHBIX TEUCHHH Ha, MO-
I'PY’KEHHOE B JKUJKOCTb TE€JIO HAaYMHAET ACWCTBOBATH JOINOJHUTENbHAs CHIJIA, KOTOpas BbI-
TaJKUBAET TEJIO U3 JKUIKOCTH, U KakK CJIEJICTBUE, Bec Tena yMeHblaercs. [locnenyromee yBe-
JMYEHHUE Beca CBS3aHO C M3MEHEHHE TeMIepaTyphl ¥ IUIOTHOCTH XKHUAKOCTH BOTU3HU TeNa, a B
MOMEHT BBIKJIIOYEHHSI HArpeBa YBEJIMYEHHUE BECa, BBHI3BAHO OCIIA0EBaHMEM KOHBEKTHUBHBIX
TeueHui. Bec Tena B KOHIIE SKCIIEPUMEHTA, OKa3aycs 00JbIle HAYaJIbHOTO 3HAYEHUS, TaK KaK
KHUJIKOCTh IpOrpelsiach. B pesynbTare 3KCIEpUMEHTOB OBLIO OOHAPYKEHO, YTO MaKCHUMallb-
Has TeMIlepaTypa Tejla B IVIMIEpUHE, IPU OJHOM MOILHOCTH, B 2.5 pa3a NPEeBOCXOAUT COOT-
BETCTBYIOIIYIO TEMIIEpaTypy Tena B Bojie (puc. 1. 0), a Tak ke, YTO HAXOISICh B OJIMHAKOBOM
KHUAKOCTH, TEMIIEpaTypa U BEC KOHYCa M3MEHSIOTCS CYILECTBEHHO CHJIbHEE, YEM Yy MIapa.
Pa3Huily B ©3MEHEHUH Beca MPH HarpeBe Tel 0JHOTO 00beMa MOKHO OOBSICHUTDH pa3iuyleM
B BO3HUKAIOLIUX KOHBEKTUBHBIX TEUCHUSX.

Jlnst BU3yanu3aiuy TeueHU ObLTH TpOoAeTaHbl SKCIIEPUMEHTHI CO CBETOOTPAKAIOIIUMHU
yacTuliaMu B Bojie (puc. 2). B pesynprare Busyanuzanuu, oOHapyXeHO, YTO KOHBEKTHUBHBIC
TEUEHUsI UMEIOT pa3Hylo GopMy, CIe0BaTeNbHO, HA TeJa ICHCTBYET pa3Has JOMOJHUTEIbHAS
BBITAJIKMBAIOIIAs CHJIA, YTO U SIBISETCA MPUYMHON HaOII0OAaeMOil pa3HOCTH B 3aBUCUMOCTSX
BECa OT BPEMEHHU

“(a) ©6)
Puc. 2. Busyanuzayus KoH8eKmMuUGHbIX meyeHull npu Hazpeage (a) wapa, (6) konyca

4. 3akiaueHue

IIpoBeneHbl HKCIIEPUMEHTSHI, O3BOJISAIOIIKE II0KA3aTh, YTO TEMIIEpATypa Tejla OKa3bIBa-
eT BIMSHUE Ha M3MEHEHHE Beca Tell pa3nuyHou (opmbl, B rimiepuHe u Bojae. Iloctpoens
rpaduKy 3aBHCHMOCTEH Beca Tel B IJIMLEpHHE W Boje. [IpoBeneHa Bu3yanu3anus KOHBEK-
TUBHBIX TEYCHUH C UCIIOJIL30BAHUEM CBETOOTPAXKAIOLIMX YACTHULL JUIs 1Iapa U KOHYCA.

Pabora BeImonHeHa npu nojaepkke rpanrta Ilpesunenra Poccuiickoit @enepanuu mo
MOAJIEPIKKE BeXylIuX Hay4dHbIxX Ko (rpant Ne HII1-9176.2016.1).
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IIporuo3 onmacHbIX METEOPOJIOTHUECKUX ABJICHUH

B IEPMCKOM Kpae ¢ ucnojib3oBanueMm moaeau WREF
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Crarbst moOCBsIleHa BepH(PUKALUKU KPATKOCPOYHOTO YHCICHHOTO MPOTHO3a
OMACHBIX M HEOJIArompHATHBIX SBICHHWH MOTOJAbI MO Me30MacIITaOHOW MOJAEIH
atmochepsl  WRF Ha tepputopun Cpennero VYpama. IIpuBeneHo Kparkoe
onucaHue Mporocrudeckon mozaenu WRFE U OCHOBHBIX 3KCIIEPUMEHTOB IIO
nos00py ONTHUMAIBHBIX HAacTpoeK Mojaend. [lepBbIil KCIIEPUMEHT MO3BOJIHII
noso0paTe ONTHUMANbHYIO TMapamMeTpH3alfio KOHBEKIMH. B  criemyromux
JKCIIEPUMEHTAX IPOU3BOJMIIACH OLIEHKA INPUMEHUMOCTH MOJEIU C BBICOKHM
MPOCTPAHCTBEHHBIM pa3pelIeHHEeM JJIsl IPOTHO3a CUCTEM TIIyOOKOM KOHBEKIIHH.
3aKIIOYUTENbHBI  SKCIIEPUMEHT ObT TPOBEICH C LENbl0 BepH(pUKaLUU
OIIEPATUBHOTIO IIPOTHO3a OIACHBIX SBJICHUM IOroabl Ha Teppuropuu Ilepmckoro
kpas B 2016 rogy. KauecTBo nmporso3a oTIeNbHBIX TUIIOB ONIACHBIX SBJICHUH YK€
OLICHUBACTCA KaK yJOBIETBOPUTEIbHOE, HO HEOOXOAWMO MPOJODKEHUE
HAaCTPOMKH MOJEIIH C LEJbI0 TaIbHEHIIEr0 yIydllleHUs Ka4ecTBa IIPOrHO3a.
KiroueBble ci1oBa: omacHbl€ SIBJICHUS MOTOJbI; KPAaTKOCPOUHBIM MporHo3; moaeinb WREF;
ry100abHbBIE MOJIENIN aTMOC(EPHI

Forecasting meteorological hazards in the Perm
Region by means of WRF model WRF

A.V. Bykov, A.N. Shikhov, A.S. Belozyorov
Perm State University, 15, Bukireva st., Perm, 614990, Russia, ivanov@email.ru

The article describes the verification of short-term numerical forecasting of severe
weather events using the mesoscale atmospheric WRF model in the Middle Urals
region. We describe WRF software and numerical experiments of modeling
dangerous weather phenomena. The first experiment is devoted to selection
parameterization of convective processes. At the next experiments we simulated
mesoscale convective systems on high resolution grid of WRF model. Besides, we
used WRF modeling dangerous weather in in the Middle Urals region at 2016.
Forecast quality of some types severe weather is satisfactory. But we want to
continue numerical experiments.

Keywords: severe weather events; short-term forecast; WRF model; global atmospheric

model

Ha tepputopun IlepMckoro kpasi eXerogHo (UKCHPYIOTCS pa3jHyHbIE OIACHbBIE
METEOPOJIOTUYECKUE SIBJICHUS, KOTOpbIe HMHOTJA MPHUBOJIAT K MaTepUAILHOMY YyIIEpOy.
3ayacTyro Takue SIBICHHsI CBSA3aHBI C Pa3BUTHEM aTMOC(EpPHON KOHBEKLUHU (CHUIIbHBIC JINBHHU,
KPYIHBINA T'paj, MIKBaJIbl, cMepuH). M3 sBICHUH, HE CBA3aHHBIX C Pa3BUTHEM aTMOC(HEpPHOM
KOHBEKIIMH, HAaUOOJIBIINKA MHTEPEC BBI3BIBAIOT CHIIHBIE CHETOMajbl, TAK KaKk OCOOCHHOCTH
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penbeda [lepMckoro kpasi Co31at0T OJIaronpHUsITHBIEC YCIOBUS Ul UX BOBHUKHOBEHHUS. 3a7auy
IIPOrHO3a ONACHBIX METEOPOJIOTUYECKUX SIBJIEHUI Ha Tepputopuu llepMckoro xpas MOXHO
pPelIuTh ¢ TOMOINBI0 YHCICHHBIX MoOJeiel aTtMmocdepsl, Hanbojiee pacnpoCTpaHEHHOH H3
KOTOPBIX SIBIISIETCA Me30oMaciITabHast mporHoctuueckas monens WRE.

B HacTosIee Bpemst B BeIyIIMX CTpaHaX MUpPa pa3paboTaHbl MPOTrHOCTHUECKUE MOJCTH
COCTOSIHUSL aTMoc(epbl. Mosieny YUCIEHHO pPEelIaloT CHCTEMY TPEXMEPHBIX OCPETHEHHBIX
ypaBHenuit HaBbe-Ctokca (ypaBHeHusi PeiiHonmpaca) Ha Bpamaromieiicss cdepe ¢
JIOTIOJIHUTEBHBIM YPAaBHEHUEM IlepeHoca BosHoro napa [1]. Kpome Toro, B mpaBbie yactu
CHCTEMBbl YpaBHEHMU BKJIIOYEHBI BKJIAJIbl OT MapaMeTpU3aluil MOJCETOYHOTO MaciiTada
(KOHBEKITUS, TEIUIOBasl paauaius, TypOyJlIeHTHOCTh M T.1.). CucremMa ypaBHEHUH peliaeTcs
pa3sIMYHBIMU METOJaMM, Hampumep MerogoM Pynre-Kyrrel 4 mnopsiika TOYHOCTH.
ANTOpUTMBI PELIEHUsS YPaBHEHHMH B HACTOSIIEE BPEMS aJallTUPOBAHBI U MapajlieIbHOIO
UCIIOJIHEHUSI HA MHOXECTBE BBIUYMCIMTEIBHBIX Y3JIOB M IPOCTPAHCTBEHHOE pa3pelleHue
MOJeNIell CTAaHOBUTCS Bce MeHbIle. IIpu yMmeHbIIEHHMH IIara CETKM BO3PAaCTaeT TOYHOCTh
omucaHus oporpaduu 1 B3aUMOJICHCTBHS aTMOC(Ephl ¢ 3¢MHOM MOBEPXHOCTHIO, U3-3a 3TOTO
MOSIBJIIETCSI BO3MOXKHOCTH OIMCHIBATh HEKOTOpBIE IPOLECCH HAmNpsAMyIo, HE mpuberas K
IIpoLEaypaM MapaMeTpU3aliH.

Mogaens WRF (Weather Research and Forecast Model) coznana B CILIA. PazpaboTka
npousBoautcss NCEP (National Centers for Environmental Prediction), NCAR (National
Center for Atmospheric Research), FSL (Forecast Systems Laboratory) u ap [2]. WRF
ABIISICTCS CBOOOJHBIM MPOTPAaMMHBIM OOECIIEYeHHEM M JOCTYITHA B MCXOJHBIX Kojax. Eire
OJIHUM TPEUMYIIECTBOM MOJIENIN SIBJISAETCS HaJMyhe OOJNBIIOr0 KOJMYECTBA BCTPOCHHBIX B
Hee MpoLeayp napaMeTpu3aluil MOJCETOYHBIX MPOLECCOB, YTO 00ECIEUNBAET BO3ZMOXKHOCTD
ru0Okoil HacTpoiiku. Kpome Toro, MoJiesib MOXKET 3aIyCcKaThCsl B MapajIeIbHOM pEeXKUME Ha
MHOTOSIJIEPHBIX MPOLIECCOpax M BBIYMCIUTEIBHBIX KJIacTEpax ¢ MCHOJIb30BAaHUEM OMOIMOTEK
OpenMP. Monens WRF mocraBnsiercss ¢ quHamudeckumu sapamu ARW (paspabortaHo B
NCAR) u NMM (pazpaborano B NCEP). /lunamuueckue siipa pa3indaroTcs CHCTEMaMHU
yYpaBHEHUH, OMUCHIBAIOIIMMHU COCTOSIHME aTMOC(HEPhl U METOIaMHU UX YHCICHHOTO peIIeHHUs,
Ha0OPOM JIOCTYITHBIX NMapaMeTpu3auuil u T.J.

C 2012 roma B II'HWUY wucnons3oBamace momens WRF-ARW 3.2.1. Mogens
9KCIUTyaTUpOBaJaCh €  HU3KUM  TOPHM3OHTaIbHBIM  paspemeHueM (10 kM) Ha
MHOTONPOIECCOPHOM  BhIuuchHuTeNbHOM KoMiuiekce «III'Y-Tecna» [3]. C 2014 rona
HavaIuch paboThl M0 OOHOBIIEHUIO M HACTPOiiKe mporpamMmHoro komiiekca WRE, Besizu ¢
yeM ObLIa IIPOBE/IeHA CepPHsl SKCIICPUMEHTOB.

Mogaens WRF-ARW Bepcun 3.6.1. Oblia ycTaHOBIIEHA Ha NMEPCOHATBHBINA KOMITBIOTEP
(mpoueccop Intel Core-i5 ¢ TakroBoii yacrotoit 3.41 [T, 24 I'b oneparuBHOU mamsitH). s
nepeBoja AaHHbIX cdyera moaenu u3 gopmara NetCDF B xox GRIB-1 (cxarsiit popmat s
XpaHEHUs] METEOPOJIOTMUECKUX JIaHHBIX) MCIOJB30BaJICS IporpaMmHblii koMiieke UPP 2.2.
KpoMe uHTEpnonsiuu JaHHBIX CYeTa MOJENM Ha H300apHUECKHe MOBEPXHOCTH 3TOT
IIPOrPaMMHBIN KOMIUIEKC TaKXe IO3BOJIAET BBIYMCIATH JIOMOJHUTEIbHBIE XapaKTEPUCTUKHU
atMocdepsl (HampuMep, pPaJHOJIOKAIMOHHYI0 OTpPaXaeMOCTh, BBICOTY W TEMIEpPaTypy
BEpXHEH IrpaHuUIlbl 00JIAYHOCTH U JIp. ).

Nunnmanuzanuss monenu WRF u 3amaHuve TrpaHUYHBIX ycinoBud (¢ marom 1 u)
BBITOJTHEHA 10 IAHHBIM peaHanu3a uucieHHoi moaenu rnporHosa CFS. Beibop nanusix CFS B
Ka4eCcTBE MCXOJHBIX OOYCIIOBJIEH MX CPAaBHUTEIBHO BBICOKMM mpocTpaHcTBeHHBIM (0.5°) u
BpeMeHHbBIM (1 u) paspemenuem. Takum o00pa3oM, UYHMCJICHHBIE OKCIEPUMEHTBI
IIPOU3BOIMIINCH B PEXKMME «KBA3UIIPOTHO3a» MM «IUAarHO3a.

Busyanuzanusi BBIXOAHBIX JaHHBIX BBINOJHAJIACh B  MPOIPAaMMHBIX — IaKeTax
OpenGrADS 2.0.2 u ArcGIS 10.1. BeiBox B mnporpammHoM komimuiekce OpenGrADS
ocymecTBisuics B rpadudeckuit popmatr PNG, pactpossiit popmat GeoTIFF u BekTopHBIN
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¢opmar SHP. JlanHple B pacTpoBOM U BEKTOPHOM (hopMaTax HCIHOJIB30BAIUCH IS
COINOCTAaBJIEHUs C JAHHBIMHU JUCTaHIMOHHOrO 30HAMpoBaHusd B ArcGIS. HMcnosb3oBanuce
CIIEIYIOIINE BBIXOJHBIE JAHHBIE MOJIEIHM: UHTEHCUBHOCTb OCAJKOB B BUJE NOXKIA U Ipaja
(Kpymibl), MM/4, pacdeTHO€ MaKCUMaJIbHOE 3HAaYCHUE PaJrodXa KOHBEKTUBHBIX 0051akoB, DBz,
CpelHssl CKOpPOCTh BE€Tpa M CKOpPOCTh BeTpa B IHOpbIBaX (C Y4E€TOM BEPTHKAIbHOMN
cocraBistomneit) Ha Beicote 10 M, BbicoTa BepxHel rpanuinbl obnakoB (BI'O) (Hero, km) u
TeMIlepaTypa Ha JaHHOM ypoBHe (Temnepatrypa BI'O, °C).

Onenka KkauecTBa pe3yiabTaTOB MOJEIMPOBAHUSA IPOU3BOAMIACH IIYTEM  HUX
COIIOCTABJICHHUS CO CITyTHUKOBBIMHU AaHHBIMU Terra/Aqua MODIS, nonyueHHBIMU U3 apXUBOB
NASA (Goddard Space Flight Center). [lomoJHUTENHHO BBIMONHIIOCH COMOCTABICHHE
BBIXOJHBIX JAHHBIX MOJENM C JAHHBIMH CETU METEOPOJIOTMUECKUX PATUO0JIOKAaTOPOB H
JTaHHBIMU 00 ocaJikax HaOMroaTenbHoOM ceT Pocrunpomera.

Pacuer BbInosiHANCS Ha 38 BEPTUKAIBHBIX YPOBHSIX, IEPUOJ MOAECIUPOBAHNS COCTABIISI
24 4, a BpeMEHHOM 1m1ar BbIBOAA JaHHBIX | 4. B ganpHelilieM 4uciio BEPTUKAIBHBIX YPOBHEH
Obuto moBesneHO cHauvana 70 42. Moaens WRF 3amyckamach co CIenylOIUMH CXeMaMU
napaMeTpu3alui MOJCETOYHBIX MPOILECCOB: MUKpO(H3MKa 00IIa4YHOCTH — cxeMa TomIicoHa,
JUIMHHOBOJIHOBas paauanus — cxema RRTM, kopoTkoBonHOBas paguanus — cxema Jlyzabs,
npuU3eMHbI cioif — cxema MonuHa-O0yxoBa ¢ Bs3kuMm nojacinoeM Kapicona-bonannma u
CTaHJAPTHBIMU (QYHKUIUAMHU NO00US, TTOACTUIIAIONIAsT TIOBEPXHOCTh U mouBa — cxema NOAH;
MOTPAaHUYHBIA cOil — cxema yHuBepcuTera EHcell. BpiOop naHHBIX mHapameTpu3aIuii
oOyCJIOBJIEH TE€M, YTO OHHM pPEKOMEHJIOBAHbI ISl HWCIOJb30BaHUS B CPEAHUX IIHPOTaX
PYKOBOJICTBOM 10 3KCILIMKALUN MOJEIH.

B mepBom skcrepuMeHTe OBLT MPOU3BENCH IMOAOOP ONTUMAIBHOM MapaMeTpu3aluu
KOHBEKTHBHBIX IpoueccoB [4]. Mopnenp 3amyckanach C HHU3KUM IPOCTPAHCTBEHHBIM
paspemeHneM (10 kM) Kak ¢ pa3IM4HBIMM IAPaMETPHU3ALUSAMU KOHBEKTHBHBIX MPOILIECCOB,
Tak M 0e3 HUX (B peXKHME TMPSAMOrO MOJACIMPOBAHMS KOHBEKIIMM Ha CETKe C
IIPOCTPaHCTBEHHbIM paspemieHueM 10 u 4 km). PacueTsl mokaszanu, 4TO 4YTO MpsIMOE
MOJEIMPOBAHNE KOHBEKLIUU MPEANOUTUTEIBHEE UCTIOIB30BaHUs IapaMeTpU3aUil 1axe Mpu
rpyoom mare cerku (10 xM). Opnako, mara cetku 10 KM HEIOCTaTOYHO ISt
BOCIIPOU3BEICHUS TYCHKOBOM CTPYKTYPBHI CKOIICHUN Ky4eBO-0KAEBbIX 00JIAKOB.

Crnenyrouuii SKCIEpUMEHT ObUI MOCTABIEH C LIENbIO OLIEHKA MPUMEHUMOCTU MOJEIH
WRF-ARW B pexume npsMoro MOAEIUPOBAHUS KOHBEKIIMM HAa CETKaX C BBICOKUM
MPOCTPAHCTBEHHBIM pa3peiieHueM (4 KM) JJisi CIy4aeB BO3HUKHOBEHHSI ME30MAaCIITaOHBIX
koHBeKTHBHBIX cucTeM (MKC) Ha Tepputopun IlepMckoro kpas. DkCliepUMEHT MOKa3all, YTO
B nosioBuHe ciydaeB nporHo3 MKC okaszanca HeonpaspaBmumcs [4]. Ilpu stoM, B
OOJIBIIMHCTBE CIyYaeB, KOT/1a Mporuo3 He onpaszaics, MKC Bocnpou3Benuch CO CIBUTOM B
npocTpaHcTBe 0 150 KM MM MO BpEMEHH /10 2 4acoB. B oCTampHBIX CiTydasx OMIMOOYHBIX
nporHo3oB MKC He BocmpousBenuchk BooOine. Omubku B mporHose nojoxenuss MKC, kak
IIpaBWJIO, CBSA3aHbl C BIMSHUEM HAYaJbHBIX YCIOBUH (HampuMep, €O CMEIICHUEM
(bpoHTATBHON 30HBI OTHOCHTENIBHO €€ MOJIOKEHHUS N0 TaHHBIM Tio0anbHoi Moaenn). Cirydan
xe, korma moaenb WRF BooOiie He BOCIIPOM3BOAUT TIyOOKYHO KOHBEKIIMIO, HAOTIOAAOTCS
IIpU  ONpPENEICHHOM THUIE CHHONTHYECKUX CHUTyauuil. Mozjenp HE NpOTHO3UPYET
Bo3HUKHOBeHHEe MKC BO BHYTpUMacCOBBIX CUTyalUsX, KOI/1a OTCYTCTBYET BbIpaXKEHHAsI 30HA
CXOAMMOCTH BO3YIIHBIX TEUEHUI. 3aMETHO MOBBIIIAETCS YCIEMIHOCTD IPOrHO3a B CIIy4asiX C
XOPOIIO BBIPAXEHHBIMU (PPOHTAIBHBIMU 30HaMHU. B CBOIO ouepenpb, Takue MmapaMmeTpbl, Kak
TeMIepaTypa M BbICOTa BEpXHEH I'paHMIBI 0OJAKOB, CPEIHSSI CKOPOCTh BETpa M CKOPOCTh
MIOPBIBOB BeTpa (CM. pHC. 1) mpu MIKBanax, a TakkKe MTHOBEHHAs MHTEHCHBHOCTb OCAIKOB
(ompenensemas 0 3HAUYEHUSIM paino3xa) BOCIIPOU3BOIATCS MOJAEIBIO JOCTaTOUHO aJIEKBATHO.
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Puc. 1. Cxopocmw nopwisos eempa 17.08.2014 2. no mooeau WRF: a) — 9 u. BCB, 6) —
10y. BCB,8)—114. BCB,2)—12u4. BCB

CylecTBEHHOE BJIMSHHME HA YCIIEHIIHOCTH NPOTHO3a IPOCTPAHCTBEHHOIO IOJIOXKEHUSA U
uaTeHcuBHOCTH MKC MOXET OKa3bIBaTh BHIOOp IIara MOAETHHOW CETKU MO TOPU30HTAIIH.
JUJis OLIEHKH CTETIeHU BIUSHUS ATOTO MapameTpa ObLI MPOBEICH YHCICHHBINA SKCIIEPUMEHT 110
nmoadopy 1Iiara CeTKH Ui HECKOJbKUX ciaydaeB Bo3HukHOBeHUss MKC. Pacyerst
MPOU3BOIMINCEH C IaroM cetku 2, 3, 4, 5, 6, 7.2, 9, 12 kM, pu 3TOM Jpyrue HadajbHbIC
ycloBUsl ObUTM 3a7aHbl aHAIOTUYHBIMU. [0 pe3ynbTaraM ITHX YHCIEHHBIX IKCIEPUMEHTOB
OBLIO YCTaHOBJIEHO, YTO PE3yIbTAThl MOJCITUPOBAHUS C PA3HBIM (J1axe OMU3KUM, Harpumep 3
u 4 KM) IIaroM CETKM MOTYT MNPUHIUNMAIBHO pasnuuarbes [4]. Jlumb B ogHOM H3
paccmoTpeHHbIx ciydaeB (24.06.2013 r) monens WRF He BocmpousBena KOHBEKIUIO MpPU
MPOBEJICHUU pacueTa C JIOOBIM MPOCTPAHCTBEHHBIM pa3pelicHHeM. B Apyrux ciydasx
yIQJIOCh TOA00paTh ONTUMANIBHBIN 1Iar ceTku (2 win 3 KM), Ipu KOTOPOM MPOCTPAHCTBEHHOE
nonoxkeane MKC Bocmpou3BOIUTCS € HaMOOMNBIIEH TOCTOBEPHOCTHIO. Kpome »storo,
YBEIMUEHHE NPOCTPAHCTBEHHOTO pa3pelIeHHs] TO3BOJISIET IMOJYYUTh Oojiee aaeKBAaTHYIO
OIIEHKY MaKCHUMaJIbHOM CKOpPOCTHM BeTpa mnpu kBaie. [IpuMep BIMAHMS I1ara CETKH Ha
KauecTBO MPOTHO3a MOKa3aH Ha (puc. 2).
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Puc. 2. Temnepamypa gepxueii epanuysi ooaaxos, 21.06.2012 2., 18 BCB: a) — no
cnymuuxosvim daunvim MODIS, 6) — no mooenu WRF, pacuem ¢ wiazom cemku 9 km,
8) — no mooenu WRF, pacuem c wazom cemxu 3 Km.

Crnenyrouuii 3KCriepruMeHT ObLT MPOBEACH C IENbI0 OIIEHKU MPUMEHUMOCTH MOJEIH
WRF-ARW pmns nmporaoza MKC, renepupyrommx cmepuu [5]. ast 3Toro Obutn B3sTH 8
ciyyaeB Pacders! ¢ maroM 9 kM ObLTH BBITIOJIHEHBI ISl BCEX CIy4aeB CMepueH, a ¢ marom 3
KM — TOJIBKO B T€X CIIydasix, KOT/1a MOJIENb YCIIEIIHO BOCIIPOM3BOAMIIA INTyOOKYIO KOHBEKLIUIO
IIPU pacueTe C HU3KUM paspelleHueM. B kauecTBe HauyalbHBIX U FPAHUUYHBIX YCIOBHM AJs
Mozaenu WRF ncnonb3oBanucek nannsle peasanuza NCEP CFS u GFS ¢ marom cetku 0.5°, a
takke (s coydas cmepua 13.07.2016 r.) — Taxke u nporuo3 NCEP/GFS (c marom cetku
0.5°). OmeHka kadecTBa pe3yJbTaTOB MOJEIMPOBAHUS ObUIa BBINIOJIHEHA HA OCHOBE
COIOCTAaBJIEHNUs BPEMEHU BO3HUKHOBEHHUS U IYTH MEPEMEIICHHs] ME3OLMKIOHA 10 MOJAEIH
WRF ¢ ¢akrtuueckuM TpekoM cMepua (BBISBJICHHBIM Ha OCHOBE aHalM3a BETPOBAJIBHBIX
HapyLIECHUH JIECHOTO TIOKPOBA) M COTIOCTABIIEHUS IPOCTPAHCTBEHHOTO TOJI0KEHUS U BPEMEHH
MPOXOKJICHUS 30H AaKTMBHOM KOHBEKUMH MO Mojaenu WRF M mo CnyTHHMKOBBIM JaHHBIM
Terra/Aqua MODIS.

B GonbmmHCTBE paccMaTpuBaeMbIX cirydaeB, Mojerab WRF Bocnpons3BoauT OCHOBHBIE
BBIIICONIMCAHHbBIE LUPKYJISALIMUOHHBIE OCOOCHHOCTH, CIIOCOOCTBOBABIINE PA3BUTHIO CMEpUEH.
OT0 obecreunBaeT KayeCTBEHHBIEC PE3yIbTaThl MOJACTUPOBAHMS BOSHUKHOBEHUS M HBOJIOLMH
Me30MaclITa0HBIX KOHBEKTUBHBIX cHcTeM. OIHaKo B HEKOTOPBIX CIy4asX B JaHHBIX
peananu3a CFSR n GFSR, ucnonb30BaHHBIX B KaUECTBE HadaJIbHBIX YCJIOBMM JJIs 3allycka
mozemun WREF, conepikarcsi cyliecTBeHHbIE OIIMOKM MPU OMPEAETICHUN MPOCTPAHCTBEHHOTO
MOJIOKEHHST (PPOHTAIBHBIX 30H. DTO HEraTUBHO CKAa3bIBaeTCs Ha KayecTBE pE3yJbTaToOB
ME30MacITaOHOTO MOJICITUPOBAHMSL.

C navana 2016 roma Havanmuch 3KCHEPUMEHTHI MO Hcnojib3oBaHuio WRF-ARW s
ONEPAaTUBHOIO MPOTHO3a METEOPOJIOrMUYECKUX BEIMUYUH M ONACHBIX SIBJICHUI HAa TEPPUTOPUU
ITepmckoro kpas. Mozenb 3amyckanach C Iarom cetkd 9 km (mosgnee — 7.2 kMm). Bmecro
JAHHBIX pPEaHalu3a CTald MCIOJb30BAaThCSA JaHHBIE OMNEPATUBHOIO IPOrHO3a MO MOJEIU
NCEP-GFS ¢ ropuzontansisiM pazpemienneMm 0.5° ¢ ycBoeHHMEM JaHHBIX peaHanu3a (3a 12
4acoB, MPEAIIECTBYIOUIUX IPOTHO3Y).

IIporHo3 omacHbIX SBJIEHHUH XOJIOJHOTO NEPHOAA OKa3ajlcCs JOCTATOYHO HAJEKHBIM
(3nauenne kputepus I[lupcu-OOyxoBa 0,47). OmHako, MPOTHO3 CHIBHBIX CHETOMAJIOB
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JMBHEBOIO XapaKTepa B THUIOBBIX YACTSAX LMKIOHOB XapaKTEpU3YETCsl KaK HEIO0CTATOYHO
HaJEKHBIN. V3 OMacHBIX SIBJICHMIA TOTOIBI TEIUIOTo rnepuoja B 2016 r. Hanbonee yCrnenHpM
ObUI TMPOTHO3 CHJIBHBIX JIOKJCH, OXBaTBHIBAIOIIMX OOJBIINE TEPPUTOPUH, a HaUMEHEe
yCIIEUIHbIM — IPOTHO3 JIOKAJIbHBIX JIMBHEM M IIKBAJOB. B HEKOTOpBIX cCiyyasx MOJAEIb
BOOOIIIE HE BOCIPOU3BOJIUT Pa3BUTHE TITyOOKON KOHBEKIIMU. DTO, BEPOSTHO, 0OYCIOBICHO
omMOKaMU B HAa4YaJbHBIX YCIOBUSAX, T.€. B JaHHBIX riiobansHO Monenu GFS. B To Bpewms, B
psje ciaydaeB MECTO M BpeMs BO3HMKHOBEHHS ONACHBIX KOHBEKTHUBHBIX SIBICHUU OBLIH
YCIIEIIHO CIporHo3upoBansl 1o moaenu WRE. Takol pe3ynpTaT, Kak IMpaBUIoO, HEIOCTUKUM
C MHCIIOJIb30BAHMEM CHHONTUYECKOTO METO/Aa IPOTHO3a, M YKa3blBA€T Ha NPAKTUUYECKYIO
[IEHHOCTh ME30MacIITa0HOTO YHCICHHOTO NMPOrHO3a KOHBEKTHUBHBIX SIBICHUH.

B mnacrosmee Bpems nporpaMMmHbiii komiuiekc WRF-ARW 3.8.1 ycraHoBieH Ha
BBIUMCIIUTENBHBIA KOMITIEKC ¢ THOpuaHO# apxutektypoil «[II'HUY-Kemnep». B pesynbrare
YCTAaHOBKH CKOPOCThH BBIYUCIICHHH BO3pocia B 5 pa3 (ucnoib3oBanuch 16 saep Intel Xeon ES
2.7 I'T). Kpome Toro, 0611 ycTaHoBIeH nporpamMmubiil kommiekc WRF-NMM; B HacTosiee
BpeMsl IPOBOJIATCS pabOTHI IO €r0 HACTPOUKE.

OCHOBHOE OrpaHMYEHNE YUCIEHHOIO ITPOrHO3a KOHBEKTUBHBIX OMACHBIX SBJIEHUH — 3TO
OTIpeNieIeHue MPOCTPAHCTBEHHOTO TIOJIOKEHHUS ME30MACHITA0OHBIX KOHBEKTHBHBIX CHUCTEM,
YTO MPHUBOJUT K OMIMOKaM IpU IMPOrHO3€ MecTa M BPEMEHH BO3HMKHOBEHMS OIACHBIX
aBreHnit. CucTeMaTn4ecKoi OIIMOKO SIBIISIETCS TaKXKe 3aHIKEHUE CKOPOCTH TOPLIBOB BETpa
OpU [IKBalax, HO JaHHas mpoOieMa MOXeT ObITh YCTpaHEHa IIyTeM YMEHbIICHHS
TOPU30HTAJIBHOTO IIara CeTKH Mojenu 10 2-3 kM. Kpome Toro, MMerTCsl MEpCHEKTUBBI K
COBEPILEHCTBOBAHMIO KayecTBa MPOTHO3a, CBS3aHHBIE C POCTOM KadecTBa IJIOOANbHBIX
MPOTHOCTUYECKHX Mojeneil. Takum o00pa3oMm, MNPOrHO3 OMACHBIX METEOPOJIOTHYECKUX
SBJICHUI MpPU TIOMOIIM Me30MacIITaOHBIX MOJENel MpeAcCTaBisieT OONBIION HHTEpeC A
IaJbHEUIIINX UCCIICTOBAHUHN.

[TyGnukanust moarorossieHa npu ¢unancoBoil nomuepxke PODU (mpoext Ne 16-35-
00410 mon-a n 16-45-590823 p a).
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Moaeauposanue FORC guarpamm kommno3ura
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[IpencraBnena Mozaenb HaMAarHUYMBAHMS MAarHUTHOTO KOMIIO3UTA THOPUIHOTO
COCTaBa, TO €CTh AMCIIEPCHM, COAEpXKAIICH CMEChb MarHUTOMSATKUX W MAarHH-
TOTBEPAbIX MHUKpodacTull. HamarHn4unBaHue MarHUTOTBEPJON (a3bl pacCUUTHI-
Baetcs 1o mojaenu CtoHepa-Boinbdapra; HamarHn4MBaHue MarHUTOMSTKON (pa3bl
— 1o cootHomeHno dpénnuxa-Kennemnu. MarautHoe B3aMMOJEHCTBUE YaCTUI]
YUUTBHIBACTCS B paMKaX TEOPUU CPEIHETrO IOJIs. BBINOIHEHO MOACIUPOBAHUE T1e-
TeJNb HaMarHW4MBaHus M noctpoena auarpamma FORC rubpuanoro xommosura.
[TokazaHo, 4TO B3aMMHOE BJIMSHUE MarHUTOTBEPAON M MarHUTOMSTKOM (a3 BeaeT
K MOSIBJICHUIO XapaKTEPHOTO TUAaroHaIbHOTO «Xpedray Ha nuarpamme FORC.

KiroueBble cjioBa: rTHOpUIHBIC MATHUTHBIE KOMITO3UTHI; MATHUTHBIN TUCTEPE3HC; TUarpam-
mbel FORC

Modelling FORC diagrams for an ensemble

of magnetically soft and hard particles

M. V. Vaganov’, Yu. L. Raikher”

* Institute of Continuous media mechanics of the Ural Branch of Russian Academy of Sci-
ence, Academician Korolev St. 1, 614013, Perm
emails: mikhail.vaganov.sci@gmail.com, yuriy.raikher@gmail.com

A model of a magnetic composite of hybrid type, i.e., a system that contains a
mixture of both magnetically soft and magnetically hard microparticles is pro-
posed. Magnetization of the maghetically hard phase is described by means of the
Stoner-Wohlfarth model. Magnetization of the magnetically soft phase obeys the
Froehlich-Kennelly law. The magnetic interparticle interaction is accounted for in
terms of a mean-field theory. Magnetization curves and FORC diagram of the hy-
brid composite have been simulated. It is shown that mutual influence of the mag-
netically hard and soft phases causes a diagonal “ridge” in the FORC diagram.

Keywords: hybrid magnetic composites; magnetic hysteresis; FORC diagrams

1. BBeneunue

B Hacrosimieli cratbe paccMaTpHUBAIOTCS MarHUTHBIE KOMIIO3UTHI THOPHIHOTO COCTaBa,
coaepxariue maruutomsrkue (MM) u maruurotBepabie (MT) vactuubl. Beicokyio Ko3piu-
TUBHOCTh OO€cCIeYrBaeT MarHUTOTBepHAas (as3a, a MAarHUTOMATKAas IOBBINIAECT BEIUYUHY
HaMarHU4eHHOCTH Bcero obpasia. Llemb paboThl — yCTaHOBUTH, KAKUM 00pa3oM «MarHUTHas
THOPUIHOCTBY KOMITO3UTA TPOSIBIISIETCS MIPH €ro TECTUPOBAHUM IO CTPEMHUTEIHHO HAOUparo-

© Baranos M. B., Paiixep 1O. JI., 2017
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LIEMY MOMYJISIPHOCTh HOBOMY NMPOTOKOJY U3MEPEHUIN — AMarpaMMaM KpUBBIX IE€pEMarHu4u-
Banus nepsoro nopsaka (FORC) [1].

OkcnepumenT FORC HaunHaeTcst ¢ mpuiiokeHus: K 00pasily MarHUTHOTO TOJIS JOCTa-
TOYHOTO JJIsl TOTO, YTOOBI NMPUBECTH HAMarHMYEHHOCTh B HACHIIIEHHE. 3aTeM MOJe YMEHb-
IIal0T O HEKOTOPOIO PEBEPCHOrO (OTPULATEIBHOTO) 3HAYEHMsI /. U HAUMHAIOT INOBBIIIATH
(cHOBa 10 HACBILIEHUS) C 3aJaHHBIM 1IAaroM A/, perucTpupysi HAMarHU4eHHOCTh NOCIIE KaXkK-
noro mara. Cienyromas yacTHasi MeTsl CHUMAeTcs TaKuM ke 00pa3oM, HO a0COJIOTHas Be-
nnurHa H, ysenuuusaercs Ha AH. B nocnennem nukie nosie /H, yke HaCTOJIbKO BEIIUKO, YTO
o0ecrieynBaeT MOJIHYI0 MHBEPCHIO HAMAarHMYEHHOCTH 00pa3ia (OTpUIaTeIbHOE HACHIIICHHUE).
PesynpTaTroM Takoro Habopa M3MEpEHHH SBIISETCS ABYMEPHBIH JUCKPETHBIH MaccHUB 3Haue-
Huil HamarunyeHHoctu M(H, H,). Kak noka3ano B [1], BTopast nmpou3BoiHasi HAMarHH4eHHO-
ctH 1o moisM H u H, B xoopauHaTax moisi kodpuutuBHoctd H, = (H — H,) / 2 v nons B3au-
moaeicteus vactun H, = (H + H,) / 2 npeacrasiser coboil pacnpeneneHue OTACIbHbIX Ya-
CTHII 110 3TUM MapaMeTrpaM. ['paduk yka3aHHOH MPOU3BOIHON, TOCTPOSHHBIM B KOOpAMHATAX
noniek H v H, unu B koopauHatax H. u H, , n Ha3biBaeTcsa quarpammoi FORC [2].

2. Mo;[e.nnponalme HaAaMarHu4imBaHHUusA KOMIIO3UTA

JIiist onrcaHusi BO3HUKAIOIIETO B KOMIIO3UTE MAarHUTHOTO B3aUMOJCHCTBUS UCTIOTIb3YeM
MoJienb cpennero nois [3]. [lomaraem, yto MarHuTHOE mose, neicTBytonee Ha MM yacTu-
Lbl, CKIAABIBACTCS U3 BHELIHETO Mojs Hy u mons, coznaBaeMoro HemnocpeactseHHo MT da-
ctuuamu. Hamaranumsasicb, MM 4dacTuibl, B CBOIO OYEPEAb, CO3JAIOT MOJIE, ACHCTBYIOIIEE
Ha MT a3y Bmecte ¢ Hy:

HMT :H0+q1MMM (HMM) 1
M :H0+q2MMT(HMT) ) (1)

3mech H" oy M noJtst, aerictyromue Ha MT u MM ¢as3sl, a M u M™ _ gamarauuen-
Hoctd MT 1 MM (a3, cOOTBETCTBEHHO; ¢| U ¢2 — KOHCTAHTHI cpeaHero nois. CuuTas, uTo ¢
nopsika kodddunmenrta Jlopenna, Beidepem ans Hero 3HaueHue ¢; = 0.2. [lockonbpky Hamar-
HUYEHHOCTh MAarHUTOMSTKOM (pa3bl TOCTUTAET BEJIMUYMHBI HACBHIIICHUS MPH JOCTATOYHO Ma-
JBIX MOJISAX, BAUsHUE Ha Hee MT yacTuil 1ocTaTOuHO BEMKO, TOATOMY nosaraeM ¢, = 0.8.

PeaslbHBIM MPOTOTUIIOM HM3Yy4aeMOT0 KOMIIO3UTA SBJISAETCS TUOPUIHBIM MarHUTHBIN 3J1a-
CTOMED MOJIOOHBIA TOMY, YTO U3y4aJICsl HIKCIIEpUMEHTAIBHO B pabdortax [4,5]. Takum oOpazom,
clieyeT mojaraTth, uTo MM (aza cOCTOUT M3 YaCTHIL )KeJie3a CO CPeTHUM XapaKTEePHbIM pa3-
MepoM 5 MM, a MT ¢aza kommnosuta npeacrasisier co6oit yactuiel naTepMeramuinaa NdFeB
CO CPEHUM pa3MepoM OKoJIo 50 MKM.

Jlist onucaHus HaMarHU4EHHOCTH AMCIEpCHbBIX MM BOCHOJIB3yeMCs COOTHOLIEHUEM
Opénuxa-Kennennu:

MM ZOM?MHMM

= )
Tl M

TJIe yo — HAuanbHAs MATHUTHAS BOCIPUAMYMBOCTH, M — HAMATHMYEHHOCTh HACHIIICHUS
MM ¢a3sl.

BBuay BBICOKOH MarHMTHOM aHM30TPONHMHM M YKa3aHHOTO pasmepa, yactuisl NdFeB
HaxoJATCs B OJJHOJIOMEHHOM COCTOSIHUHU. 110 3TOM nprunHe MX HAMarHUYMBAaHUE €CTECTBEH-
HO omHchIBaTh MoJienbio Ctonepa-Bonbdapra ¢ MarHuTHOM SHEprueit

UM 1V =M (eH" )~ K (en)’ (3)
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II€ [0 — MATHUTHAsS IPOHULIAEMOCTh BaKyyMa, € — €IUHUYHBII BEKTOP MarHUTHOI'O MOMEHTA,

n — HampaBJICHHE OCH aHU30TPOIUH, K — KOHCTaHTa OJIHOOCHOW aHU30TpOoNuH, V' — o0beM ya-
MM

CcTUlbL, a Mg~ — HaMarHM4eHHOCTh HacbileHuss MT marepuaina.

3. Jdmuarpamma FORC

BBuny toro, uro Bimusaue MT ¢a3sl Memraer BHEmHEMY Moo Hj) nmepeMarHuuuBaTh
MM a3y, Ha Tpaduke HaMarHWYMBAHUSA, [I0JIy4a€MOM B pe3ysbTaTe pacdyéra 1no Gopmyiam
(1)—~(3) MOXHO BBIICTUTH JBE Mapbl CKAYKOB HAMAarHMYEHHOCTHU, XapaKTEPHBIX I THOPU-
HOTO KOMIMO3UTa. MeHbIIINEe CKauKH COOTBETCTBYIOT nepeMarununBannio MT ¢a3sl, a 6076-
mue — nepeMaranynBannio MM ¢asel, cM. puc. 1 (a). Boas pacnpeneneane MT gactui o
KOSPLUUTHUBHON CWJIE U HAMarHWYEHHOCTH HACBHIIIEHUS, YTO 3aBEOMO IPHUCYILE PEATbHBIM
oOpa3uaM, BUJUM, YTO OJHOMY U TOMY K€ 3HaueHHI0 Hj, OyleT COOTBETCTBOBATh HabOp Io-
JIed pa3iInyHbIe H"™ Ha muarpammax FORC  yka3zanHBIi pa30poc JaeT JuaroHalbHbIA MUK
Ha quarpammax FORC, cwm. puc. 1 (0). Hamuunne 310 0coOeHHOCTH Y THOPHIHBIX KOMITO3HU-
TOB MpeXKJe ObLII0 OOHAPYKEHO B 3KCIIEpUMEHTE [5].

%10
1 , 1000
‘ 2
s 05 ] 500
2 g 1
S 0 2
- =2 0 0
= 05 = =
| I :
1 | -500 §
2 -1 0 1 2 B
-1000 L— -
H, MA/m 0 500 1000 1500
(a) Hc,(KA/M)

Puc. 1. (a) Tucmepeszuc moodenvHo2o eubpuono2o komnosuma, (6) ouazpamma
FORC ¢ cummempuunvim OUa2OHAIbHLIM XPeOmoMm, Ompanicarouum 63aumooel-
cmeue MacHUMHbIX a3

Pabota BeinonHeHa npu nojaepkke npoekra POOU-HHUO 16-51-12001 (PAK 907).
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PacnipocTpaHeHue BOJIH BO30YKICHUA B

neoOpMHUPOBAHHOM MHOKap/e
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[Toctpoena Mozenb W3MEHEHHUS BHYTPHKJIETOUYHOM MPOBOAMMOCTH MHOKAap/a,
npu ero aegopmanuu Ha OCHOBE aHalM3a MHKpPOCTPYKTypHOM Mmonenu P.E.
Hand, B.E. Griffith, C.S. Peskin (Bull. Math.Biol.(2009),{ 71}(7)). Cepaeunas
TKaHb paccMaTpHUBaliaCh, KaK MEPUOAWYECKAas pEIIeTKa, TIe KIETKU SBISIOTCS
OPSMOYTOJbHBIMU TMPU3MaMH, 3aNOJHEHHBIMH H30TPOIHBIM 3JIEKTPOJIUTOM, a
MPOBOAMMOCTH LIENEBBIX COCIMHEHUN YYHUTHIBAJIACh Yepe3 IPaHUYHbIC YCIOBUS
Ha CTOPOHAX 3TUX MPU3M U CUUTAJACh MOCTOSHHOW. C MOMOIIBIO METO/1a TOMO-
reHU3allud B BHJE, MpemiokeHHOM B pabore G. Richardson and S. J.
Chapman.(SIAM Journal Appl. Math. (2011). 71(3)), 3HaueHUsT TPOBOJUMOCTH
AQHAJTMTUYECKH BBIPAXKEHBI Yepe3 pa3Mepbl KIETKH, MapaMeTpbl MepUOAUYHOCTH
pPELIETKH, BIEKTPUYECKHME CBOMCTBA MHOIUIA3Mbl U ILIENEBBIX coequHeHui. Ha
OCHOBE 3THX COOTHOIIECHUH MOCTPOEHBI 3aBUCUMOCTU MPOBOJUMOCTH TKaHU OT
ee aedopmaruu (B Tekymei koHburypanuu). Pa3paboTaHbl YHCIEHHBIM alro-
PUTM, OCHOBAaHHBI Ha METOJIC PACIIEIUICHUS U ero MporpaMMHas peaau3anus,
Ha Oa3e xoHeuHO-3eMeHTHON Oubnuorekn FENICS. CpaBHUBaroTCS mpoOBOAM-
MOCTH, BBIYHCIICHHbIE MIPU PA3IMUHBIX 3aBUCUMOCTAX OT Aedopmanuu. Paccmot-
peHbl MpOo(UIN BOJHBI BO30YXKJEHUS B NPSAMOYrOJbHOW JBYMEpHOH o0iacTu,
paccurTaHHbIC IPU UX UCTIOJIB30BAHUH.
KaroueBble cjioBa: MUOIUIa3Ma; IIEJICBbIE COCJMHEHNUS; BHYTPUKIIETOYHAsI IPOBOAUMOCTb;
MUKPOCTPYKTYpHasi MOJIENb

Propagation of excitation waves in deformed
myocardium

I. N. Vasserman®, I. N. Shardakov®, A. P. Shestakov®

* Institute of Continuous Media Mechanics of the UB of RAS,
Academika Koroleva st,1, 614013, Perm
email: igorw@icmm.ru

A model for changing the intracellular conductivity of the myocardium under it
defor-mation has been constructed, based on an analysis of the microstructural
model of P.E. Hand, B.E. Griffith, C.S. Peskin (Bull. Math.Biol.(2009)). The cardi-
ac tissue was consid-ered as a periodic lattice, where the cells are rectangular
prisms filled with an isotropic electrolyte, and the conductivity of the gap junctions
was expressed through the boundary conditions on the sides of these prisms and
was assumed to be constant. Using the homog-enization method in the form pro-
posed in the paper of G. Richardson, S.J. Chapman.(SIAM Journal Appl. Math.
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(2011)) conductivity values are analytically expressed through the lattice parame-
ters, and the dependences of conductivities of the tissue on its deformation is de-
termined. A numerical algorithm based on the splitting method and its implementa-
tion using the finite element library FENICS are developed. The profiles of the
excitation wave in a rectangular two-dimensional region, are considered.
Keywords: Myoplasm; gap junctions; intracellular conductivity; microstructural model

1. BBeaenue

C MakpOCKOTIMYECKOW TOUKH 3PEHHUS CepACUHAs MBIIIIA MOXKET PacCMaTpUBATBHCS KaK
JIBE HEOJHOPOJHBIE AHU30TPOIIHBIE MPOBOJAIINE CPElbl — BHEKIETOUYHOE IPOCTPAHCTBO U
BHYTPUKJIETOYHOE TPOCTPAHCTBO — B3aWMOJCHCTBYIOIIME uepe3 MeMOpaHy (OmmomeHHas
Mozens) [1]. Kaxzaas u3 3TUX IBYX Cpes XapakTepU3yeTCsl CBOUM TEH30POM MPOBOAUMOCTH.
Jlnst OONBIIMHCTBA 3aJiad paclpoCTpaHeHUs! BO3OYXICHUS B MUOKap/e MOXKET ObITh UCIIOJb-
30BaHa 0OoJiee MpocTasi MOHOJAOMEHHAs MOJIENb MIPU COOTBETCTBYIOIEM BBIYMCICHHH TEH30-
POB IPOBOJUMOCTH [2].

bnarogapst BOJOKHHCTO-CIIOMCTOM OpraHU3allMy ceplieuHas TKaHb 00JajaeT 3Hauu-
TEJbHON aHU30TPONHUEH W HEOJHOPOJHOCTHIO. 3HAYCHUS MPOBOJUMOCTH B Pa3HbIX Halpas-
JCHUAX pa3nyaioTcs Ha mopsnok. Cepaue sSBISETCS IBUKYIIUMCS OPraHOM, HCIIBITHIBAIO-
muM ~ Oonpimuwe  nedopmanuu B - mporiecce  pabotel.  [loaToMy  pacmpocTpaHeHue
AIIEKTPUYECKOTO BO30YXKIECHUS JTOJKHO UCCIIE0BAThHCS B MOJBIXKHOM cperie.

[Ipu uccnenoBaHuU TPOBOAUMOCTH JPOPMHUPYEMO CeplIeUHO TKAaHU BO3MOXKHBI JBa
KpalHUX MOJX0/4a: OUH (HanboJjee pacpoCTpaHEeHHBINH) paccMaTpUBaeT MUOKapA, KaK aHH-
30TPOMHYIO KHJIKOCTb, KOTJa MPOBOJUMOCTh B JIIOOOM M3 HAlpaBlIEHUI HE 3aBHCUT OT Jie-
¢dbopmaryu, MPOUCXOAUT TOJIBKO MOBOPOT TEH30pa MPOBOJAUMOCTH BMECTE C MaTepHAIbHBIMU
ocaMu. BTopoil moaxon paccMarpuBaeT MHOKapA, Kak MPOCTPAHCTBEHHYIO PEIIETKY Pe3H-
CTOPOB, Ui KOTOPOW CONPOTHUBICHHE MEX]Y JIIOOBIMU JBYMsI TOUKAMU HE MEHSETCS Ipu
nedopmanuu. KaxxgoMy U3 3THX MOJAXOJ0B COOTBETCTBYET CBOI HOCHUTENb: Y MEPBOTO - 3TO
LUTOIUIa3Ma, Y BTOPOTO - ILIEJIEBbIE COEAUHEHHUS.

2. Onucanue u pe3yJbTaThl

B nmannoii paGoTe mocTpoeHa MoOjENb M3MEHEHUS BHYTPHUKICTOYHOW MPOBOJUMOCTH
MHUOKap/a, npu ero jaehopmanuu. BeIBoJ MakpompoBoIUMOCTEH MPOBOIHMICS HAa OCHOBE
mukpoctpykrypHoii mozenu P.E. Hand, B.E. Griffith, C.S. Peskin. [3] B koTopoii cepaeunas
TKaHb paccMaTpHUBaJlach, KaK NEPUOJUYECKAs pPEIIETKA, I KIETKH SIBISIOTCS HPSAMOYTOJIb-
HBIMU MPU3MaMH, 3aII0JHEHHBIMHA MU30TPOIHOM IPOBOJAIICH CPElOM, a MPOBOJUMOCTD IIE-
JIEBBIX COEAMHEHNUH YUYUTBHIBAIACh YE€PE3 IPAHUYHBIE YCIOBUS HAa CTOPOHAX 3TUX npusm. Cuu-
TaeTCsl, 4YTO B HANpPABICHUM BOJIOKHA KJIETKH MPUIIETAalOT APYr K JPYyry, B MONEPEUHBIX —
CYILECTBYIOT MPOMEXYTKH. C MOMOIIBI0 METO/Ia TOMOTCHHM3AlUA U PACCMOTPEHHUsT OOIEero
TOKa uepe3 MEPUOINYECKYI0 CTPYKTYPY 3HAUEHUSI BHYTPUKIETOUHOM ITPOBOJAUMOCTH BJIOJIb U
MIONIEPEK BOJIOKHA BBIPAYKEHBI YEPE3 pa3MeEphl KIETKH, TapaMeTpbl NEPUOIUYHOCTH PELIETKH,
NIEKTPUYECKHE CBOMCTBA MUOIIIA3Mbl U LIEIEBBIX COCUHEHHM.

Taxoke B 3T0#1 paboTe mMoka3zaHO, YTO BHEKJIETOYHAsI MPOBOJUMOCTh c1a00 3aBUCHUT OT
caMHX JIMHENHBIX Pa3MepOB KIIETKH, a 3aBUCUT, B OCHOBHOM, OT OTHOLIEHUS Pa3MEPOB KIIET-
KM K COOTBETCTBYIOLMM IIapaMeTpaM INEPUOAMUYHOCTH CTPYKTypsl [loaTOMy ciemyer oxu-
JaTh, 4YTO BHEKJIETOYHAs POBOIUMOCTE OyIeT €1abo 3aBHCETh OT Aeopmanuu.

Ecmu nedopmanus mpencrasnsier co0oil pacTsKeHHe-C)KaTHEe B MaTepHAIbHBIX OCSX,
TO 3aBHUCUMOCTb MAaKpOTPOBOJAUMOCTEH OT AehopMaIiui MOKET OBITh MOJydeHa C TOMOIIBIO
JOBOJIBHO TPOCTHIX OOOOIIEHUI MOJENH, YYUTHIBAIOUIUX CIOUCTYIO CTPYKTYpy MHOKapaa
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IIPU MOJCTAHOBKE M3MEHEHHBIX PA3MEPOB B BBIIICYIIOMSHYTHIE BBIPAXKEHUS 11 BHYTPUKIIE-
TOYHOH IIPOBOAUMOCTH.

Jlnst Gosnee oO1iero ciyyvasi, KOrjia rilaBHble Ocu JeopManuy He COBIAJAIOT ¢ MaTepu-
AIBHBIMU OCSIMH, OOYCJIOBJICHHBIMH BOJIOKHHUCTO-CIIOMCTON CTPYKTYpOH MHOKapjaa B 3THX
MaTEPUATIBHBIX OCSX MPUCYTCTBYIOT CABUTHM. AHAIUTHYECKOE PELIEHUE Ha OCHOBE MOJEIU
[3] MoxeT OBITh MOJYYEHO M B 3TOM CIydae MpH MCIOJIb30BAaHUH METOJa TOMOTECHU3ALUH B
BUJE, IpeacTaBieHHOM B pabore G. Richardson and S. J. Chapman [4].

B 3TOM cityyae TeH30p MPOBOJMMOCTH MOXET OBITh MPEJCTaBICH KaKk TEH30p o0part-
HBI CyMMe OOpaTHBIX TEH30POB MPOBOAUMOCTH IIUTOIIIA3Mbl U IEIEBBIX COCTUHEHUI:

-1 -1y!
d—p(a +d;')". (1)
ried, =ocl,d, =J “'Fd gOFT -IIPUBEJIEHHBIE IIPOBOIUMOCTH LIUTOILIA3MBI U LIENEBBIX CO-

€IUHEHUH, [ - 00beMHasl I0JISI KIIETOK BO BCEH TKaHHU.

Bbbuto paccMOTpeHO pacmpoCTpaHeHHE BOJHBI BO30YXKAECHUS B MPSAMOYrOJbHOU oOiia-
CTU TIpU yJUIMHEHUH A=1.4 BIOJb TOPU30HTAIBHON OCH, COOTBETCTBYIOIICH HalpaBICHUIO
BOJIOKHA. MICTOUHHK MepBOHAYAIBLHOTO BO30YXK/ICHHS PACIIONIOKEH B CEpEAUHE MPaBOil CTO-
POHBI IPSAMOYT0JIbHOM o6nacTu. Pe3ynbTarhl mokaszansl B Tabnuie 1 u Ha (puc. 1).

Tabéuuua 1. Hzmenenue npooonvHou nposooumocmu npu degopmayuu

Mopeins Buyrpuknerounas| IIpuBeneHnas MOHOIO-
MEHOU MO eI
Pemerka pe3uctopos 1.96 1.24%*
JlanHas MoJieb 1.24 1.09

(a) (b) (c)

Puc. 1. Pacnpocmpanenue 01Hbl 8030y4cOeHUs 8 NPAMOY2OTIbHOU obiacmu, ¢ 8030y0umoll
cpeooli, paccmampusaemoll Kax: (a) keazudxcuoxocmo, (b) pewiemka pe3ucmopos, (c) coenac-
HO OQHHOU MOOenu

Cnucok Jaureparypsl

[u—

Sundnes J. et al. Computing the Electrical Activity in the Heart. Springer-, 2006.

2. Poste M. et al. A comparison of monodomain and bidomain reaction-diffusion models for
action potential propagation in the human heart. / IEEE Transactions on Biomedical Engi-
neering. 2006. Vol. 53, N. 12. P. 2425-2435.

3. Hand P.E., Griffith B.E., Peskin C.S. Deriving Macroscopic Myocardial Conductivities by
Homogenization of Microscopic Models. // Bulletin of Mathematical Biology. 2009.
Vol. 71, N.7, P. 1707-1726.

4. Richardson G., Chapman S. J. Derivation of the Bidomain Equations for a Beating Heart

with a General Microstructure. //SIAM Journal on Applied Mathematics. 2011. Vol. 71,

N.3, P 657-675.

98



VK 532.5; 536.255

JIOKaJIM30BaHHbIC HEJIMHCHHBIC CTPYKTYPbI
YpaBHCHUH KOHBeKUUU MapaHTroHu

B JJIMHHOBOJITHOBOM le/lﬁJ'II/I)KeHI/II/I
N. U. Beprtreiim*

* IHCTUTYT MEXaHHUKHU CIUIONIHBIX Cpell Y PaIbCKOTo OTAeICHHs POCCHIICKO akageMuu HayK
614013, Ilepms, yn. Akaa. Koponésa, 1
email: wertg@icmm.ru

Hccenenyroress cranvMOHapHble M HECTALMOHAPHBIC PELICHUS HEIWHEWHBIX YpaB-
HEHHH, MOJIy4YeHHBIX B JJIMHHOBOJIHOBOM NPUOJIMKEHUU UIS 337]a4d O KOHBEK-
i MapaHroHM, BBI3BAHHOW JIOKAJIM30BAHHBIM MUCTOYHUKOM TEIUIA U IIOBEPX-
HOCTHO-aKTHUBHOM IPUMECU B TOHKOM T'OPU30HTAIIBHOM CJIO€ BSI3KOM HECIKMMae-
MO )KHJIKOCTH O CBOOOJIHOM MOBEPXHOCTHIO. Pacmpesenenue TeMneparypsl Win
KOHIICHTPALIMKU NIPUMECH B KUIKOCTU COOTBETCTBYET OJHOPOAHOMY BEPTHUKAIIb-
HOMY T'paJUeHTy, UCKQ)KEHHOMY HaJIO)KEHHEM €1a00 HEOJHOPOJHOTO JIOKAIN30-
BAHHOTO B IOPU30HTAJIbHOM INIOCKOCTH IOTOKA TeIla Wiau npumecu. HukHsAs
TpaHUIla CJIOSI CYUTAETCS TEIJIOU30JMPOBAHHOMN, a BEpXHSsS — CBOOOTHON U Je-
¢dopmupyemMoil. YpaBHEHHs, MOJIy4Ye€HHbIE B JUTMHHOBOJHOBOM MPUOIMKECHUH,
cOopMyIMPOBaHbI B TEPMHUHAX (PYHKIMN aMIUTUTY/ paclpeaesieHHs] TeMIepaTyphl
WIM KOHIIEHTPALUHU MPUMECH, JIeopMalMy OBEPXHOCTH M 3aBUXPEHHOCTH. Mc-
CJIEZIOBAHO OCHOBHOE COCTOSIHME CHCTEMBI B 3aBHCHUMOCTH OT (POpPMBI HEOIHO-
POAHOCTH TEILIONIOTOKA, €r0 3aBUCUMOCTb OT IIapaMEeTPOB U YCTOWUYUBOCTb. [yt
JIOKaJTM30BAaHHBIX B 00JaCTH HEOAHOPOIHOCTH MOBEPXHOCTHOT'O HATSDKEHUS CTa-
[IMOHAPHBIX PEIICHUH 3a/1aui HalJeHbl 001acTH MapaMeTpoB, COOTBETCTBYIOIINE
CTPYKTYpaM Pa3IMYHON MPOCTPAHCTBEHHOM KOH(MUTYpaAIIH.

KaroueBble cjioBa: KOHBEKIIMS MapaHTOHY; JUTMHHOBOJIHOBOE MPHOIMKEHHE; HEIMHEIHbIE

JIOKQJIM30BaHHBIE CTPYKTYpPHI

Localized nonlinear structures of long-wave
approximation of Marangoni

convection equations

I. I. Wertgeim®

* Institute of Continuous Media Mechanics RAS, Akad. Korolyov St., 1, 614013, Perm
email: wertg@icmm.ru

Stationary and non-stationary solutions of nonlinear equations of the long-wave
approximation for the Marangoni convection problem caused by a localized heat
source or a surface active impurity in a thin horizontal layer of a viscous incom-
pressible fluid with a free surface are investigated. The distribution of the tempera-
ture or impurity concentration in the liquid corresponds to a uniform vertical gradi-
ent, distorted by the imposition of a slightly inhomogeneous heat flux or impurity
localized in the horizontal plane. The lower boundary of the layer is considered
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thermally insulated, and the upper boundary is considered free and deformable. The
equations obtained in the long-wave approximation are formulated in terms of the
amplitudes of the temperature distribution or impurity concentration, deformation
of the surface, and vorticity. The basic state of the system , its dependence on the
parameters and stability are investigated depending on the form of non-
homogeneity of the heat flow. For stationary solutions localized in the region of
the surface tension inhomogeneity, domains of parameters corresponding to struc-
tures of different spatial configurations are found.

Keywords: Marangoni convection; long-wave approximation; nonlinear localized struc-

tures

1. BBeneunue

HuTepec k mpobiemMe YUCICHHOTO MOJICIMPOBAHUS HAIKPUTUUECKUX PEKUMOB TEPMO-
KalWUISIPHON KOHBEKIIMM B TOHKOM CJIO€ JKHAKOCTH CO CBOOOIHOM aedopMupyeMoil Bepx-
HEl IpaHULIEd U HEOJHOPOAHBIM JIOKAIM30BAHHBIM MCTOYHUKOM HEOJHOPOJHOCTH IOBEPX-
HOCTHOTO HATSKEHUS, T.€. TEIJIOBBIM IIITHOM HWJIM JIOKAJIbHBIM BHECEHHEM NPUMECHU I10-
BEpXHOCTHO-akTUBHOTO BemecTBa (IIAB) [1] cBsizan ¢ BO3MOXXHOCTSIMU yIIpaBIEHUS YCTOM-
YUBOCTBIO M CTPYKTYpOU TeueHHs MapaHroHHM, a TaKKe C HKCIEPUMEHTAIBHO HA0II0aeMbl-
MU SIBJICHUSMHU BO3HUKHOBEHHS CJIOKHBIX PEKMMOB TeUeHHs U (OPM MOBEPXHOCTHU >KUJKO-
ctu[2]. OcoOblif MHTEpeC MPEACTABISACT U3YUCHUE BIUSHUS W3MEHEHHS MMapameTpoB U ¢Gop-
MBI JIOKQJIN30BAaHHOTO HAarpeBa Ha BO3HMKAIOIIME CTPYKTYpbl KOHBEKIMU MapaHronu. Panee
ObLTa TIpeUIoKEHA MOIETh JNIMHHOBOJTHOBOTO MpHOMIKeHus [3,4] 1 Moka3aHOo HAMYKE B €€
paMKax JIOKQJIM30BAHHBIX M TJI00AJIBHBIX CTPYKTYP B 3aBHCHUMOCTH OT MapaMeTpoB, OOHapy-
KEHO HAJIWYME MHOXKECTBA JIOKAJM30BAHHBIX PELIEHUII OCHOBHOTO COCTOSIHMSI C PE3KUMU
NEepexoaMu MEXIy Pa3IHuHbIMU MX (OpMaMH MpHU U3MEHEHHUU MapaMeTPOB XapaKTepU3y-
IOLUX UHTEHCUBHOCTh M TOPU30HTAIbHBIN pa3Mep TEIUIOBOW MM KOHLEHTPALIMOHHON HEO-
HOPOJIHOCTH M HCCJIEeI0OBaHa X YCTOHYMBOCTH [3-6]. B HacTosiel paboTe B paMKax MOJAEIH
JUTMHHOBOJIHOBOT'O MpUONMKeHus [3,4] mpoBeAeHO YMCICHHOE HCCIEeI0OBaHUE B TUIOCKOW M
OCECUMMETPUYHOM MMOCTAaHOBKAX UCXOJHOM HEIMHEHHOM 3a1a4u U €€ YIIPOILUECHUH, IPOBEACH
aHaJIN3 BIUSHUSA (POPMBI HEOHOPOJAHOCTH TEIUIOBOTO ISITHA WUIIH JIOKAJTM30BAHHOTO pacripe-
nenenusi [IAB Ha BUJ 1 0COOCHHOCTH PEIICHUH.

2. IlocraHoBKka u METOAbI PCeIICHUA 3ada4Y1 B JJINMHHOBOJITHOBOM l'lplflﬁ.l'llfl)l(eﬂlfllfl

Maremaruueckass MOJETb MPEACTABIsIeT co00 (B ciiydae TEPMOKAMMIUIAPHONH KOH-
BEKIIMH) CHCTEMY HETUHEHHBIX Au(QepeHIInaNbHBIX YPaBHEHUNW B YaCTHBIX MPOU3BOIHBIX
JUISL 3aBUCSIIIIMX OT TOPU3OHTAIBHBIX KOOPJIMHAT aMIUTATY]l TEMIIEPATyphl, 3aBUXPEHHOCTU U
negopMaIuu MOBEPXHOCTH KUIAKOCTH[3,4]. OCHOBHBIE COCTOSHUSI - CTallMOHAPHBIE TUIOC-
KM€ WM OCECUMMETPUYHBIC PEILICHHMS, 3aBUCSIINE OT OJHON MPOCTPAHCTBEHHOW IMEpeMeH-
HOH

¢0:¢0(§)s Ho:Ho(§)~ (2.1)

[lepemennas & ompeneneHa kak & =X I IUIOCKOU 3amauu U & = r — U1 OCECUM-

MeTpu4HOi. CHcTeMa OINpeNeNsiouMX YypaBHEHUH U CTallMOHAapa B 3THX 00O03HAYCHUAX
IIPUHUMACT BUJL:
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1 4 11
—V“q)O—VzH,,——gV(\Vq)O\qu)O) |+ —|V(V’ave,)+
15 35 10 5P

D 1 2.2)
+2V(H0V¢0)+(E+IO—PJV2‘V¢0‘2 —V(qV¢0)+EV2q +¢qH, =0
GV'H,—CaV'H, = -T2V’®,. 2.3)

Oyukuun @, (&) u H (&) xapakTepusyroT cTallMOHAPHbBIE aMILIUTY/bI [OJIEH TeMepary-

pbl 1 gedopmanuu cBOOOIHOM MOBEPXHOCTH KUAKOCTU. YpaBHeHHs (2.2) — (2.3) u ucxon-
HbI€ HECTAI[MOHAPHBIE YPAaBHEHUS B TEPMHMHAX KOMIIOHEHT CKOPOCTU M TEMIEPATypsl 3aIlu-
caHbl B 0Oe3pa3MEpHBIX MEPEMEHHBIX C HCIOJb30BAaHMEM B KAayeCTBE EIUHHI] U3MEPEHUS:
JUIMHBI L, BpEMEHU — Lz/ %, Temueparypbl — AL, ckopoctu — y/L, naenenus — n ;(/ L,

rie A — abcomoTHas BeNWYMHA PABHOBECHOTO TpaaueHTa Temmeparypbl. CHMBOJIBI
1.V, ¥,0 0003HAYAIOT KOAPOUIUEHTHl TUHAMHUYECKON BS3KOCTH, KHHEMATHYECKOU BS3KO-

CTH, TEMIIEPATYPOIIPOBOIHOCTH U MIOBEPXHOCTHOTO HATSHKEHMSI )KUJIKOCTH COOTBETCTBEHHO.
[TocTpoeHHast MOAETb COAEPKUT Cieaylolue Oe3pa3MepHble mapaMeTphl: 4ucio Ma-

panronn  Ma = (60‘/ or )QL3 / (77,}5) , uucno Ilpangrna  P=v/y, wuucno Tanunes
G=gl’/(vy) ,xamunaproe uncno Ca= oL/(ny).

[apamerpel G, Ca B pacuere BXOIAT B Buie KomOunammii ¢=72/Ca u 6 =G/Ca.
Henedopmupyemoii rpanuiie cooTBETCTBYIOT 3HaueHUss ¢ — 0,0 — 0. HikHss rpaHuia

ciost z = () cuuTaeTcs TEIUIOM30JIMPOBAHHOM, a BepxHss rpanuna z = L+ h(x,y,t) - cBo-

6onHoM u nedopmupyemoit. Ilpennonaraercs, YTo B XKHUJIKOCTU YCTAaHOBIEHO paclpeescHIe
TEMIIEPATYPhl, COOTBETCTBYIOLIEE OJHOPOJHOMY IOJOIPEBY CHU3Y, HUCKAKEHHOMY HAJIOXKe-
HHEM €1a00 HEOJHOPOJHOIO TEMIOBOIO MOTOKa MOIMHOCTH Q (X, ¥, 2)=¢q (X, y)-q,(z).

PaCCMOTpeHLI Pa3JINIHBIC (bOpMLI TEIUIOBOH HCOJHOPOAHOCTHU B I'OPHU30HTAJIbBHOM U BCPTU-
KaJIbHOM HalpaBJICHUAX, COOTBCTCTBYIOIIHUC SKCICPUMCHTAM C COCPCAOTOYCHHLIMU UCTOY-
HUKaMHU TCILJIA - TBCPAOTCIILHBIM U CO3JaHHBIM JIA3CPHBIM N3JTYYCHHUCM.

3. Pe3yabTarhl YHMCJICHHOI0 HCCJIECA0BAHUS CTAIIMOHAPHBIX pelIeHuil

[IpoBeneHo ymcneHHOE uccieoBanue 3agauu (2.2-2.3) B INIOCKOM M OCECUMMETPHY-
HOU IIOCTAaHOBKAaX MCXOJHOM HEIMHEHMHOM 3a1ayu U €€ YIPOILUEHUN — ypaBHEHUM, I1OJIy4EeH-
HBIX B IPEINOJIOKEHUN Helne(hOpMUPYEMOCTH CBOOOJTHOW T'paHUIBI U MPHU JTUHEApU3ALHH
3a/1a4ul.
IIpu ynpolieHnu 3a1a4yul MOJIy4eHa ITOCIEN0BATEIBHOCTh HEIUHEHWHBIX YPaBHEHUU, B IIPO-
CTEHIIEM BapuaHTEe NIPUBOJALIAS K HEIUHEHHOMY ypaBHeHu!o lllpenunrepa ¢ gokanu3oBas-
HBIM IMOTEHLUAIOM, 33/1aBaeMbIM (POpPMOIl HEOJHOPOJAHOTO TOPH3OHTAIBHOIO pacHpesesne-
HUS MOIIHOCTH MCTOYHHMKA TEIUIa WM MpUMecH. BrisBiieHbl o0mue a1s Bceil mocienoBa-
TENBHOCTH MPUOIMKEHUN CBOMCTBA PELIeHUH, a TakkKe CBOMCTBa, onpenenseMble crenndu-
KOH KOHKPETHOW MAPOJAMHAMHUUYECKOH 3a/1auMl B MOJHON MOCTaHOBKE. OTIIMUUTENBHON 0CO-
OEHHOCTHIO HEIMHEWHOM 3a/1a4M SIBJISETCS HAJMUME MHOXECTBA PEIIECHUH NMPH KOHKPETHBIX
(UKCHUPOBAHHBIX MMapaMeTpax CHUCTEMBl. 3aBUCUMOCTh PELICHMs JIMHEHHON KpaeBoW 3a1auu
OT MapaMeTPOB CHUCTEMBI, B YACTHOCTU OT BEJIWYHMHBI HAarpeBa (pacxojia MpUMeECH) B LIEHTpPE
[IATHA ¢ HEOJHOPOJHOCTBIO IIOBEPXHOCTHOI'O HATSIKEHHUSI, XapaKTEPU3yeTCs HAJIMYHUEM DPas-
PBIBOB BTOPOTO poOJia — MPOUCXOAUT HEOTPAaHMUEHHOE BO3PACTaHUE WIIM YObIBAaHUE PEILICHUS
IpU KOHEYHOM M3MEHEHUHU napamerpa (puc. 1).
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& (x=0])

Puc. 1. 3nauenue 6 yenmpe namua (a) u gpopma (6-0) hynxyuu amniumyowvr memne-

pamypul 8 3asucumocmu om 3navenuti napamempa # ( B=03. g=0.1 (6), o = 04
(8), a=0.58 (), a=0.75 (0),

BoinonHeHn aHanu3 yCTOMYMBOCTH CTALIMOHAPHBIX PEIICHUH, UCCIEIOBAaHbl HECTALIMO-
HapHBIE MIEPEXOHBIE PEXKUMBI TEUEHUS IPU U3MEHEHUU MMapaMeTPOB CO BpeMeHeM. BrlsiBiie-
HbI 0COOEHHOCTH MPOIIECCOB TEPeCcTPOKH (HhOpMBbI CBOOOHON MMOBEPXHOCTH U pacmpeserne-
HUS TEMIIEpaTyphbl UM KOHLEHTPALMUA IPUMECU C TEUEHUEM BPEMEHHU IPU pa3pylIeHUU He-
YCTOMYUBBIX MOJIOKEHU PABHOBECHUS U YCTAHOBIIEHUH YCTONYMBBIX.
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HUccaenoBanue ycTOUYUBOCTH OJJHOBUXPEBOTO
peKrMMa TeYCHUS B )KUJAKOM MeTaJljie Mmoj
AefiCTBMEM BHEIIHEr0 MATHUTOHOIO 101

. A. Bunorpanos, U. O. Tenisikos, 0. I1. UBoukun, U. b. KiemenTheBa

OObennHEHHBIN HHCTUTYT BbIcOKUX TemnepaTyp PAH, Mockaa,
125412, Poccus, r. Mocksa, yi. Wxopckas, 1.13, ctp.2,
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YucneHo uccaenoBaHa CTpyKTypa TeUSeHHH B MOTycpepruuecKoM KOHTeHHepe Ipu
BIIUSIHUM BHEIIHETO OCEBOI0 MArHUTHOIO IIOJIA, KOTOPOE€ IIPUBOIAUT K
00pa30BaHUIO BOCXOAIIEro BUXps. PacyeTsl mpoBeeHbI I pa3HbIX OTHOIIEHUH
pasMepoB Majoro W OONBIIOrOo  3MeKTpoaoB. [lomydyeHa 3aBHCHMOCTS,
paznensomas cTpykTypy OBT Ha Be 30HBI, ¢ OTHUM U IBYMS BUXPSMU.

Investigation of stability of single vortex
flow mode in liquid metal by influence

of external magnetic field

D. A. Vinogradov, 1. O. Teplyakov, Yu. P. Ivochkin, I. B. Klementeva

Joint Institute of High Temperature, Russia, 111116 Moscow, Izhorkaya 13 bld.2,
email: igor.teplyakov@mail.ru

Flow structure in a hemispherical container under the influence of an external
axial magnetic field which leads to the formation of the rising vortex was
numerically investigated. Calculations were carried out for different ratios of the
small and large electrode sizes. The dependence separating EVF structure into two
zones, with one or two vortices was obtained.

Beenenne. [Ipy mpomyckaHUM JEKTPUYECKOTO TOKA yepe3 00beM KUAKOro MeTaia
BO3HHMKaeT 00bEéMHas BuxpeBas cuna F=JXB (3gech, J © B — MIOTHOCTh 3MEKTPUYECKOTO
TOKa M MarHUTHAsI THAYKLMS CO3JJaHHOTO UM II0JIsl), MPUBOAIIAs B Clydyae MPOCTPAHCTBEHHO
HEOJHOPOJHOTO pacmhpeneneHus J Kk o0pa3oBaHuIO T.H. 3neKTpoBuxpeBoro TeueHus (OBT).
[TonoOHBle TeYeHUs CYIIECTBEHHBIM OOpa3oM BIHMSIOT HAa MHOTHE TEXHOJOIMUYECKHE
IIPOLECChl B MAIIMHOCTPOEHUH (DJIEKTPOIIAKOBas CBapKa) M AJIEKTPOMETAIUTYPTrUu
(37EKTPOLIAKOBBIN NIEPEIIaB, Pa3IMYHbIE 3JIEKTPOIUIABUIIbHBIE I1€UH). B yacTHOCTH, IMEHHO
OBT omnpenensioT TUAPOJMHAMHUYECKYIO CTPYKTYpY IMOTOKOB B paOouell BaHHE IYTrOBBIX
neyeit MOCTOSTHHOTO TOKa, KOTOPhIe HAXOJAT BCe OOJIbIliee MPUMEHEHHE B MTPOMBIIIIEHHOCTH
[1].

OObIUHO TpenmnojaraeTcs, YTo B PAacCMATPHUBAEMOM OCECHMMETPUYHOM CHUCTEME C
[EHTPATBHBIM DJIEKTPOIOM 0€3 ydeTa BO3JEHCTBUS BHEIIHUX MarHUTHBIX moJieit OBT umeer
dbopmy TopoumanbHOrO BUXps (cMm. puc. la). BuemHee oceBoe marHuTHOe mojie (Bg;) B
nolo0HOK reoMeTpun pabouero ydyactka HPUBOAMT K a3MMYTAIbHOM 3aKpyTKe TEUYEeHUs
(puc. 1. 6). Ilpu sTOM B 00BEME >KUAKOTO METaUla BO3HUKACT BTOPUYHBIA BHUXpb,
BpalIAIOIIAICs B BEPTUKAIBHON IIJIOCKOCTH IIPOTUBOIIOJIOKHO OCHOBHOMY

© Bunorpagos . A., TerusikoB U. O., MBoukuH 1O. I1., KnementseBa U. b., 2017
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AIIEKTPOBUXPEBOMY TE€UEHUIO (pucC. 1. T') M OTTECHIOUIMI ero Ha nepudepuro padoueil BaHHBI.
[Tpu >TOM reoMeTpus CHCTEM OTJIMYAETCS JPYr OT Apyra, (GopMoOi M pa3MepoM Majoro H
6osbioro (pabovast BaHHas1) AJIEKTPOAOB. B 31eKTpolIakoBoii cBapke, Kak MPaBUIO UMEET
MECTO MaJbIi 3JEKTPOJa OOJBIINX pa3MepoB (OTHOCHUTEIHHO OOJBILOTO 3JEKTPOJA), a B
AIIEKTPOIJIAKOBOM TMEpeIuIaBe Malblii 3JIEKTPOJ] 3HAUUTENIbHO MeHbIe. TeM He MeHee,
ctpykrypa OBT (teuenue Buaa puc. 1. a unu Buaa puc.l. r) [2-4], kak ObUIO yKa3aHO BBIIIE
BIIMSIET Ha Ka4eCcTBO IMOJy4yaeMoro npoaykra. [Ipu 3ToMm mapaMeTpbl CUCTEM OTIMYAIOTCS IO
o0mmM rabapuTaM, a Tak e IO CBOMCTBaM paboumx skuakoctedl. CBA3M ¢ 3TUM
nesecoobpa3Ho uccienoBarb cTpykTypy OBT mpu paznuuHblx KOHPUrypamusx majioro u
OO0JIBIIIOrO DJIEKTPOJA, a TAaKXKE IMPOBOJAUTH pacueTbl B Oe3pa3MEpHOM BHUJE, Jajlee TaKue
pe3yabTaThl MOXKHO OOOOIIUTE Ul CUCTEM C JIOOBIMU rabapuTamMu M CBOMCTBaMM paboueit
KHUJIKOCTH Yepe3 K03 (HUIIMeHThI MacITaba.

Puc. 1. Crpykrypa OBT mnox neicTBMEM BHEIIHEIO OCEBOTO MAarHUTHOro mois. / -
MaJbIi MEKTPoA, 2 - KUAKUNA MeTalll, 3 - KOHTeHep-atekTpo. a) OBT umeer Bux topa, 0)
MOSIBJIEHHE a3UMYTAJIbHOM 3aKPYTKHU, B) BOSHUKHOBEHNE BTOPUYHOTO BUXPS, T') JIBYXBUXPEBOE
Bpamaromeecs OBT.

YucaenHass Meroauka. Llens naHHON paboOTHI - MOJy4YEHUE TPAHULBI pas3jena OJIUH
BUXpb - [IBa BUXpS B 3aBUCUMOCTM OT mnapamerpoB OBT (cuibl Toka [ M BHEIIHEro
MAarHuTHOTO 1oJist By ), @ Takke CBOMCTB METAJUTMUECKOM JKUIKOCTH.

YucneHHble  pacyeTbl  MPOBOJMINCH  METOJIOM  KOHTPOJBHOTO  OoObeMa  Ha
HECTPYKTYpPUPOBAHHON CETKE, pEelIaJoCh YPAaBHEHWE JBWKEHUS IPHU HCIOJIb30BAHUU
HECTAallMOHAPHOM JIJAMUHAPHON MOJEIIN.

3anuieM ypaBHEHHUE JIBUKEHUS, KOTOPOE YUUTHIBAET HAJIMYME BHEIIHErO0 MarHUTHOTO
nojisg B CCK [5]:

1 _ .

U uvU=vp+ Layy 071, Nsm@

ot Ny 47°r sin @ S 2mr

JUis  OCeCMMMETPHUUYHBIX pPACUETOB HCIOJb30BANACh ILWIMHIAPUYECKAs CHUCTEMA
koopauHat (LICK)(7,¢,z), noaToMy 3anuiieM KOMIIOHEHTHI AJleKTpoMarHuTHOU cuibl B LICK:
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(VrP+z? - 2) Nr (\r?+z? - 2)
re 2,2 o by = 2 2320t T 2,2 2 2 ¢
A~ (r - +z°) 2r(r - +2z%) A (r -+ z7)

Jlns mpuBelneHHs YpaBHEHHs K Oe3pasMepHOMY BHJY MCIIOJIb3YeTCS MAaCIITa0bl:

F

Jluneitnsiii pasmep (R, ), IOTHOCTH TOKA ( Jo =1,/ R ) , MaruuTHOe Tone (B, =41,/ R,),

2 3
3IEKTPOMArHUTHAs CHJIA ( fo=m1, I, ), CKOPOCTh (uo =JfiR,/ p), Bpemst (t, =R, /v,),
2 -~
JIaBIICHHE ( b, = pY, ) , unciio PeitHonbca (Re =R pv: =y, ! pI, | v), napameTp S
2 2 2 2

(S =Re" = y,I" | pv ) , napamerp N (N =BIR, | pv ) , napamerp
o:(ozzBeH_/B0 =N/S).

3nece mapamerp S XapakTepu3yeT MHTEHCHMBHOCTH OBT B 3aBHCHUMOCTH OT
IEKTPUYECKOTO TOKA U CBOMCTB  JJIEKTPOIPOBOJALINCH  JKHIKOCTH, mapamerp N
XapaKTepU3yeT HHTEHCUBHOCTh BHEIITHETO OCEBOI'O MAarHUTHOTO IOJIA.

bbl10 1OJIy4eHO HECKOJBKO PEXHUMOB, JUIsl PA3HOTO OTHOILIEHUS Pa3MEPOB Majoro u
6onbioro anekrpona: 1:10, 1:37.6 u 1:100. [Ing nmoxyueHus TpaHUIbI pa3ziena OIUH BUXPhb -
7IBa BUXPs HUCIIOJIb30BAJIACh CIEAYIONIAs METOAMKA: JUIsl HEKOTOPOIro 3HaueHus napaMerpa S
3a/1aBajloCh 3HAUEHHUE IMapaMeTpa o U IPOBOAMIICS HECTALMOHAPHBIM pacueT, B pe3yabTaTe
MOJIy4aJIMCh TPAEKTOPUHU JABMXKEHUSI dKUAKOCTH, KOTOPbIE TIOKa3aHbl Ha (puc. 2).

et el

(a) (0)
Puc. 2. Tpaexmopuu osudicenus scuokocmu. (a) o0Hosuxpesas cucmema, (6)
08yX6uUXpesas cucmema

Ecnu monmydeH ciydail g, Torja mapameTp o yBEIHMYMBAETCs, IO T€X IOpa MoKa He
OyzeT moJyyyeH ciydail 6, win Hao0opoT. 3aTeM IIar U3MEHEHHUS MapaMeTpa o yMEHbIIAeTCs
Y BBIYUCIICHUS BBITIOJHSIOTCS CHOBA, TaK JIEIAETCs TO TeX MOp MoKa He OyAeT JoCcTUrHyra 5%
TOYHOCTh JUIi TOYKM TPAaHUIBI OJUH BHUXPb - JBa BUXPS. AHAJOTHMYHBIC BBIYUCIICHUS
IPOM3BOAATCS I 3HaueHuit S B mpememax 10° = 10° m1s Bcex OTHOMEHME Manoro u
OO0JIBIIIOTO AIIEKTPOIOB.

PesyabraTel. Ha (puc. 3) npeacraBieHsl, MOJIyYE€HHBIE TpaHUIIbl pa3jiena 30HbBI C
oIHUM U aAByMs BuxpsAMU. C pocTom mapamerpa S, TpeOyeTcst MeHblIee o st 00pa3oBaHus
BOCXOJSIIEr0 BUXps. B pasMepHOM BHJIE ¢ pOCTOM 3JIEKTPUYECKOTO TOKA, MPOIMYCKAaEeMOTO
gepe3 DIIEKTPOTPOBOMAIIYI0 JKHAKOCTh, TpeOyroTcs OoJblliee BHEIIHEE MAarHUTHOE st
00pa3oBaHUsl BOCXOJISIIETO BUXPS, a C YBEIMUYECHHUEM pa3Mepa MaJOTO 3JIEKTPOJa MEHBIIee
MarHuTHOE TOJIE.
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Puc. 3. (@) Ipanuyst pazdena 30H ¢ 08yMs GUXPAMU U OOHUM BUXPeM CPAHUYA 8
napamempax o-S, (0) Ipanuyvl pazdena 30H ¢ 08YMS GUXPAMU U OOHUM BUXPEM
be3pazmepras epanuya B-1, 0ns semexkmuyeckozo cniasa In-Ga-Sn [6]

3akioueHue. B pe3ynbrare 4MCIEHHOTO MOJIEIUPOBAHUS MOJIyYeHa TpaHUlla pa3zeria
30H C OJTHUM M JBYMS BUXpsMU. [ 'paHuIla momydeHa Kak s 6e3pa3mepHoro Buma (o-S), Tak
u g pasmepHoro (B-I). Ilpu stom ¢ yBenumyeHueM uucna S (mapameTp CHIbBI TOKA),
Tpedyercst MeHblnee yucio o (Bgy ) 11 oOpa3oBaHUS BOCXOMSIIErO BUXPS. YMEHBIICHHE
pa3Mepa MaJjoro JJEeKTpoJa MPHUBOJUT K TOMY, YTO BOCXOJSIIMN BUXph OOpa3yeTcs mpu
OoJspIuX 3HaYeHU gucia o (Bgy ).

Tak xe mpu uucmax S Oouble, yem ~10" HaGIIOmACTCS OCLMIISIAS Buxpeit [7].
JlanbHelme nucciaenoBanus OyayT HAMpPaBISHbI HA TIOTYYCHHS TPAHUIIBI OCIUIUISIINH.
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OKCIIEpUMEHTAIBHO UCCIIEAYETCS MOBEACHHUE TSKEIOr0 LUIMHAPUYECKOTO Tela
BO BpALIAIOLICHCS TOPU30HTAIBHONU LUIUHIPUYECKOW IIOJOCTH C YKUIKOCTBIO.
PaccmarpuBaercs nBa ciiydas BpAlLlEHHs IOJIOCTHU: PAaBHOMEPHOE M MOIYJIUPO-
BaHHOE. B ciiydyae paBHOMEPHOT'O JBMYKEHHs KIOBETHI OOHAPY)KEHO HECKOJIBKO
PEXKUMOB IOBEACHUS TEJIA B 3aBUCUMOCTH OT CKOPOCTH €€ BpalCHUs: CKOJIbXKE-
HUE, «UIararoluiy LWIMHAP, CTAalMOHAPHBIA IIOJABEC TEJa, HEYCTOWYUBOCTD
MOJIBELIICHHOTO COCTOSIHUSA, IEHTPU(PYTHPOBAHHOE COCTOSHUE U T'PABUTAI[MOH-
HbI OTpeIB. Ilepexon Mexay peKUMaMU OIPENENIeTCsl COOTHOLICHHEM ICi-
CTBYIOIIMX HA TEJO CHJI: CHUJIBl TSKECTH, HEHTPOOSKHOM CHIIBI M BSI3KOT'O B3au-
MOJICHCTBHS CO CTEHKOH. CTPYKTYyphl TeUEHHH BOMW3M LMIMHIPA M3Y4YEHBI TPU
nomomu PIV meronma. IIpy MOLynupOBaHHOM BpPALLlEHUM ITOJIOCTH UCCIEAYETCS
JMHAMUKa Tella B LEHTPU(YTHPOBAHHOM COCTOSHUH, IIPH 3TOM B OTCYTCTBUE MO-
OYJISUUUA OHO COBEPIIAET TBEPAOTEIIBHOE BPALLCHUE C MOJIOCTBIO U KUIKOCTHIO.
CkopocThb BpalieHus: KIOBEThI MEPUOTUYECKH U3MEHSETCsl (MOAYIUpYeTcs), B pe-
3yAbpTaTe 4ero TEJO COBEpIIAeT TaHTeHIMAJIbHBIE Kosiebanusi. OOHapyX eHO, 4TOo
IIPYU IOPOTrOBOM 3HAYEHUU aMIUIMTY/bI U 4aCTOTHI MOAYJIALIMM CKOPOCTH Bpalie-
HUS TIOJIOCTH TE€JIO OTPHIBAETCS OT CTEHKU. C MOBBIIIEHUEM aMIUIUTY/bl MOy~
UM TpU (PUKCUPOBAHHOM 3HAYEHHUH YaCTOTHI 3a30p MEXAY TEIOM U CTEHKOH
YBEJIIMUUBACTCS.
KuroueBrble cj10Ba: TsKENOE TENO; BpalllEHNE; BA3Kas KUAKOCTD; TOAbEMHAs CUJla; MOTYJIsI-
LA CKOPOCTH.
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The behavior of a heavy cylinder in a rotating horizontal cylindrical cavity with lig-
uid is studied experimentally. The uniform and modulated cavity rotations are con-
sidered. At the uniform rotation, several cylinder motion modes are found: sliding,
«walking», stationary suspension, suspended state instability, centrifuged state and
the gravitational detachment. The transition between the modes is determined by
the gravity to centrifugal force ratio and the viscous interaction with the wall. The
flow structure is studied using the PIV method. At the modulated rotation, the
body dynamics is investigated in a centrifuged state, when it performs an average
solid-state rotation with the liquid. The cavity rotation speed varies periodically. At
threshold values of the amplitude and frequency of modulation of the cavity rota-
tion speed, the body is repulsed from the wall. With an increase in the modulation
amplitude for a fixed frequency, the gap between the body and the wall increases.
Keywords: heavy body; rotation; viscous liquid; lift force; time-varying rotation.

1.9kcnepuMeHTAILHAS YCTAHOBKA U METOAMKA

BHyTpp mpo3pauHOil NMIMHIPUYECKON KIOBETHI / MOMELIAETCS LMJIMHAPUYECKOE Te-
J0 2, U3rOTOBJIEHHOE U3 AIIOMUHUA Wi Iulekcuriaca (puc. 1). KroBera ¢ nuianHapoM BHYT-
PH 3aroIHAETCS BOJHBIM PACTBOPOM IIMLIEpHHA. JIsl M3yueHHs TeUeHU BOJIM3U IIMIIMHAPA
B pacTBOp Jo0aBisieTcsi BU3yasln3arop. Vcmosib3yeMoe B HKCIEPHUMEHTaX TEJNO CUUTACTCS
«TSKENBIM», TIOCKOJIBKY €ro IUIOTHOCTB IMPEBBIIIAET MJIOTHOCTh XUIAKOCTH. Ha Topen tena
HaHeceHa METKa, KOTOpasi MO3BOJISIET KOHTPOJIUPOBATH €ro BpalleHHe BOKPYr COOCTBEHHOM
ocu. KroBera Bpamaercs no 3akony € = Q,,, (1+€ cos Qy; £). 3nech €,,, — CpeIHASI CKOPOCTh
BpAIICHUsI NIOJIOCTH, € — aMIUIUTYbl MOAYJSALMY, ONPENEISIONIas MAaKCUMaJIbHOE OTKJIOHE-
HUe oT €, {» —vacToTa MoayasaLuu. B cioydyae paBHOMepHOTO BpaiieHus noioctu € = 0.
JUig perucTpalyy 3KCIEPUMEHTa HUCIONb3YeTCsl CKOPOCTHAsI BUJEOKaMeEpa MPU OCBELIEHUU
KIOBETBHI MOIITHBIM UCTOYHUKOM CBETA.

Q=0 (1_-tSCOSQ,,,,f)

rot

A

Puc. 1. Cxema skcnepumenmanvhoii ycmaHoeku
2. Pe3yabTaThl IKCIEPUMEHTOB

2.1. PaBHOMepHOe BpalleHue

[Ipyn m3yyeHHH MOBEOEHHUS TSHKENOTO TeJla B TOPU3OHTAIBHOM PABHOMEPHO BpAILAKO-
IeMCS IWIHH]IPE C KUIKOCTHI0 0OHAPYKEHBI KAUeCTBEHHO PA3THMYAIONINEC COCTOSHUS Tela
B 3aBUCMMOCTH OT CKOPOCTH BpallleHHs NoJ0CTU. MccnenoBana BpeMeHHas TUHAMUKA U T10-
CTPOEHBI TpaeKTOpHH ABMKEeHUs Tesa. OOHApYKEHBI JBa MEXaHU3Ma OTpPhIBA Tela OT I'PaHU-
LBl MOJIOCTH: TUAPOJAMHAMHUYECKUA U TPaBUTAUUOHHBIN. [ MAPOIMHAMUYECKUN OTPBIB, MPHU
KOTOPOM TEJIO HAXOAWTCS B MPAKTUYECKH CTAIMOHAPHOM B JTAOOPATOPHOU CHCTEME OTCYETa
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COCTOSIHMHM, paHee Obul oOHapykeH B [1]. B cimydae rpaBUTallMOHHOTO OTPBIBA TEJO COBEP-
11aeT BPALEHUE BMECTE C MOJIOCTBIO U yIAJSIETCA OT CTEHKHU IOJIOCTH Ha JI0JIe IEPUOJa B pe-
3ynabpTaTe KOJIeOAHUH OTHOCHUTENBHO MOJOCTH, BBI3BIBAEMBIX ITOJIEM CHIIBI TSDKECTH. B 06oux
Cllydasix CHJIa TSYKECTH UTPAeT ONPENEIAONIyIo poib. [IpoBeieHHOE HecaenoBaHne M03BOIsA-
€T y4eCThb BIMSHUE IOJS CUJIbl TSDKECTU B JAJbHEWINEM, NPU W3YYEHUHU IOBEJIEHUS Tela B
HEPABHOMEPHO BPAILAIOLIEICS MOJOCTH.

2.2. Moay1upoBaHHOe BpalieHne

PaccmarpuBaercst city4aii ObICTPOTO BpallleHHUs MOJIOCTH, KOTIa TeNI0 HAXOJUTCS B LIEH-
TpudyrupoBaHHOM coOCTOSIHMM. lleproanueckoe M3MEHEHHE CKOPOCTH BpAILEHUS KIOBETHI
BBI3BIBACT TAHTCHIIMAIbHbBIC KOJEOaHHUS Tella, B Pe3ylibTaTe KOTOPBIX T€HEPUPYETCs OCpen-
HEHHasl moAgbeMHas cuia [2, 3], oTTalKuBaromas Teiao OT CTEeHKU MmojocT (puc. 2). [1oBbI-
[ICHUE aMIUIUTYAbl MOJIYJSALUU COTPOBOXKIAETCS YBEIWYCHHUEM 3a30pa d MEXIY TEJIOM H
cTeHKo# mojoctu. Cuiia OTTaJKUBAaHUS MPOSIBIISIETCS Ha PACCTOSHUU, CPABHUMOM C TOJIIIH-
HOM JMHAMUYECKOTO MOTPAaHUYHOrO ciiosi. OZHOBPEMEHHO C a3MMYTaJIbHBIMH KOJEOaHMS
IWIMHAP COBEpIIAeT BpallaTeibHbIE KoJeOaHWs BOKPYr cBoedl ocu. OOHapykeHO, uTO B
HAJIKPUTHUYECKOW O0JIaCTH B pe3yJabTaTe HapyLICHUS CUMMETPUHU a3UMYTaJIbHBIX KOoJeOaHHi
TEJO B CPEJHEM COBEpIIAET a3UMYTAJIbHBINA Jpeiid. B 00macTi BHICOKMX YacTOT KoJieOaHUi
KIOBETHI HaifJleHa 3aBUCUMOCTh KOA(PPHUIIMEHTA TOIbEMHOM CHIIBI OT BEJIMYMHBI 3a30Pa MEXK-
Jly TEJIOM U CTEHKOM.

2 2
d, MM i .
1
O YONDval | !

0 0.25 0.5 075 ¢ 1

Puc. 2. Ompuvie mena om epanuyvt nonocmu

Pabora BeimosiHeHa mpu nojaepkke Poccuiickoro Hayunoro ®@onna (mpoekt 14-11-
00476).
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PaccmaTtpuBaercs TepMoaMHAMHYECKas yCTOMYMBOCTh HM30TEPMHUYECKON OWHApHOM
CMECH, 3aIlOJIHIIOIEH 0JI0CTh KOHYEHOro pa3mepa. B nanHoil cucteme ecth ABa oc-
HOBHBIX COCTOSIHHSI, TOMOT€HHOE U T'€TEPOr€HHOE, YCTOMUMBOCTh KOTOPBIX B IIEPBYIO
ouepeib ONpeeIIseTCs CpeAHel INIOTHOCTBIO M KalWUIAPHBIM uncioM. Kpome Toro,
€CcTh 00JaCTh TapaMeTPOB, B KOTOPOH JaHHBIE COCTOSIHUSI METACTaOMIIbHBI: KOHEUHOE
BO3MYILIEHUE EPBOHAYAIBHO OJHOPOJHOIO COCTOSIHUSI IPUBOJIUT K PACCIOEHUIO, U
KOHEYHOE BO3MYLICHHE NIEPBOHAYAIBHO HEOAHOPOJHOIO COCTOSIHUSL MOXET BBI3BATh
o0paTHBI Mpolecc FOMOreHU3aluu cucTeMbl. Kpome Toro, mokasaHo, 4To TpaHUIIbI
YCTOMYHMBOCTH TOMOTE€HHOT'O M T'€TEPOTre€HHOI0 COCTOSIHUN 3aBUCAT OT Pa3MEPOB KOH-
TeiiHepa, YTO SIBJIAETCSI HOBBIM HauOoJee MHTEPECHBIM pe3yIbTaTOM JIAHHOI'O UCClle-
JIOBAHHUS.
KaroueBble c1oBa: (hazoBelii nepexom; MeTo] pa3oBoro mnosist; OMHapHas cucreMa

Phase stability of a binary mixture
in a confined container
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Thermodynamic stability of an isothermal binary mixture enclosed in a closed cavity
is studied. Such a system has two equilibrium states, homogeneous and heterogene-
ous, and the stability of these states is defined by the average concentration of the
mixture and capillary parameter. Moreover, there is a range of parameters where
these two states are metastable, i.e. a finite perturbation of a initially uniform state
may result in phase-separation, and the perturbation of initially heterogeneous state
may initiate a reverse process leading to homogenisation of the binary system. We al-
so show how the phase boundaries depend on the size of the container, which is an-
other interesting and new result of the current study.
Keywords: phase transition; phase field approach; binary mixture
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1. Introduction

We examine the thermodynamic evolution of a binary mixture that belongs to the popu-
lar class of mixtures that are characterised by the upper critical solutal temperature. In such
mixtures, the components are completely miscible if the mixture temperature is above the crit-
ical point, and the components are only partially miscible, until the solutal saturation is
reached in both phases, if the mixture temperature is below the critical point.

It is assumed that the mixture is isothermal, and the mixture temperature is below the
critical point. If solute is added to a solvent phase, then in a confined system the dissolution of
the solute inclusion may be either complete or incomplete as dependent on the amount of the
solute added and on the saturation levels in both solute and solvent phases. In the opposite
case, if the system is initially homogeneous (solute and solvent are mixed up and form a ho-
mogeneous phase), a shake of the container may induce the process of nucleation. We aim to
determine the range of parameters when the complete dissolution of two substances is possi-
ble, and, correspondingly, the range of parameters when the nucleation in a initially homoge-
neous phase may occur. We also aim to understand whether the properties of the nuclei are
affected by the fact that the binary mixture is enclosed into a container.

2. Problem statement

Our analysis is restricted to the thermodynamic evolution of an isothermal binary mix-
ture. The governing equation in non-dimensional form reads,

%zA(2AC+4C3 —CaAC). (1)

Here C is the concentration that is defined as the mass fraction of a component in a mixture,
and then this quantity is redefined by C — (C — C;), where C; is the concentration of the mix-
ture in the critical point. The non-dimensional parameter A = a/b defines the thermodynamic
model for a binary mixture (a and b are two dimensional phenomenological parameters). In
the current work, we assume that A =-1/2. The second non-dimensional parameter is the ca-

pillary number, Ca = ¢/ (Lzb), that defines the role of capillary effects (¢ is the capillary con-
stant, that is introduced within the phase-field approach to characterise the strength of capil-
lary effects). For non-dimensionalization of equation (1), the following typical scales were
used: the size of the container, L, as a length unit and the diffusive time scale, Lz/b, as a time
unit, where b is used a unit of the chemical potential.
The governing equation (1) is supplemented with the following boundary conditions:
oy 2C

=0, —=0, 2
on on 2)

the first of which signifies no diffusive flux through the container’s walls, while the second
condition states that the molecules of the wall are neutral to the molecules of mixture compo-
nents. Here 0/0n is the normal derivative.

3. Results

The homogeneous solutions of equation (1) are trivial, with uniform concentration field,
C = g, where q is the average concentration of the mixture.

We examine the full nonlinear stability of the homogeneous state for the binary mixture
that fills a two-dimensional square cavity with respect to a finite droplet-like perturbation. The
numerical results are reflected in Fig. 1.
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Fig. 1. The phase diagram for a binary mixture in a closed cavity. The dashed line de-
picts the boundary of the zone of spinodal instability (a homogeneous state is unstable
to infinitely small perturbations); the solid line defines the zone of nucleation (a ho-
mogeneous state is stable to infinitely small perturbations but unstable to finite-size
perturbations). The homogeneous state is absolutely stable above the solid line.

4. Conclusions

We have examined the phase stability of the liquid-liquid binary mixture that fills a
closed cavity. The mixture can be either homogeneous (the liquids fully mix) or heterogene-
ous (there exists an interface separating the liquids). The stability of these two states is de-
fined by the binodal curve that approximately may be given by the following expression:

q-= 0.5—(Lfby/8. 3)

If the container is very large ( L — « ), then the boundary of the nucleation zone shifts to
the value 1/2. At the same time, the size of the critical droplet would become very large (see
[1] for more details), which means that the binary system may not be in an equilibrium heter-
ogeneous state if the average concentration is near 1/2, which is obvious. For the lower values
of g the nucleation would be possible.

The result given by expression (3) is particularly important for smaller enclosures, when
dissolution of the solute additive may not occur as expected. Moreover, an experiment con-
ducted with the use of the containers of different sizes would in general produce different
phase diagrams for the same binary mixture.
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B mHacrosiee BpeMs HAaHOHAMOIHUTENb M3 TUCIEPTUPOBAHHBIX TTUHUCTBHIX MU-
HEpaJIOB SBJISETCS OJHUM M3 MEPCICKTUBHBIX HAMPABICHU B pa3pab0TKe HOBBIX
perentyp Iuisi aBTOMOOUIIBHBIX IIMH. B paboTe mpencTaBieHbl pe3yabTaThl dKC-
MEPUMEHTOB TI0 HCCIEAOBAHHUIO BS3KOYIPYTMX CBOWCTB AJIACTOMEPHBIX HAaHO-
KOMIIO3UTOB C HAIMOJIHUTEIEM U3 CIIOUCTOrO TJIMHHUCTOTO MHHEpana (MOHTMO-
pwuioHuT). OOHApYKEHO, YTO JOOABICHHE JaK€ HE3HAYUTEILHOTO KOJIMYECTBA
(3-5%-mac.) MOHTMOPHWJIJIOHUTA CYILIECTBEHHO CKa3bIBACTCS HA MEXaHUYECKUX
CBOMCTBaX pE3MHBI, CIIOCOOCTBYS Pa3BUTHIO B MaTepuaie BS3KO-YIPYrHUX IMPO-
I[ECCOB U TMOSIBJICHUIO OCTAaTOYHBIX Aedopmariuii mpu aeGopMupOBaHHH.
KuroueBble cjioBa: dmactomMep; MIMHUCTHIN HAMIOTHUTEI; TPOYHOCTH; IehopMaIus

Experimental studies of the mechanical
properties of rubbers filled with carbon black

and layered clay nanoparticles

0. K. Garishin®, A. L. Svistkov®®, V. V. Shadrin®®
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Currently, nanofiller from dispersed clay minerals is one of the promising directions in
the development of new formulations for automobile tires. The paper presents the results
of experiments on investigation of viscoelastic properties of elastomeric nanocomposites
filled by layered clay mineral (montmorillonite). Our investigations have demonstrated
that the incorporation of even small amounts of montmorillonite (3-5%-mas) significantly
influences the mechanical properties of rubbers, giving rise to viscoelastic processes in
the material and residual strains appearance during deformation.
Keywords: elastomer; clay filler; strength; strain

B pabore uccrnenoBaiuch 31acTOMEpPHBIE HAHOKOMIIO3UTHI, COJEPKAIINE OTHOCUTEIb-
HO HOBBIM (ISl HUX) THUI HAMOJHUTEIS — MOHTMOPWJUIOHUT. DTOT MaTepuall OTHOCUTCA K
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KJaccy pa3z0yXarolluX TIMHUCTBIX MUHEPANOB M, MPU ONpenenéHHON 0OpaboTke, criocoOeH
JUCIIEPrUpOBaTh HA HAHOYACTULIBI B BUJE YJIBTPATOHKHUX YELIyeK ¢ MUHUMaJIbHOM TONILMHON
1o 1 HaHoMeTpa M XapakTepHbIM pazMepoM OT 30 HM 10 HECKOJIBKUX MUKPOH. DTH YaCTHUILIbI
MOTYT 00pa3oBBIBaTh OTAEIbHBIC MAUYKM — TAKTOMJBI — U3 MApaUICIbHO PACHOJIOKEHHBIX
IJIACTUHOK (J10 HECKOJIBKUX A€CATKOB). [IpupoIHBIi MOHTMOPUINIOHUT COCTOUT U3 XaOTHYE-
CKU OPUEHTUPOBAHHBIX TAKTOUJIOB.

B kauecTBe MaTpuIpl MCIOJIB30BAIM BYJIKAHHU3aThl HATYpaJIbHOI'O KaydyKa, COJEpiKa-
mue TexHuueckuil yriaepon mapku N330 u psg Apyrux n00aBOK, KOHIEHTpAIMs KOTOPBIX
Obu1a OIMHAKOBOM JuIs BceX 00pasnoB. COOTBETCTBEHHO, BOMPOCH! MX BIUSHUS HAa U3MEHE-
HUE MEXaHUYECKHUX CBOMCTB KOMIIO3UTA B JaHHOU paboTe HE pacCMaTPHUBAIIUCh.

Taxum 06pa3zom, B 3KCIIEPUMEHTE UCCIIEIOBATHNCH CIEAYIOIINE MaTepHaIbl:

— HartypaibHbli Kayuyk (HK), Hanosnnennslit 21%-mac. texauueckoro yriaepoaa (TY);
— HK, nanonuennsiii 21%-mac. TY u 3.5%-mac. montmopmiuionura (MMT).

OKCIIEpUMEHTANIBHBIE HCCIIEI0BAaHUS IPOBOJWINCH HA YHUBEPCAIBHOW pa3pbIBHOM
mammune Testometric FS100kN CT. Ilpu 3ToM ucHonb30Banachk crieryanbHas METOIMKa, OC-
HOBaHHAs Ha LUKIMYECKOM JIeGOpMHpPOBaHMM 00Opasiia ¢ MepeMeHHON MoIaroBoil HapacTa-
IOlIel aMIUIUTYION 1o nedopManusM (M OCTAHOBKAMH Ha PEIaKCalluio MPU CMEHE HaIlpaB-
nenus aeopmupoBanus). McbITaHUS TaKOro poJia MPUMEHSIOTCS OOBIYHO MPH UCCIIEI0Ba-
HUH MOJIMMEPOB, KOTJa TpeOyeTcs MOIyYUTh 332 OJAWH SKCIEPUMEHT KOMIUIEKCHBIE TaHHbIE O
BSI3KOYIIPYTHX U YIPYTOIJIaCTUUECKUX CBOMCTBax martepuana [1-5]. CkopocTh ABM>KEHHUS 3a-
XBaTOB (KaK NMPHU PACTSDKEHUM, TAaK M MPH CHATHH HArpy3ku) paBHsutack 20%/muH. Bpems
Kax10# penakcaruu coctaBisuio 10 Munyt. OOpasiisl H3roTaBIMBAIUCH B BUJIE JIONATOK IO
crangapty ISO 527-2-5A ¢ paboueii yactbio 2x4%20 Mm.

Ha pucyHke nokasaHo kak HaJluuue INIMHUCTOTO HAIIOJHMUTENS CKa3bIBAE€TCSA HA MeXa-
HUYECKUX CBOMCTBaxX pe3uHbl. [IpencraBieHsl pe3ynbTaTsl 12 HUKIOB HarpyxkeHus (c ocra-
HOBKaMH Ha pelakcaiuio) oOpas3noB pe3uHbl, HamoinHeHHOH TY (21.5%-mac.) u Takoil xe
pe3uHBbI C JOMONMHUTENbHBIM HanonHeHneM MMT (3.5%-mac.). Ha rpaduke BuaHo, uyTo A7
00OMX BHJIOB HAIOJHUTENS MMEET MECTO CYIIECTBEHHOE pa3MmsirdueHue marepuana (3ddexr
Masnun3a [6]) ¥ osIBlIEHHE PKO BBIPAKEHHBIX BA3KOYIPYTHUX CBOMCTB.

Ha nauanbHOM 3Tane HarpyXeHus BBOJ TJIMHUCTOTO HAHOHAIOJIHUTENS CHAadajla Bbl-
3bIBAJI YBEJIMYCHHUE HAIIPSHKEHUN 110 CPABHEHUIO C KOMIIO3UTAaMHU, COJAEPKAKUMU TOJIBKO TY.
[Ipu nanpHeieM yBeTHMUYEHHH A KOMIIO3UTHI C TJIMHUCTHIMM HAHOYACTHIIAMU CTaHOBUJIMCH
Oosiee MATKUMU (110 CpaBHEHHUIO ¢ cucreMamu "kayuyk + TY"). [lns HarnsgHOCTH Ha Tpadu-
KM HaHECEHbI LITPUXOBBIE JIMHUHU, COEANHSIOINE MAKCUMAJIbHbIE HAIIPSDKEHUS HA LUKIIE AJIs
KaX/I0T0 MaTepHuaia. DTH JMHUU NePeceKaroTcs NPy yINTMHEHUIX IPUMEPHO A= 3.

Ha nam B3risin 3ToT 3QQeKT CBs3aH ¢ TeM, UYTO IMpU OOJBIINX KPATHOCTAX YIUTMHEHUS
KOMIIO3HUTA B €70 CTPYKTYpE MPOUCXOAUT IEPEOPUEHTALNS YaCTUL] MOHTMOPUIUIOHUTA BIOJIb
ocH pacTsikeHus. [TacTHHKY B TaKTOW/IE MO/ IEHCTBHUEM BHEITHEH nedopMamuu MOTYyT TIPo-
CKaJIb3bIBaTh OTHOCUTENIBHO APYT ApYra, pasrpyxkas, TEM CaMbIM, IEPEHANPSKEHHbBIE MECTA.
CnenoBarenbHO, TpeOyeTcss MEHbIIIE SHEPTUU Ha 1e(h)OPMUPOBAHNE CUCTEMBI U YPOBEHb MaK-
POHAIIPSKEHUN CHUYKACTCA.

HHTEepecHO OTMETUTH, YTO KPUBBIE Pa3rpy3KH U OCTATOUYHBIE AeopMaliuu s JTaHHBIX
MaTepHaJIOB OKa3aJUCh OJIM3KH, TO €CTh Ha ITHX ATalax IHUKINYECKOTO HArpyXEHHs BBOJ
MOHTMOPHJUIOHUTA CKa3bIBaeTCs Ciado.

B utore MoXHO cienarh BBIBOJ, UYTO A00aBlICHHE B PE3UHY JaK€ OTHOCHTEIHHO He-
6onpux konumuecTB MMT cylliecTBEHHO CKa3bIBaeTCsl HAa €€ MEXaHUYECKUX CBOMCTBAX, CIO-
coOCTBYsI MpH 1e(hOPMUPOBAHUHU MaTepHaja Pa3BUTHIO KaK OOPAaTUMBIX, TaK U JUCCUIIATHUB-
HBIX MPOLIECCOB (BSI3KO-YIPYrHX U YINPYTO-TUNIACTHYECKHUX). DTO CBSI3aHO C OCOOCHHOCTSIMH
CTPOCHHUS YaCTHUI] HAMOJHUTEIS, MPEJCTABISAIOMNX COO0M Mauyku U3 MapauieIbHO Pacoio-
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’KEHHBIX YNbTPATOHKUX CHJIMKATHBIX IUIACTHHOK. B mpoliecce Harpy:xeHus: MaTepuaina, mpo-
UCXOJIUT TMEPEOPUEHTALNS U UCKaKeHUE (OPMBI STHX YACTHI], YTO MPUBOAUT K CHHIKCHHIO
KOHIICHTPALUY HANpsHKEeHUH Ha YPOBHE MUKPOCTPYKTYPBI U JUCCUTIAIIMM SHEPTHUH.

Jlnst pe3suHbl aBTOMOOMIIBHBIX IIMH, pabounii 1uamna3oH JedopManuii KOTOpbIX HE Tpe-
Bbimaer 20-50%, BKIIOYEHHE TJIMHHUCTOTO HAMOJIHUTENS (MOHTMOPWJIOHUTA), KOTOPBIN
YCUJIMBAET KECTKOCTH B Havaje 1epOpMHUPOBAHHS, MOXKET OBITh BIIOJHE OMPABIAHO.

o'=F/S,,|
MPa

12

1 2 3 4 5 6 A
Pucynok. Kpuevie yukauueckoeo pacmsadgicenuss Kayuykos, HANOIHEHHLIX MeXHuye-
ckum yenepooom u mowmmopuiionumom;, NR-CB30 — uépuvie aunuu, NR-CB30-
MMTS5 — 3enénvie aunuu

Pabota BbImosiHeHa npu noiepxke rpantoB PODU 16-08-00756 u 17-08-01118.
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YIK 536

IIpopuiab Temneparypsbl BOJIU3U I'PAHULBI
pasaeiia KUIAKOCTb—TIa3 NPU UCHIAPEHUH
PA3JIHYHBIX )KUJAKOCTEN B HEU30TEPMHUUYECCKHUX

YCJOBHUAX
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W3mepen nmpoduinb TeMnepaTypbl Ha IpaHUIle paszena KUIAKOCTb—Ta3 IpU UcIa-
PEHUU TOHKOI'O CJIOS KUAKOCTH. McriapeHue NpoucxoauT Npu JIOKAJILHOM Harpe-
BE CO CTOPOHBI MOJJIOXKKU B YCIOBHUSX HOPMAJIBHOTO aTMOC(EPHOTro JaBJICHHUS.
Hcnosp3oBanack MUKpOTEPMOIIapa C TOJIIMHON KOpoJibka MeHee 4 MKkM. Benu-
YyHA CKayKa TEMIIEpaTypbl BO3PACTACT ¢ YBEIUYCHUEM TEMIIEpaTypbl HarpeBarTe-
7s1. B 3aBHCHMOCTH OT BHEIIHMX YCJIOBHIA, TeMIlepaTypa B ra3oBoil (aze BOIU3M
I'PaHUIIBI Pa3/ieNa KUAKOCTb—Ta3 MOXKET ObITh BBIIIE WIIK HIXKE, YEM Y )KUIKOCTH.
[Tpodunb TemmnepaTypsl Ui pa3InYHbIX )KUIKOCTEH UMEET OTIUYHBIA XapakTep.
KaroueBble cjioBa: CKauoK TeMIIEpaTypbl; Mex(a3Has TpaHULbl; HCTIApEeHHE

Temperature profile near liquid-gas interface
during evaporation of different fluids
for non—isothermal case

E. Ya. Gatapova®’, E. G. Korbanova®®, O. A. Kabov""

* Kutateladze Institute of Thermophysics SB RAS, Lavrentyev Ave. 1, 630090, Novosibirsk
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The temperature profiles are measured across a liquid - gas at normal atmospheric

conditions. A thin water layer is locally heated from the bottom substrate and it

evaporates from the liquid-gas interface. Microthermocouple with the sensor ele-

ment thickness of 4 um is used. The temperature jump value is found to increase

with increasing the temperature difference between a heater and an ambient gas. It

is shown that the temperature profile has a different character for different liquids.
Keywords: temperature jump; interface; evaporation

1. BBeaenue

OcoOeHHOCTH Ha TpaHUIle pa3Jiesia KUAKOCTb—Ta3 Mpu (Pa30BOM Mepexoie MpeACTaBISIOT
OomnbiIol MHTEpec it cucteM oxiaxkaeHus [1]. OcoOeHHO 3TO aKTyalbHO HJISI MHUKPOCH-
cTeM, Tae cama MexdazHas rpaHula TPYAHO ompenenuma, a 3(pdexTsl, Bo3HUKaIoMKe B 00-
nactu cnos KHyzaceHa, CTaHOBSITCS CyIECTBEHHBIMH. ['paHMIia pa3zgerna >KUIKOCTh—Ta3, Kak
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MPaBUIIO MPH (PAa30BOM IMEPEXOe HAXOAUTCS JAIEKO OT TEPMOAMHAMUYECKOTO PaBHOBECHS.
[IpaBunbHOE OmpeneneHre TPAaHUYHBIX YCIOBHUI SBISETCS BaXKHBIM (PyHIAaMEHTAIBHBIM BO-
MIPOCOM JIJIst JIyYILIEro MOHMMAaHUsI HEPAaBHOBECHBIX SIBIICHUH, Takux Kak 3ddekt Jleiinendpo-
CTa U TUHAMUKA JIMHUHA KOHTaKTa Tpex ¢a3 [2].

CyiiecTBOBaHUE CKayka TeMIepaTypsl B cioe KHynceHa npu MCIapeHuu U KOHJIEHCAIUU
JTABHO M3BECTHO B KMHeTHYeckol Teopuu [3,4]. OnUH U3 MOJIXO0I0B K ONMUCAHUIO TEINIOMAC-
cooOMeHa B JByX(a3HOW CHUCTeMe, OCHOBAHHBIM Ha MmosHOM ypaBHeHuH HaBre—Crokca c
I'PaHUYHBIMU YCIOBHSIMH CO CKauKaMH TeMIIepaTyphl U JaBlieHUs ObUI MpeioxkeH B [5]. Ox-
HaKo, OOJIBIIMHCTBO 3KCIIEPUMEHTAIBHBIX JTAHHBIX O CKauKe TeMIIepaTypbl Ha TPaHMIIE Pa3-
Jena KUJIKOCTh—Ta3 ObUIM TOJIydeHBI B YCIOBUSAX MOHIKEHHOTO aaBiieHus [6,7]. B pabore
[8] ObLIO BIEpBBIC YCTAHOBIEHO CYIIIECTBOBAHHME CKauka TEMIIEPATyphl HA TPaHUIIE pa3zerna
BOJa—BO3AyX MPHU aTMOC(HEPHOM JaBICHUU U 3a(UKCUPOBAH POCT CKAauKa C POCTOM TeMIIepa-
Typbl HarpeBaTess ¢ NOMOILBI0 MUKPOTEPMOIAphl C pa3MepoOM KOpoJibka 4 MKM. B nanHoi
paboTe mpeacTaBiIeHbl HOBBIE pe3yabTathl i xkuakocteir C;HsOH, CH,l, u HFE-7100.

2. DKcnepHMMEHTAJIbHAs YCTAHOBKA M NPOLEAYPa U3MepeHust

B pabote mpencTtaBiieHbl HOBBIE JAHHBIE SKCHEPUMEHTAIBHOI'O MCCIIEAOBAaHUS TeMIepa-
TYpPHOT'O TOJISI ABYXCIIOMHON CHCTEMBI )KHJIKOCTb—Ta3, BKIIIOYasi IPaHUILy pa3jena. DKCIepu-
MEHTBI NPOBEJICHBI JUIS YETHIPEX Pa3IMUHBIX JKUKOCTEH MPU JIOKAJIIbHOM HarpeBe M ucrape-
nuu. Ucnp3oBanuck: ceepxuuctas Boga (MilliQ), 99% C,HsOH, CH,I, u HFE-7100. Cxema
HKCIIEPUMEHTAIBHON YCTAaHOBKM M 00OpYAOBaHUS mIpezcTaBieHa Ha (puc. 1. a), [8]. Dkcne-
PUMEHTHI MPOBOJMIIMCH MPH KBA3UCTAIMOHAPHOM pEXHMe HarpeBa. Temreparypa Harpesa-
TeJs KOHTPOJIMPOBAACh TPeMsi MUKPOTEPMOIIapaMu, a aTMochepa Ipu MOMOIIH TEPMOTHUT -
pometpa Testo u Gapomerpa.
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Puc. 1. (a) — Cxema sxcnepumenmanbHol YCMAHOBKU U UCHONb3YeM020 000py0o8arus. (0) —
COM pomoepaghus muxpomepmonapwl na Hitachi S340.

Jlnst U3MEepeHusl TeMIIEpPaTypHOTro MpoduiIst MOIepeK CIOEB MCIOIb30BaNaCh MHKpPOTEp-
Momapa ¢ TOJMIIHMHONW Kopoibka 3—4 mkM (puc. 1.6). KamuOpoBka MHKpoTepmomap ocy-
HIecTBIsUIach B nuanasone temmeparyp 5 — 100°C. Omubka uzmepenuit 0,02°C. IIpeunsu-
OHHasl TOJBI)KKA (C MHMHUMANbHBIM ImaroM 50 HM) mepemMeriaja MHUKpOTEpMONIapy u
omnpenensiia e€ noyioxkenue. g BU3yanu3aluu UCMOIb30BAJICS TEHEBOU MeToa (3 MKM Ha
nukcenb). CHHXpOHU3AIUS YTEHUH MHUKPOTEPMOIIaphl U MOJOKEHHUSI MUKPOTIOIBUXKH TPO-
M3BOJIMIIACH C TOMOIIBIO CIIEHUANBHO pa3pabOoTaHHOTO MpOTpaMMHOro obecnedeHus Ha C++.

3. Iloay4yeHHbIe pe3yJbTaThl U BbIBOJbI

W3mepenust MO3BOIIIN MOJIYYUTh TOAPOOHYI0 KapTHHY TEMIIEpaTypHOTO Tpoduis more-
peK cloeB KUAKOCTh—Ta3. [IoTBepkKAEHO CYyIIECTBOBAaHUE CKauKa TEMIIEPAaTyphbl Ha TPAHULIE
paszzena KUAKOCThb—Ta3 Mpu aTMocepHOM AaBiieHUU Takxke ams xunkocreir C,HsOH, CH2I2
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u HFE-7100 (puc. 2). ITonyueHs! moapoOHble JaHHBIE Uil MOIHOCTH HarpeBarens oT 0 1o
1,2 Bt.
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Puc. 2. Ilpopuru memnepamyp: (a) - ona CH,I,-6030yx, memn. naepeeamens 41,5°C, memn.
6030yxa 25,9°C, enaxcnocmo 47,2%, oasnenue 99,99 klla; (6) — HFE-7100 — 6030yx, nem
Haepesa, memn. 8ozoyxa 26,1°C, eraxcnocmo 24,9%, oasnenue 99,59 xlla.

[ToxazaHo, 4TO ISl pa3IMYHBIX KUJIKOCTEH MPOQHIL TEMIIEPAaTypbl MOKET UMETh pa3-
HBIM XapakTep. B uyacTHOCTH, IpH JOCTAaTOYHOM YBEIWYEHMM TEMIIEpaTypbl HarpeBaTels
TemmepaTypa Bo3ayxa BOIM3M rpanuubl pazaena CH,l,—Bo3ayx Hipke Temmeparypsl KHIKO-
ctu. B To Bpems kak nins HFE-7100 Temnepatypa Bo3ayxa Beiiie Temneparypsl HFE-7100 nHa
rpanuue pasnena (puc. 2). M3mepen pacxon McrnapuBLIEHCS KUAKOCTH, KOTOPBIA COCTaBUII
0,008 mxn/c mns ucnapenuss CHyl, B Boznyx mpu momnoctu 0,252 Bt u 0,477 Mkn/c s
HFE-7100 6e3 Harpesa.
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BiyusiHMe MATHUTHOIO MMOJIA HA KOHBCKIOHNIO
MATHUTHOMH AKUIAKOCTH B BEPTHKAJBbHbBIX
CBA3AHHbBIX KaHAaJax

A. ®. I'nyxos, B. B. Jlageiimukosa, A. C. Cugopos
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B paboTe sxcnepuMeHTaIbHO UCCIIE0BAIOCh KOHBEKTUBHOE TEUEHNE MAarHUTHON
KHUJIKOCTH B BEPTHKAIbHBIX CBSI3aHHBIX KaHAJIaX B Cllydae, KOTJa MPHUI0KEHHBIN
IPaJUEHT TEMIIEPATypbl U BEKTOP HANPSHKEHHOCTH BHEUIHETO MArHUTHOTO MOJIS
HampaBjeHbl BepTUKaIbHO. [loka3zaHO, YTO OJHOPOJHOE MArHUTHOE II0JIE
YMEHBIIIAET WHTEHCUBHOCTh KOHBEKTUBHOTO TE€UECHHUS M M3MEPEHO KPUTHYECKOE
3HAa4YeHUE TOJIsl, P KOTOPOM KOHBEKIIHSI CKAaYKOM 3aBEpIIACTCS] MEXaHUYECKUM
paBHOBecueM. [Ipu yMeHbIIIEHUHN 10T KOHBEKIIMS BO3HUKAET BHOBb, HO C THUCTE-
PE3UCOM.

KiroueBble cji0Ba: BEpTUKAIbHBIEC CBA3aHHbIC KaHAIbI; KOHBEKIIMS; MATHUTHAS JKUKOCTB;

MarHuTHOE I0JIe

Influence of the magnetic field on the
convection of a magnetic fluid in vertical
coupled channels

A. F. Glukhov, V. V. Ladeyshchikova, A. S. Sidorov

Perm State University, Bukireva St. 15, 614990, Perm
email: glua@mail.ru

The convective flow of a magnetic fluid in vertical coupled channels is studied ex-
perimentally. The temperature gradient and the external magnetic field strength
vector were directed vertically. It is shown that a homogeneous magnetic field re-
duces the intensity of the convective flow. The critical value of the field at which
convection abruptly ends with mechanical equilibrium is measured. With a decrease
in the field, convection arises again, but with hysteresis.

Keywords: vertical coupled channels; convection; magnetic fluid; magnetic field

1. BBeneunue

B skcneprMeHTax ¢ MarHUTHBIMHU JKUIKOCTSIMU B CBSI3aHHBIX BEPTHKAJIBHBIX KaHalax
[1, 2] ObIO 3aMEYEHO, YTO KOHBEKIIMSI BO3HHUKAET ‘KECTKO”, KoyieOaTelbHbBIM 00pa3oM U B
OTbITaX HAONIOMAETCs TMepHoauYecKkass CMEHa HamNpaBlIEHWs TEUYCHHsS BOJIM3W TOpOTa He-
ycToiunBOCTH paBHOBecUs. D(H(HEKTHl B MATHUTHBIX JKUIKOCTSIX KAaUeCTBEHHO aHAIOTHUYHBI
TaKOBBIM TPU KOHBEKIIMH OMHAPHBIX CMECEU C MOJOKUTEIbHOU TepMOoauddy3ueid, KOTOphIe
OOBSICHEHBI TeHEepaleil KOHIEHTPAMOHHBIX HEOTHOPOIHOCTEH 3a cueT TepMoIudPy3noH-
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HOT'O pa3/iefieHUss KOMIIOHEHTOB MOMNEpeK Y3KuX KaHayioB [3]. PoJjib KOJIOMAHBIX YacCTHIL
JUTUTETHHOE BPEeMs OCTaBajach B TEHH, a B [4] Jaxke clIelaHa MOMbITKAa OOBSICHUTH Eepedpo-
COBBIC KOJICOAHHUS B paMKaX TPEXKOMIOHEHTHOW MOJEINH, T.€. B MPEINOJIOKCHHH OWHAPHO-
CTH JKMJIKOTO HOCHUTEJISI MAarHUTHBIX YacTull. JlJis caMuX 4acTHI] YYUTHIBAJIACh TOJIbKO UX Ce-
JUMEHTALUs B TPABUTALIMOHHOM I10JI€, @ UHBIE BO3MOKHbIE MEXaHU3MBbI T€HEpaIUi HEOIHO-
pPOIHOCTEH, HanpuMep TepModopes3, He YIUTHIBATUCH.

Hanuume MarHUTHOrO MOMEHTa Y YacTHUIl TO3BOJISIET BO3JCHCTBOBATh HA HUX MArHUT-
HBIM TIOJIEM, YTO MOXET CIIOCOOCTBOBATH MPOSCHEHUIO POJU YACTHUI] B KOHBEKIIMH KOJUIOU-
TIOB.

Panee BiusiHME OJHOPOJAHOTO MArHUTHOTO MOJIs HA KOHBEKLHUIO MarHUTHBIX >KHUJIKO-
CTeH B BEPTUKAILHOM CJIO€ TIPH MMOJ0TPeBe COOKY omucaHo B [5]. MexaHu3M BIUSHUS TOJIS —
3TO TepMOMAarHuTHbIN 3¢ dekr [5, 6].

2. MeToauka 3KCIIepUMeHTAa

VYcranoBka [ U3MEpPEHUs KOHBEKTUBHOTO TedueHUs [2, 3] cocrosiia u3 mpsiMOYroJib-
HOTO JIATYHHOT'O CTEepXHs, CHA0)KEHHOTO MAaCCUBHBIMHU H30TEPMHUYECKUMHU TEIIOOOMEHHH-
KaMH. BJonp cTepikHs cO34aBajioch OJHOPOJHOE IO CEUEHUI0 U JIMHEHHOE IO BBICOTE
CTEpKHS pacrpezesieHne TeMIepaTypbl. B crepikHe ObLIM BbIpe3aHbl J1Ba MPOJIOJIBHBIX KaHa-
Jla KBAJAPaTHOTO CEUYEHUSs], COCMHEHHBIC BBEPXY U BHU3Y IEPEMbIYKaMU TOTO ke npoduis. B
OIBITAX MCHOJIB30BANACH YCTAHOBKA C TIONEPEUHBIM CEYEHHEM KAHANOB 3.2x3.2 mm’ ¥ JH-
HOU 50 mm. PaccTosiHuE MEXy OCSIMU KaHAJIOB, COCTaBISIO 6 mm. JlJisi mpOBEeIeHUs] BU3Y-
aJIbHBIX HAONIOJCHUN KaHalbl 3aKPBIBAJUCH MPO3PAYHOM IIACTUHOW M3 OPraHUYeCcKOTO
CTEKJIa, B pe3y/bTaTe Yero 0Opa3oBBIBAJICS 3AMKHYTBIM T'HIPABIUYECKUN KOHTYp, 3alOJHEH-
HBIJ MarHUTHOU KUJKOCTBIO.

HHTEeHCUBHOCTh CBOOOJHOKOHBEKTHBHOT'O TEUYEHHUSI B JKCIIEPUMEHTE (UKCHPOBAIACH
no Oe3pa3MepHbIM HcKaxkeHUsM O = T, /AT temnepaTypHOTO IMOJI, KOTOPOE HU3MEpPSIIOCh
middepeHnnanbHON TepMOTIapoid, yCTaHOBJICHHON Ha CepeinHE BHICOTHI KaHAIOB. TepMomna-
pa ¢uKcupoBana pazHOCTb TeMmepaTyp 7, MEXIy BOCXOISIIIUM U HUCXOAAIIUM MOTOKaMHU.
Crnan Tepmomnapsl UMENU AAUHY /.5 MM W JOCTUTAIX LEHTPA KaXKIOro U3 KaHanoB. CUrHan
T, tepmormapbl nojaBayicss Ha 1U@poBoit MukpoBossTMeTp Tepmonar 38B1. Cmaun BTOpOit
TepMonapbl ObUIM BCTABJICHBI B TOHKHE CBEPJICHUS BHYTPU TEIUIOOOMEHHHKOB M MU3MEPSUIH
BEPTUKAJIBHBINA Iepenan temmeparyp A7 BIOJIb KaHAJIOB, KOTOPBIM MOANEPKUBAJICSA Ha 3a-
JaHHOM ypoBHe TepMmoperyasTopoMm Tepmonar 16. Otu npubops! noaxmodanuch k USB —
NopTy KoMIbioTepa. JlaHHble ¢ IpUOOPOB 3aMMCHIBATIMCH U COXPAHSIIMCH MPU MTOMOIIHU TPO-
rpammbl TermodatNet.

MaruutHoe noje co3gaBanoch KaTymkamu ['ensmronsia. OCHOBHBIE IapaMeTphbl CH-
CTEMBI KaTyIleK yKa3zaHsl B padore [5].

B skcnepuMmeHTax KCIoNb30Bajgach MarHUTHAs JKUJKOCTh Ha OCHOBE KepocHHa ¢ 4 %
COJIep’)KaHUEM MarHETUTOBBIX YaCTHIL, CO CPEIHUM AuaMeTpoM 10 HM.

3. Pe3yabTarsl

Iloka BenuYMHA BEPTUKAIBHOTO IPAJMEHTA TEMIIEPATyphl HE IIPEBBIIIACT KPUTHUUECKO-
ro 3HA4YEHUs, MarHUTHAs >XKUAKOCTb HAXOJUTCSA B COCTOSSHUM MEXaHUYECKOI'O PAaBHOBECHS.
IIpu nocrenenHom yBenuueHuu A7 1ocie AJOCTHKEHHS KPUTHUYECKUX YCIIOBUH IIOJOTPEBA, B
KHUJKOCTH HaYMHAETCs MEPEXO] OT PABHOBECHS K KOHBEKTUBHOMY TEUEHHIO. DTOT IPOLECC
MOYKET 3aBEPLIUTHCS CTALMOHAPHBIM TEYCHUEM C OIPEACICHHBIM HAIPaBICHUEM LUPKYJIIA-
LIUH, KOTJ1a KUJKOCTh B OJTHOM KaHaJIe II0JHUMAETCS BBEPX, a B IPYIrOM OIIyCKACTCS BHU3.
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Pucynok. 3asucumocms unmencusHocmu KOHGEKMUBHO20 MeEUeHUsl OM HANPAHCEHHOCTNU
BHEUIHE20 MACHUMHO20 NOJsA 05l pa3uvix nepenaoog memnepamyp AT medxncoy mennooo-
mennuxamu. Ilycmule cumeonvl cuyyail yeenuuenus H, 3akpawennvie — ymenvuenus H

VY3Kkuif UHTEpBAJI MPUIIOPOTOBBIX HU3KOYACTOTHBIX MEepeOpOCOBBIX Koebanuit [2, 4] B
OTHCHIBAEMBIX 3KCIIEPUMEHTaX HE paccMaTpuBaics, a ObICTPO MPOXOIWIICA, ITyTEM BHIOOpPA
Cpa3y JOCTaTOYHO OOJBIINX MEPEnasoB TEMIIEPATYP.

ITociie BO3HUKHOBEHHMSI CTALIMOHAPHOTO TEYEHMSI BKJIIOUAIOCh OJJTHOPOJHOE BEPTUKAIIb-
Hoe MarHuTHoOe noJje. [Ipu nocrenenHoM yBenuyeHuu nosist ot 0 10 15 KA/M UHTEHCUBHOCTD
TedyeHus: @ yMeHbIIanach, 1 B quanazoHe 3HadeHuil 10 — 12 kA/M TedeHue CKaukoM IMepexo-
JMII0 K MEXaHU4ecKoMy paBHoOBecuio. IIpu oOpaTHOM X0j€ 10 HampsHKEHHOCTH, T.€. MIPU ee
YMEHBILIEHNH, MEXAaHUUYECKOE PAaBHOBECHE MOIJIO BHOBb CKAYKOM CMEHUTBHCS KOHBEKIIMEH.
DTOT mepexo ] MPOUCXoaAu MpH 0oJiee HU3KUX 3HAYCHUAX H, T.e. HaOII0JalICsl THCTEPE3NC.
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BosHbl Ha rpaHMue pa3jgesa IBYXCJIOUHOM
CHCTEeMbI HEBA3KHUX KUJAKOCTEN B IOJIe
TOPU3OHTAJbHBIX BUOpAIMH
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Uccnenyrorcs BOJHBI Ha TpaHUIIE pa3ziesia IBYX IOCTATOYHO TOHKHX TOPU30H-
TaJIbHBIX CII0E€B HECMEIIMBAIOIIUXCS KUJIKOCTEH, BOBJIICUCHHBIX B BEICOKOYACTOT-
HbI€ TOPU3OHTAIbHBIC BUOpanuu. BrIBeNeHBI ypaBHEHHS AMHAMHUKHU TPaHUIIBI
paszena, COOTBETCTBYIOLHUE ABYMEPHBIM M TPEXMEPHBIM TE€UEHUSIM. Pe3ynbTaThl
MOJIyYeHbl B paMKax IJIMHHOBOJIHOBOTO MPHUOIMKEHUS, KOTOpoe 0OOCHOBAHO
TE€M, YTO JIMHEMHBIA aHAJIN3 HEYCTOMYMBOCTH B CHUCTEME BBISBISET €€ JJIMHHO-
BOJIHOBBIM XapakTep I Ciiy4as JOCTaTOYHO TOHKHX CJIOEB. YPABHEHHUE IS
IUIOCKUX BOJIH HHMXKE IOpPOra JIMHEMHOW HEYCTOMYMBOCTH CHUCTEMBI MUMEET BUJ
«uroc»-ypaBHeHus: byccunecka. {1 TpeXMEpHBIX BOJH TOPU30HTAIBHBIE KOOP-
JIMHATHI BJIOJb U MOMEPEK HAMpPaBJICHUs BUOpAIUil CYIIIECTBEHHO HEPaBHOIPAB-
HEI.

KiroueBble cjioBa: IByXCIOHAS CHCTEMa KUAKOCTEH; TOPU3OHTAIbHBIC BUOPALIUN; BOJTHBI

Ha MOBEPXHOCTHU pa3zeiia

Interfacial waves in a two-layer liquid system
subject to horizontal vibrations

D. S. Goldobin®®, A. V. Pimenova®, D. V. Lyubimov®, T. P. Lyubimova™®

* Institute of Continuous Media Mechanics UB RAS, Ak. Koroleva str. 1, 614013, Perm
email: anastasiya.pimenova@gmail.com
® Perm State University, Bukireva St. 15, 614990, Perm

We study the waves at the interface between two thin horizontal layers of immisci-
ble liquids subject to high-frequency horizontal vibrations. The evolution equations
for two- and three-dimensional flow were derived. The results are derived within
the framework of the long-wave approximation since the linear stability analysis for
the flat-interface state reveals the instabilities of thin layers to be long wavelength.
Below the instability threshold the dynamics of plane waves is governed the plus-
Boussinesq equation. For 3-d waves, there is a significant inequality between the
perpendicular- and tangential-to-vibrations horizontal coordinates.
Keywords: two-layer liquid system; horizontal vibrations; interfacial waves
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1. BBeaenue

PaccmaTtpuBaercs cuctema, cocTosIIas U3 ABYX FOPU30HTAIBHBIX CJIOEB HECMEIIMBA-
OLIMXCSI MEXTy COOOM KHUIKOCTEH, OTpaHUYECHHAs! CBEpXy M CHU3Y TBEPIbIMU HETIPOHHUIIAC-
MBIMH TOPU3OHTAJIBHBIMU MOBEPXHOCTAMHU. CHUCTeMa BOBIIEKACTCS B TOPU3OHTAJILHBIC JIH-
HEHHO-TIONIAPH30BaHHbIE BUOPAIMM CO CKOPOCTBIO BHOpAarMOHHOTO mBukeHus (b/2)e™.
AHanmu3 IBYMEpHBIX T€UEHUH B 3alaHHON cucTteMe ObLI mpoBeneH B padotax [1—4]. B wacrt-
HOCTH, B paboTe [2] ObIJIO MOKa3aHO, YTO BHICOKOYACTOTHBIE TOPU30HTAIbHBIE BUOpAINH, B
OTJIMYME OT BEPTUKAIBHBIX, HE MOTYT IIOJABJIATh HEYCTOMYUBOCTh Penes—Telnopa, HO Mo-
I'YT TIPUBOJNTH K BOSHUKHOBEHHUIO KBa3UPaBHOBECHBIX COCTOsHUH. Takke OBbUIO MOKa3zaHo,
YTO B JIOCTATOYHO TOHKHX CJIOSIX HEBSI3KUX KHUIKOCTEH HEYCTOWYMBOCTH SIBISETCS MOJKPH-
TUYECKON M HOCHUT JUIMHHOBOJHOBBIN Xapakrep. s ciaydas 0AMHAKOBOM TOJIIUHBI CIIOEB /1,
YCIOBHMEM JUIMHHOBOJIHOBOCTH siBisiercst 4 < [30/(g(p1—p2))]"%, rae o — koddduument
MOBEPXHOCTHOT'O HATSDKEHUS, O; — IJIOTHOCTD i-i KUAKOCTH, g — YCKOPEHUE CBOOOHOTO
najenus [2].

2. YPaBHeHHﬂ 3BOJIOIHNH JJIMHHOBOJHOBBIX B03Myll.leHI/II71

PaccMoTpuM AMHAMUKY JUTMHOBOJIHOBBIX BO3MYILEHHH C MOMOIIBIO CTAaHIAPTHOTO Me-
TOZa MHOTHMX MacmTaGoB ¢ MansiMu mapamerpamu (T'/@) u (h/l), rae T — XapaKTepHbIit
BPEMEHHOI MacmTal 3BOJIONMM BOJHBI HA TpaHUIIE pa3jiena, /| — XapakTepHas IJIMHa BOJI-
Hbl. B 1BymMepHOM ciiydyae AMHAMHUKA CHCTEMbl B TEPMHUHAX OCPEIHEHHBIX MO MEPUOay BUO-
panuii MoTeHIMaja MoJisi CKOPOCTh ¢ M OTKIOHEHHsI TOBEPXHOCTH pazjienia OT HEBO3MYILEH-
HOTO COCTOSIHHS 7] ONMCBIBAETCS YpPAaBHEHUSIMH

gLt g gy |\ Lhethp | (3 pp o B

[/ n 1,
hh, 3 hp,+hp, 2 hp,+hyp B, (1)
771 = _(hlgol )xx'
3meck BBelIeH apaMeTp BUOPAITMOHHOTO BO3ICHCTBUS
2 3
B EL — Bo +Bl’ Bo _ 2(h1p2 +th1)

\/a(pz -pP)g - PP, (P, _pl)z(hl +h2)2 ’

rae By — KpuTHueckoe 3HaueHue 3Toro napaMerpa. C momouso npeodpazoBaHust KOOPIu-
HaT BHJIA

2 _ 33 3
x—>xL By l—h—2 1ot |22 LzBoz —hz ,
(-B)| 3L p. hb’BY| 3L
2 3p2 2
77—)77hp2+p1( Bl)’ 00 p*(pz+p13) LzBl3 l—hz ’
p,—p B, (p,+p,) hb B, 3L

cucrema ypaBHeHu# (1) MoxkeT ObITh ITpHUBEJIEHA K BUAY, aHAIOTUYHOMY «ILTIOCY YPaBHEHUIO
byccunecka:

=1, +(G27 +1,, ] _=0.

pey

I[J'DI TPEXMCPHBIX BOJIH aHAJIOTUYHBIN aHAINU3 TT03BOJISCT MOJIYYHUTD CICAYIOIIUC YPABHCHUC!

=1 =1, (31207 +1,, | =0.

pey

3. ConuToHHOE penieHne

Jlnst maHHOM 3a/auu MOKET ObITh c(hopMyaHpoBaH aHaor Teopembl CkBaiipa: Haubo-
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Jiee oracHble MOJIbI BO3MYIICHU MapaulebHbl BeKTOpy BUOparuii. [losToMy Bo3HMKaromIue
CTallMOHAPHBIE CTPYKTYPhl MOTYT OBITH pAaCCMOTpPEHBI B JABYMEpPHOW reomerpuu. [luHaMuka
CHCTEMBI, ONMCHIBAEMOH IOJYYECHHBIM YpaBHEHHEM, JIOMYCKaeT BO3HHUKHOBEHHE OBICTPBHIX
YCTOWYUBBIX U MEIJICHHBIX HEYCTOMYMBBIX COJIMTOHOB BHUJIA

1-¢?
chz(\/ﬁg/z)'

B mpouecce 3BOIIOLMY HEYCTOMYUBBIE COJIMTOHBI MOT'YT WJIM PaclagaTbCsi Ha JBa yCTOMYH-
BBIX COJINTOHA MEHBIICH aMIUIUTYAbI, WK B3PBIBHBIM 00pa30M NMPUBOAUTH K BO3HUKHOBE-

HUIO CHHTYJISIPHOCTH (cM. puc. 1).
100-
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40
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Puc. 1. Bozmoowcrbie cyerapuu 3680j1iroyuu Heycmoﬁltueoeo COJIUmMoOHa. (a) — B3Pbl6HOE

obpazosanue cuneyiaprocmu, (b) — pacnao Ha 06a ObICMPLIX YCMOUYUBLIX COTUMOHA

HHTEepecHbIM MPEACTaBIAETCS TO, YTO JBA OBICTPHIX COJIMTOHA, BOSHHUKIIKE B PE3Yib-
TaTe pacnajia Ha4aJlbHOI'O COJHMTOHA, MOTYT B JaJbHEUIIEM CTOJKHYTbCSA M BHOBH 00pa3o-
BAaTh HEYCTOMYMBBIN COJIUTOH.

4. 3akaoueHue

B nannoit pabote ObUIa paccMOTpeHa AMHAMUKA BOJH HAa BHYTPEHHEH MOBEPXHOCTH B
JIBYXCIIOMHOM CHCTEME HECMEUTUBAOIIUXCS KUAKOCTEH B T0JIe TOPU3OHTAIBHBIX BUOpAIIU.
bbun mosyyeHsl ypaBHEHUSI AMHAMUKU KPYITHOMACIITAOHBIX BOJIH HIJKE MOpOTa JIMHEHHON
YCTOMYUBOCTHA B JABYMEPHOM M TPEXMEPHOM Cilydae. bbulO MOKa3aHO, 4TO IOJIy4E€HHAas CH-
cTeMa ypaBHEHUI MOXeT ObITh IPUBEJCHA K BUIY «ILTIOC»-ypaBHEHUs byccunecka.

Pabota BrinosiHeHa npu Gpunancosoi noanepxke PH® (rpant 14-21-00090).
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TypOyJeHTHBIN MOTPAHUYHBIA CJIOH U
CMelleHUuEe BO/ CAUBAKIIMNXCH PeK

I. C. Foano6un™’, J. C. Knumenko®, A. B. lumenosa®, T. I1. JTro6umoBa™®,
A. II. Jenunxuu’*

* UuctutyT Mexanuku cruroinusix cpex YpO PAH, 614013, Tlepmsb, yi. Ak. Koposesa, 1
email: Denis.Goldobin@gmail.com

® [TepMcKuii TOCYIapCTBEHHBII HAMOHANBHBIN HCCIIEN0BATENbCKHIIl YHHBEPCUTET,
614990, Ilepms, yin. bykupesa, 15

¢ Topusrii uactutyt YpO PAH, 614007, ITepmsb, yin. Cubupckas, 78a

B pabote paccmarpuBaercs TypOyJIeHTHBINH NEPEHOC B OKPECTHOCTH CBOOOJHOMN
MOBEPXHOCTH KUAKOCTH MPH JTUHEHHOM MPOQHIIE CABUTOBOTO HANPSKEHUS, CO-
OTBETCTBYIOIIEM, HAaIpPUMEpP, TEUEHHUIO CIIOS BOJBI MOJ YKIOH U TEUCHHIO PEK.
BeiBeieHbl ypaBHEHUsI TPAHCIIOpPTa [TACCHUBHOIO CKajsipa B Takou cucreme. IIpu
3TOM COTJIACOBAHO PACCMATPHUBAIOTCS TYpOYJIEHTHasl BSI3KOCTh M TypOyJIeHTHas
mddy3usi, 4TO MO3BOJIAET PACCUUTATh KaK MPO(QMIb TEUCHUST PEKH, TaK U IMPO-
¢wip koxpdunmenta 3¢pdextuBHoil nudpdy3un. OkaspiBaeTcs, 4TO A paBEH-
cTBa K03 PuLHeHTOB B Oe3pa3MepHOM ypaBHEHUHU TPAHCIIOPTA IMACCHBHOTO CKa-
Jsipa, MacIITad KOOPJAMHATHI BJOJb TEUCHHUS PEKU JIOJDKEH ObITh Ha 2 MOpsjaka
OosblIe MacmITabOB MOMEPEYHBIX KOOpAHHAT. Takke MOJydeHbl cCaMOIOA00HbIE
pereHus Ui MoJis KOHIIGHTPalUuK aCCUBHOM MPUMECH BJIAJIM OT JJHA U OEPEroB.
KaroueBble cjioBa: ciusiHue pek; TypOyneHTHas 1udy3us; TOrpaHUYHbIN CIOM.

Turbulent boundary layer and mixing of
waters of confluensing rivers

D. S. Goldobin®’, L. S. Klimenko®, A. V. Pimenova®, T. P. Lyubimova®®,
A. P. Lepikhin"*

* Institute of Continuous Media Mechanics UB RAS, Ak. Koroleva str. 1, 614013, Perm
email: Denis.Goldobin@gmail.com

® Perm State University, Bukireva str. 15, 614990, Perm

¢ Mining Institute UB RAS, Sibirskaya str. 78a, 614007, Perm

We consider the turbulent transport near free liquid boundary where the shear
stress profile is linear, which corresponds to the liquid flow downhill an inclined
plane and rivers. We derive transport equations for a passive scalar in these sys-
tems. Consistent consideration of turbulent viscosity and turbulent diffusion allows
one to calculate the profiles of the average flow velocity and the effective diffusion
coefficient. We find that, for the dimensionless equation of diffusive transport, all
the coefficients equal 1, if the scale of the coordinate downstream the river is by
two orders of magnitude larger than that of the transversal coordinates. The self-
similar solution for the concentration field of a passive admixture is obtained; this
solution is valid away from the banks and bed of the river.
Keywords: river confluence; turbulent diffusion; turbulent boundary layer.
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1. BBeaenue

[Tpu cnusHUM peK ¢ 3aMETHO OTJIMYAIOUIMMCS IIBETOM BOJBI HEPEIKO MOKHO BHU3Yallb-
HO HaOMI0aTh OYEHb HU3KYIO 3(p(heKTUBHOCTH CMELICHHs BOJI BHU3 MO T€UYEHUI0. BaxkHO OT-
METHTb, YTO 3a4aCTYIO pa3jIM4YMs B COCTaBE BOJbI, ONPEACISAIONINE 1IBET, JOCTATOYHO MAJIbI,
YTOOBI 3aMETHO CKa3bIBAaThCSI HA MEXaHMYECKUX CBOWCTBAX BOJ. Bo MHOTHX cilydasix MOXKHO
YBEPEHHO TOBOPUTH O MEPEHOCE MACCUBHOTO CKAJspa MPH MPAKTUYECKU OJTHOPOJHBIX MeXa-
HUYECKUX MapaMeTpax CUCTEMBI.

2. dpdexTUBHAA BAZKOCTH M JHPGY3Hs B TYpPOYICHTHBIX OTPAHNYHBIX CJIOSIX

OnHO M3 BO3MOXHBIX 00BSCHEHUN MPUPOABI P PeKTa CBA3aHO ¢ 0COOSHHOCTSAMHU TYp-
OyneHnTHOW audQy3un B MPUITOBEPXHOCTHOM TOTPAHHYHOM ciioe. B oTCyTCTBHE 00BEMHBIX
CHJI TIPU OJHOPOJHOM B MPOCTPAHCTBE CABUTOBOM HAIPSDKEHUH O OKOJIO TUIOCKOW TBEpAOH
CTeHKHU 3P peKTUBHAA TypOyIeHTHAas! BI3KOCTh OKa3bIBaeTcs (CM., Hanpumep, [1])

Vi = KUY (1)

rze SMIupudeckuil kospounueHt ki ~ 0.4; y — paccrosiHHUe OT CTEHKH; U, CIIyHUT MEpOu
XapaKTepHON BETMYMHBI TYpOYJICHTHBIX MyJIbCcalluii B 00beMe, 0JIHAKO €€ CTPOroe ompeese-
HHE CBA3aHO CO CIBUIOBBIM HANPSKEHHEM 0= pu,’; p — ILIOTHOCTH Kuukoctn. CooTBeT-
CTBYIOIIUH POGUIb CKOPOCTH OCPEIHEHHOTO CIIBUTOBOT'O TEUECHUS

u(y) === 2)
K SV

rje sMnupuyeckas KoHcTanta & ~ 0.13, v — KuHeMaTHuecKas BS3KOCTh KUIAKOCTH. Bbipa-
xKeHue (2) chpaBeAIMBO 3a MpeleiaMd TOHKOTO MPUCTEHOYHOTO «BSI3KOTO TMOACTIOS
(y <y.= &1v/u,), B kotopoM 3akoH (1) mapymaercs. TBepaas creHka oTIMYaeTcs OT CBO-
60aHOM HenehopMUPYEMOH MTOBEPXHOCTH HAJMUUEM YCIIOBUS HeMpocKaib3biBaHus. OHaKO,
TypOyneHnTHas BA3KocTh (1) oOpalaercst Ha rpaHULie B HOJIb, CHUMasl YCJIOBHE HEMpOCKalb-
3bIBAaHUS Ha MacliTabax OOJNBIIMX MO CPABHEHHIO C V,, T.€. OTIMYUS MEXAY TBEPAOH U CBO-
00JTHOW TpaHUIICH CYIIECTBEHHBI B «BS3KOM MOJCIOE» M CKa3bIBAIOTCS Ha AMIUPUUYECKON
KOHCTaHTe &), HO HE Ha KOAPDUIIUEHTE K.

B ciioe Bopl, cTekaromieM moj yKJIOH C YIJIOM ¢ MOJA ACUCTBHEM COOCTBEHHOTO Beca,
CIBUTOBOE HAIpsKEHHE 00palaercs B HOJIb HA MOBEPXHOCTH M JIMHEHHO PacTeT ¢ TIyOuHOI
v

o= pgysina . 3)

I[JBI TaKou CUTyallul aHaJIn3 MacIITaOHOMI HWHBAPUAHTHOCTH, HpI/IBO,Z[I/IBI_HI/Iﬁ Ipu OoaAHOPOO-
HOM CABUT'OBOM HAIIPAKCHHUU O K YPABHCHUTIO (1), JacT

Vs = K312 o l(py) )/3/2 =K5, gsina y3/2 . 4)

Takum o0pazoM, Ui peK HMPUIIOBEPXHOCTHOE CHIKEHUE 3(P(PEeKTUBHOM BA3KOCTH OKa3bIBa-
eTcs Jaxke 0oJiee CyIleCTBEHHbBIM, YEM B IIOIPAaHUYHOM CJIO€ OKOJIO TBEPAON CTEHKH.

Amnanmu3 TypOyJIEHTHOTO TEIUIONepeHOca MOKA3bIBAET, YTO Yiub = Viu/ [, TJI€ KOHCTAHTA
S omnpenensieTcs SMOUPUYECKH — JJIs1 TEYEHUs OKOJIO TBEPAON CTEHKU HPU OJHOPOJHOM
cnuroBoM Hampspkenuu S = 0.9 [1]. Ilockonbky MexaHu3M TypOyneHTHOW nuddy3uu mno-
N00eH MeXaHU3My TypOYJIEHTHOU TEeIIONPOBOIHOCTH,
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.l
Dturb,l = fB Ku.y (5)

JJI TCUCHU A HpI/I OHHOPOHHOM oHu
D el . 3/2 6
turb,32 = By Ksp\gsina y (6)

NpU JUHEHHOM Npoduiie CIBUTOBOTO HanpsikeHus (3).

3. TypOyaenTHasi nuddys3us B pexax

CmmBanue npoduieil TypOyIeHTHON BS3KOCTH y JTHA, MPU MPHUOIHU3UTENBHO OJHOPOI-
HOM C/IBUTOBOM HAIIPSDKEHUHM, U B NPUIOBEPXHOCTHOM 00JacTH JaeT MpUOIU3UTENIbHBIN
npo(uib TeYEeHUs! PEKU BJAU OT OEperos:

JeaH Hl-Jy/H
gall |y, | A g VI L 120 ysHE),
u(y)z K e é:mV 1+w/y/H H

Uy — 2K 5~ gy, y<H/2,

rne H — riayOuHa peku, IpUIOBEPXHOCTHAS CKOPOCTh TEUEHHUS Uy ONPEIETseTCs U3 CUIMBa-
Hus npoduieit npu y = H/2:

_M{£+£+im[4@_fﬁ) Hygat J:lz vgaH ln[H gaHj. )

K K, K e SV K, 0.51v

TpchnopT KOHICHTpalun @ B PCKC ONPCACIIAACTCI YPABHCHUCM
ata)_i_u(y)aza):v.(l)turb,3/2va))’ (8)

r7ie z — KOOpJIMHATa BAOJb pycia PeKH BHU3 MO TEUCHMIO, X — KOOPJAMHATA MOTEPEK PEKH.
IIpu 0/0z << 0/0y M ycTaHOBMBILIEMCS paclpelielieHu! MPUMECH, Mocie 00e3pa3MepruBaHHUs
KOOPJIMHAT, B IPUIIOBEPXHOCTHOM 00JIACTH MOXKHO MOJYIHUTh U3 (8):

82w=y3/28ia)+8y(y3/2 0,w),

rne [x]=[y]=H, a [z] = BopH (kiKksn)  In[H*(ge)'?/(0.51v)]. TIpu peammctiunsix o= 10" n

H=5wm, [z]/[y] =76, TO ecTb mpoliecc BbIpaBHUBAHHUS HEOJHOPOJHOCTEH pacrpeneseHus

KOHIICHTpAIlUK TOMNEPEK PeKU MPOTEKaeT Ha OOJBIIOM MPOCTPAHCTBEHHOM MaciuTabe BHU3

[0 TeUeHHIO peku. Bramm oT aHa m OeperoB moJie KOHIEHTpaluu 00JaJaeT CBOHCTBaAMH

MaciTabHOTo moxoous:

x
7

a)(x,y,z)=.(2(§,§), é:: ;:Z—yz

z

Pabora BbimosnHeHa B pamkax rpanta POOU Ne 16-41-590005 p_a.

Cnucok JauTeparypsl

1. Jlanoay JI. /1., Jlugpuwuy E. M. Teoperuyeckas pusuka. T. 6. ['mapoaunamuka. M.: Hayka,
1986.

127



VK 532.517.4 : 537.2

YCTOMYHMBOCTH ABYCJIOUHOIO TEYECHUSH B
MHUKpoOMacuiTadax moja AeiicTBUEM NMOCTOAHHOIO

N IIECPEMECHHOIO FJNICEKTPHICCKUX nmoJjeu
E. B. Top6aueBa’, E. A. leméxun’

* Kybanckwuii ['ocynapCTBeHHbIH YHHBEPCHUTET

350040, Kpacnonap, ya. CraBponosasckas, 149
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B pabote m3yuaercssi yCTOMUYMBOCTD JBYCIOWHOTO 3JIEKTPOOCMOTHYECKOTO Tede-
HUS TPOBOJSIIEH (3JIEKTPOJIUT) U HEMPOBOJAIIEH (AMAIEKTPUK) BSA3KUX SKUIAKO-
CTEH, B MUKpPOKaHalle, MO ACUCTBUEM IIOCTOSIHHOI'O U IIEPEMEHHOI0 JJIEKTpUYe-
CKUX moJied. HuxHss cTeHKa, rpaHuyalas ¢ 3J€KTPOJIMTOM IIPEAIoIaraeTes 3a-
PSKEHHOM MMOBEPXHOCTBIO, @ BEPXHSISI CTEHKA — 3JIEKTPUUYECKU M30JIMpOBaHa. 3a-
ps HA HUOKHEH TPaHUIIE MPEAIOIaraeTcs HElOABUKHBIM, a [IOBEPXHOCTHBIN 3a-
psia Ha cBOOOJHOM MOBEPXHOCTH pa3jiena XKUAKOCTEH MpearnoiaraeTcss MOOUIb-
HBIM. /[aHHasg MOJEb ONUCHIBACTCS CUCTEMOM ypaBHeHui Hepucra — Ilmanka —
Ilyaccona - CTokca ¢ COOTBETCTBYIOIIMMM I'PaHMYHBIMM ycioBusmu. Mccneno-
BaHA JIMHEWHAs yCTOMYMBOCTH OJHOMEPHOTO TeueHud. IIpu moCTOSTHHOM 3ilek-
TPUUYECKOM T10JIe OOHAPY)KEHO HaJM4ue JABYX THIIOB HEYCTOWYMBOCTH: KOPOTKO-
BOJIHOBOW U JJTMHHOBOJIHOBOM.

KiroueBble cj10Ba: 3J€KTPOJIUT; MUKPOMACIITAOBI; SJIEKTPOOCMOTHYECKOE TEUEHUE; CUCTEMA

Hepucra — IInanka — Ilyaccona — Ctokca.

Stability of a two-layer flow in microscale
under the influence of a constant and
alternating electric fields

E. V. Gorbacheva®, E. A. Demekhin®

* Kuban State University, Stavropolskaya St. 149, 350040, Krasnodar

email: katyal911@]list.ru

® Financial University under the Government of the Russian Federation, Shosse Neftyanikov
St. 32, 350051, Krasnodar

email: edemekhi@gmail.com

The stability of a two-layer electroosmotic flow of conductive (electrolyte) and
non-conductive (dielectric) viscous liquids, in a microchannel, under the influence
of AC and DC electric field is studied. The lower wall bordering the electrolyte is
assumed to be a charged surface, and the upper wall is electrically isolated. The
charge at the lower boundary is assumed to be stationary, and the surface charge
on the free interface of the fluids is assumed to be mobile. This model is described
by the system of Nernst-Planck-Poisson-Stokes equations with the corresponding

© I'opb6auesa E. B., Jleméxun E. A., 2017
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boundary conditions. The linear stability of a one-dimensional flow is investigated.
With a constant electric field, two types of instability are observed: short-wave and
long-wave.
Kuarouessle cioBa: electrolyte; Microscale; Electroosmotic flow; Nernst-Planck-Poisson-
Stokes system.

1. BBeneunue

B cBs13u ¢ OBICTPBIM pa3BUTHEM OMOTEXHOJIOTHNA MPOOJIEMBI SJIEKTPOKHHETUKU MTPUBIICKIH
K cebe Oospioe BHUMaHuEe. OHUM U3 €€ TMPUIIOKEHUN SIBIISETCS MEAULMHCKAs AUArHOCTH-
Ka B Ja00paTOpHUsaX HA Yume. DICKTPOOCMOTHUYECKHE TEUCHUS HCIIONb3YIOTCS B Ja00opaTopH-
AX Ha 4YuIle [ TpaHCIoOpTa W MepeMelInBaHus kKuakocrei. Tem He MeHee, Korja Ha XKui-
KOCTb BO3JEMCTBYIOT MOCTOSIHHBIM JIEKTPUYECKUM II0JIEM, TO BO3HUKAIOT PA3JINYHBIE HEXKE-
narenbHbIe 3((GEKTh, TaKue Kak Jerpajanus oO0pasioB, MEKTPOJIN3, 00pa3oBaHHE My3bIph-
KOB Ha 2JIEKTpoJIaX. ITO MPOUCXOIUT M3-32 HEOOXOJUMOCTH UCTOIB30BAHUS IEKTPUUECKUX
noJieil GOJIBIION MOIIHOCTH ISl 3JIEKTPOOCMOTHYECKOTO JABMIKEHUS KHUIKOCTH. JlaHHBIE A(-
(bexThl MOTYT OBITH MPEIOTBPAIIEHBI 32 CUET HCIIOJIBb30BAHUS IEPEMEHHOTO JIEKTPUIECKOTO
TOJISL.
Jlnst mpuBeJeHNs B JBM)KCHUE HETPOBOJAIIMX JKUAKOCTEH B MUKpOMACIITa0aX MCIOJIB3YIOT
JBYCIIOMHYIO CUCTEMY, TaK 4TOOBI AJIEKTPOOCMOTHYECKOE TEUEHUE IEKTPOJIUTA YBIIEKAIO 32
co00# cI0W qUAIEKTPUIECKO kuakocTu. OHAKO JaXke MPU UCIIOIb30BAaHUU TAaKOW TEXHUKU
TEOPETUYECKUE ACTIEKTHl TPAHCIIOPTA U MEPEMEIIMBAHUSA HEMPOBOIIIINX KUIKOCTEH OCTa-
I0TCSl HEZJOCTaTOUYHO U3YYEHHBIMH.

1.1. IlocTaHoBKA 3aaa4u

B pabote uccnemyercs: ¢puznueckas CUCTEMa, COCTOSIIAs U3 ABYX TOHKHUX TUICHOK He-
CMEIIMBAIOIIUXCS KUIAKOCTEM, UMEIOIIUX IOCTOSHHYIO BSI3KOCTh M AUAIEKTPUUYECKYIO IPO-
HUIaeMocTh. CHUCTeMa 3aKITI0YeHa MEXIY JBYMS OSCKOHEYHBIMHU TapajlieIbHBIMU TUIACTH-
Hamu y = 0 u y = H. MaTemMaTuyeckd MOJENb JBUKEHUS 3JIEKTPOJIUTA OMUCHIBAETCS CUCTE-
Moii ypaBHeHuit Hepucra — [Inanka — [lyaccona - Ctokca (1)-(4):

oc*

Xy Ve = (ve)e vie (1)
VIV =—(ct —c) )
—VP+ NV u="(c" —c IV, 3)
V-u - 0; 4)

rae (1) — ypaBHeHus: TpaHcropTa HOHOB; (2) — ypaBHeHue Ilyaccona aist IeKTpUYECKOTO
notenuuana; (3) — ypaBuenne Crokca; (4) — ypaBHEHHE HEPA3PLIBHOCTH KUAKOCTH; TJIEC —
SABJIIOTCS. KOHLEHTPALUS [TOJIOKUTENbHBIX U OTPULATEIBHBIX HOHOB; U — BEKTOP CKOPOCTH
KUAKOCTH, MEKTPosIUTa; @ — 3TO 3IEKTPUUECKUN MMOTEHIMAI AJIEKTPOJINTA; P — 3TO JaBile-
HUE B AIEKTPOJIUTE.

JsnexTpuueckas )KMIAKOCTb 3JIEKTPOHEHTPAIbHA, CIEI0BATENbHO, IOTEHIUAN (@ OIU-

chIBaeTcsi ypaBHeHueM Jlamiaca, a ruipoJuHaMuKa onuckiBaeTcst ypaBHenruem Crokca (5)-(7):

V=0 5
~Vp+u,Vu=0; (6)
V-u=0. (7)
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I'panuynble ycrmoBUS HA DIEKTPOIUTE (HOPMYIHUPYIOTCS CcleayromuM obpasom: 1)
MIPENIOIaraeTcs, YTO MOBEPXHOCTh HEMPOHUIIaeMa JIJIsi KATHOHOB U aHMOHOB; 2) MOTEHIUAI
SIBJISIETCS. HEMPEPBIBHBIM, a €r0 TPAJMEHT UMEeT CKA4YOK, CBSI3aHHBIM ¢ MOOMJIBHBIM MOBEPX-
HOCTHBIM 3aps7oM, 3) 3aps]l MOBEPXHOCTU COXpaHseTcs, 4) 3a1al0TCs IBa TPAHUYHBIX YCIIO-
BUSI Ui HOPMAaJbHBIX W KacaTeIbHBIX HAMPSDKCHUM, M KMHEMaTH4YeCKOE OTpaHHuYeHUE Ha
cB00O/IHOI TOBEPXHOCTH.

YBenuueHue BSI3KOCTH KHUAKOCTH JUAIEKTPUKA COOTBETCTBYET YBEITUUYCHUIO MapaMeTpa
p. IIpu »ToM pacyeThl MOKa3bIBAIOT, YTO CTAIMOHAPHOE TEUYCHHUE CTAHOBUTCS OOJiee YCTOM-
YUBBIM K KOPOTKOBOJIHOBBIM BO3MYIIEHUSM (pHUC. 1. a) U1 MEHEe YCTOWYMBBIM K JATUHHOBOJI-
HOBBIM BO3MyleHUsiM (puc. 1. b). Ho mpu 3ToM K03pIUIIMEHT MaKCUMAIBHOTO POCTa BO3-
MYIIEHUHN Ay YBETMUMBACTCS HE3HAYUTENLHO U MPUXOIUT K HAChIeHuto (puc. 1. ¢).

(a) (b)

0.25
2 2
3 0.2
2 0.15
® 1 3 3
0.1 3
0.05
° 0
0 100 200 300 0 50 100 150 200
e Ee
Puc.1. Kpussvie netimpanvroti ycmotivueocmu (a) u (b) onig = -3, 6 =1, v=10.1, k

= 0.2, H= 4 u ona paznuuneix 3navenuti 1: u =02: u =05, 3: u=1,4: u =35

[Topor HEYCTOWYMBOCTH OIpeNeNseTcsl [UIMHOM BOJH: JUIsl 0O0Jiee CHIIBHBIX BHEUIHHX
IEKTPUYECKUX I10JIEH, OZTHOMEPHOE PELIEHHE UMEET KOPOTKOBOJHOBYIO HEYCTOWUUBOCTh. B
npeene OECKOHEYHO MaslbIX BOJIHOBBIX YMCEJ, HE3aBUCHMbIE HEYCTONUMBBIE PEKUMBI HUMe-
IOT YeTKHe (PU3NYECKUN CMBICI: OHU SIBJISIOTCS BO3MYILEHUSIMHU, COOTBETCTBEHHO, TOJIIUHBI
IUIEHKH, TIOBEPXHOCTHOTO 3apsaa, 00beMHOM MPOBOAMMOCTH, U 00BeMHOTO 3apsana. s ko-
HEYHBIX BOJIHOBBIX YHCEJl, OMMCHIBAEMbIX YMCIIEHHBIM JIMHEWHBIM aHAJM30M YCTONYHUBOCTH,
3THU PEXKUMBI TEPSIOT MPOCTYIO (PU3HUECKYI0 HHTepHpeTanuio. s 6ecCkoHeUYHO OOJBIINX YH-
cen BeOepa (umu s HeneopMUPYEeMOIo pasjienia Ta3-KUAKOCTh) JJIMHHOBOJHOBAs He-
YCTOMYMBOCTh MCUE3AET, B TO BpEMs KaK KOPOTKOBOJIHOBAsl HEYCTOMUMBOCTh coxpaHsiercs. C
yBennueHreM uucia Jlebast KOpOTKOBOJIHOBAsi 00JIaCTh HEYCTOMYHMBOCTH 3aMBIKAeTCsl, CyxkKa-
€T, CTATMBAETCS B TOUKY, U B KOHIIE KOHIIOB MCUE3aET, [yl JOCTaTOYHO OoJbioro yucia [le-
0ast TOJIbKO JUITMHHOBOJIHOBAsI HEYCTOMYMBOCTh ocTaeTcs. [Ipu HajloKeHUH nepeMeHHOTro Mo-
751 HaOMIo1aeTCsl U3MEHEHHE TUIA HEYCTOWYMBOCTU: KOPOTKOBOJIHOBAs U JUIMHHOBOJIHOBAs
00J1aCTH HEYCTOWYMBOCTH CIMBAIOTCSA B OJHY (puc. 2). Ilpu 3TOM ¢ yBeIMUE€HHEM YacTOTHI
AIIEKTPUYECKOTO MOJISI IPOUCXOAUT CTAOMIIN3ALUS OTHOMEPHOI'O TEUEHUS

25
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obnacte ===

n

Heycroiuvsan
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0.5¢
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Puc. 2. Kpusvie neimpanvuoii ycmouuusocmu oni q = —3, 0 = 1, v=0.1, k = 0.2, H =
4, u = lu paznuunvlx 3Havenul yacmomul 6Heuine2o noas 1: w=0.01, 2: 0.1, 3. 1, 4: 2.
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HUccnenoBanme MeXaHU3MOB HEYCTOMYMBOCTH J1JIA
YJALTPATOHKOIO CJIOSI HCHAPAIOIIEHCS KUTKOCTH
NpY HAJIU4YUM cypdakTanTa HA 00eux Mexk(a3HbIX
rpaHunax
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Teopernuecku UCCIEenyeTCs MPOLECC UCIIAPEHUS YIIBTPA TOHKOIO CJIOS JKUJIKOCTH
(HampuMep, BOJIBI) CO CBOOOIHON MOBEPXHOCTHIO, PACIIONIOKEHHONH Ha TBEPIOM
nouioxkke. Ha MexdasHbIX TpaHHMLAX <OKHIKOCTBb-TIAp» U <OKUAKOCTh-TBEpJast
MOJUTOKKa» HaxoauTcsi cypdakTtanT. [IoBEpXHOCTHAsE SHEPTUs JIMHUM KOHTAKTa
«TBEPJIOE TENO-KUAKOCTBY SBISAETCS HEMOHOTOHHOW (YHKIIMEH OTHOCHTEIHHO
TOJILMHBL CJIOA U SBJSIETCS CYMMOM BaH-IEp-BAaallbCOBOIO B3aUMOJCHUCTBUS,
crenn(UIeckoro B3aMMOACHCTBUS JABOMHOIO 3JEKTPHUUECKOTO CI0si Mex(a3HOi
IPaHUIBl W B3aUMOJICHCTBHS, OOYCIOBJIIEHHOTO HAJIMYHEM PaCTBOPEHUS
cypdakranta B cinoe. B pamkax IJTMHHOBOJHOBOTO MHPUOIMKEHUS B CHCTEME
ypaBHeHuid HaBbe-CTokca Hu3ydaercss BIMsSHHE Cyp(aKTaHTa Ha IUHAMUKY WU
YCTOMYUBOCTH JBWKEHUSA (DPOHTA MCIAPEHUS TOHKOM KUJIKOCTHOM IUICHKH IS
Pa3NUYHBIX BAPMAHTOB KOHIICHTPALIMHU Cyp(haKTaHTa.

KaroueBble cjioBa: ncnapenue; BaH-aep-Baanbc; cypdakranT; ycToHUMBOCTD; ypaBHEHHE

Hasre-Crokca; Mex(azHas rpaHuna

The study of mechanisms of instabilities for an ultra-
thin layer of evaporating liquid in the presence of the

surfactant on both interfaces

V.Y. Gordeeva, A. V. Lyushnin

State National Research Politechnical University of Perm, Lyusva branch, 1, Lenina st.,
Lyusva, Perm krai, Russia, 618900,

email: yanma@mail.ru

Perm State Humanitarian-Pedagogical University, 24, Sibirskaya st., Perm, 614990, Russia,
email: andry@pspu.ru

Abstract. We theoretically investigate the evaporation process of the ultra-thin
layer of liquid (e.g. water) with a free surface located on a solid substrate. At
interfaces "liquid-vapor" and "liquid-solid substrate" is a surfactant. The surface
energy of the line of contact, "solid-liquid" is a non-monotonic function of relative
layer thickness and is the sum of the van der Waals interaction, specific

© T'opneesa B. 1O., Jlromnaun A. B., 2017
131



interaction of the electrical double layer the interface and interaction due to the
presence of dissolved surfactant in the layer. In the framework of the long-wave
approximation in the system of the Navier-Stokes equations we study the effect of
surfactant on the dynamics and stability of motion of the evaporation front a thin
liquid film for different concentration of surfactant.
Keywords: evaporation; van-der-Waals; surfactant; stability, Navie-Stoks equation,
interface

[Iporpecc B 061acTu 3JIEKTPOHHBIX U ONTUYECKHX YCTPOMCTB 3aBHUCHUT OT CHIOCOOHOCTH
IIOJIYTIIPOBOAHUKOBOM MPOMBIIIEHHOCTH U3rOTaBIMBaTh KOMIIOHEHTHI, Y KOTOPBIX PacTET UX
CIIO)KHOCTh TP yMEHBIIEHWH paszMmepa. CTpemiieHHEe K MHMHHUATIOpU3alUHM (DaKTHYEeCKU
MOCITY)KMJIO TOJTYKOM JJISi aKTHBHM3AIMM B TOCJIEIHHME ACCATHICTHE (PYyHIAaMEHTAIbHBIX U
TNIPUKIAJHBIX MCCIEOBAHMH B 00JaCTH yIbTPAaTOHKMX (TommuHoit Menee 1000 A) mmenox
[1-5].

IIpy ucmapeHMM TOHKOTO CJIOSI BOJbl B 3KCIIEPUMEHTAX YCTAHOBJIEHO, 4YTO IpHU
HEKOTOPOM 3HAYEHUH TOJIIIMHBI IEPBOHAYAIBHO IIJI0CKAsi HOBEPXHOCTD MOJSIPHOM KUAKOCTH
CTAaHOBUTCS HEYCTOMYMBON M TOSBISIOTCS JBE XapaKTEPHbIE TOJIIUHBI TOHKOIO CJIOS
xuakoctu hl m h2, (h2 > hl ) [6-8]. B 310l cucteme HMeeTcs «TOHKHN», TOpSIKA
HECKOJIBKUX JIECSATKOB aHICTPEM, NPEeKypCHOHHBIA cinoi hl TtommmHa KOTOpOro  He
M3MEHSETCS M «TOJICTBI» MOJIEKYJISIpHBIA CiI0M h2, ToNIIMHA KOTOPOrOo MMEET 3HaueHHe
nopsiaka  300-900 A B 3aBuCHMOCTH OT BHIA KHIKOCTH ¥ MOJUIONKKH. TOJIIMHA
MOJIEKYJISIDHOTO CJIOSl, TPU HUCHApEHUH, C TEYEHHEM BPEMEHU CTPEMUTCS K TOJIIHHE
IIPEKYPCUOHHOTO CJIOSI.

B teoperuueckoii padore [9], ocHoBBIBasich Ha Teopuun [1JIDO Ob1I0 MOKA3aHO, YTO IS
ONUCAHMS JIBYXYPOBHEBOM CTPYKTYPbI TOHKHX CIIO€B MOJISIPHOM KHUJIKOCTH HEOOXOIUMO
YUYUTBIBATh TOT (PAaKT, 4TO SHEPrus Mex(a3HOro B3aMMOAEHCTBHS OJDKHA CKIIAIBIBACTCS U3
CYMMBI BaH-JIEp-BaajbCOBCKOTO B3aUMOJCHCTBUS U CHEUU(UIECKOTO B3aUMOJICHCTBUA
JBOMHOTO 3JIEKTPHUECKOTO CJI0SI Ha MEK(Da3HOM IpaHHIIe «OKUAKOCTH-TBEPIOE TEIION.

B oskcnepumentansHO  pabore [10] mpousBeneHO HCCIENOBAHUE —IPOIIECCOB
MCTIIApEHMSI/KOHJICHCAIIMM BOJASHOW KaIUlM, PaclojioKEHHONW Ha KPEMHHEBOW IMOAJIOKKE IMPH
HINYMK cyp(aKkTaHTa Ha 00EUX KOHTAKTHBIX JIMHUAX «IIOJUI0KKA-KHUIKOCT» U GKUAKOCTh-
Bo3ayx». Cypdakrant (opranocummukon Silwet L-77) mpu 1 % oT Beca ciiost Bojibl ClIOCOOEH
CHIDKATh MOBEPXHOCTHOE HATSHKEHHE Ha CBOOOJHOHM rpaHuie Oojiee 4eM B TpU pasa.
Tonmuna Tako#t TpexdaszHoit cucremsl cocrapisuia nopsaka 300 anrcrpem. Takast «coHIBUY-
CTPYKTYpa» HaXOJUT IIUPOKOE NMPHUMEHEHHE B arpOIpPOMBINUIEHHOCTH. bBbIJIo 0OHapy)eHO,
YTO IIPU UCHAPEHUHU TaKas CUCTEMa PaclagaeTcs Ha MUKPOKAILUIU, KOTOPBIE MOKPBITHI CIOEM
cypdakranTa. YCTaHOBJIEHO, YTO BUIMMBIM YTroJl KOHTaKTa Kalull YBETHYMBACTCS NpHU
KOHJICHCAIIMM U CHIDKEHHE B Iporecce ucnapenus. Hammuus cypdakranTa npuBOIUT K TOMY,
YTO 3BONIOLHUS (POPMBI KAIUIHA IPOUCXOJUT B KOJIEOATEIILHOM PEKUME.

B nanHOif pa®oTe TEOPEeTHUECKHM pPACCMATPUBACTCS SBOJIOLUS W  MEXaHU3MBI
HEYCTOMYMBOCTU CBEPXTOHKOI'O HCHApSIOIIErocs Clos KUAKOCTH TIPU  HAIUYUHU
cypdakranta Ha o0eux Mexda3HbIx TpaHuuax. C HCHOIB30BAHHWEM UIMHHOBOJHOBOTO
pasnoxeHus g cucrteMbl ypaBHeHMH HaBbe-Crokca ynaercsi MOJIyUYUTH 3BOJIIOLIMOHHBIE
ypaBHEHHUS Ul 3HAUEHHH TOJIIMHBI cl0sg U MeX(}a3HbIX KOHIeHTpauuil. OOHapyKeHbl TpH
THINAa HEYCTOWYMBOCTH. OAMH U3 3THMX MEXaHM3MOB OTBEYAET 3a HUCIIAPEHME, a [[BAa JAPYIHX
MEXaHHU3Ma SBJIAIOTCS KOHILIEHTPALMOHHBIMM M 3aBHUCAT OT BEJIWYMHBI KOHLEHTPALUU Ha
Mex(a3HbIx rpaHunax. Mccrmemyercs YCTOMYHMBOCTH JAaHHOW CHUCTEMbI OTHOCHUTEIIBHO
BO3MylIeHUN. [losydeHbl KapThl YCTOMYMBOCTH UIs BCEX MEXAaHHU3MOB B 3aBHUCHUMOCTU OT
[1apaMeTPOB CUCTEMBI.
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B Hacrosimee BpeMs HE CyLIECTBYET METOJIOB, IO3BOJISIOLIUX OIPEIECINUTD
U3MEHEHHs TPaOeKyIsIpHOW MHUKPOCTPYKTYPHI i1 Vivo MHCTpYMEHTaIbHO. Takum
o0pa3oM, BO3HHKAeT HEOOXOJMMOCTh B IPOTHO3MPOBAHMM JOJTOBPEMEHHOIO
OTKJIMKa CTPYKTYpbl Ha BHEUIHEE BMEUIATEIIbCTBO METOJaMH OMOMEXaHUYECKOTO
MOJICTUPOBaHMS, T.€. HEOOXOAMMOCTh B pa3pabOTKe MOJENU MEepecTPOHKU
(amanranuu) TpaOEKyIspHOH KOCTHOW TKaHM C Y4E€TOM B3aMMOBIHUSHUS
HanpsHKEHHO-Ie(POPMUPOBAHHOTO COCTOSIHUS M CTPYKTYPHBIX H3MEHeHUH. B
IaHHOM paboTe Mozenupyercs IepecTpoiika oOpas3lia KOCTH, KaK YIPYroro
AHU30TPOIIHOTO TeEJlA OCHAILLEHHOTO CTPYKTYpPOH, COINIACHO 3BOJIFOLIMOHHBIM
COOTHOILIGHUSIM BIIEPBBIE MPEUIOKEHHBIX B paboTe [l] M mpUMEHEHHBIX NpHU
IIPaKTHYECKUX pacueTax B cepuM uccienoBanuil [1-6]. B kauectBe nHCTpyMeEHTa
YUCJIEHHOIO MOJEIMPOBAHUS HCIOJb3YETCsS IPOTrpaMMHBIA IAaKeT KOHEYHO-
anmemeHTHoro aHammza ANSYS. Jlns Bepudukanum AaHHONH — MOAETH,
paccMmarpuBaeTcsi psl 3alad, OMUCaHHBIX B paborax [1,3,4,6]. B wacTtHOCTH,
UCCIIEYeTCsl HaNpPsDKEHHO-1e(hOPMUPOBAHHOE COCTOSIHUE AHU3OTPOITHOM OaiKu
10T BO3JICHCTBHEM M3rHOAIOIIETO MOMEHTA B COCTOSIHUM ToMeocTasal8].
KawueBbie cjoBa: TpaOekylspHas KOCTHas TKaHb, IIEPECTPOilKa; 3BOJIOLMOHHBIC
COOTHOLIEHUS

Biomechanical modeling of bone tissue remodeling

under changing load

T. N. Gorozheninova®, A. A. Kichenko”

*Perm National Research Polytechnic University, 614990, Perm, Komsomolsky prospect, 29
Email: gorogenonova@gmail.com
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Nowadays, there are no methods to determine the changes in the trabecular
microstructure in vivo instrumentally. It is becomes necessary to predict the long-
term response of the structure to external load by methods of biomechanical
modeling. In other words there is a need to develop a model of cancellous tissue
remodeling (adaptation) considering the influence of the stress-strain state and
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structural changes. Here the bone sample is proposed as an elastic anisotropic
body equipped with a structure, according to the evolutionary equations first
proposed in [1] and applied in practical calculations in a series of research [1-6].
As an instrument of numerical simulation is used finite element analysis software
package ANSYS. To verify this model, we considered the problems described in
[1,3,4,6]. And the stress-strain state of an anisotropic beam under the bending
moment in the homeostasis state [8].
Keywords: cancellous bone tissue; remodeling; evolution equations

Ha pa3Butie n QyHKIMOHUPOBAHME KOCTHOW CHCTEMBI YEJIOBEKa BIHSIOT MOCTOSHHO
M3MEHSIOMNECs HArpy3Ku pa3iudHoi npupoasl. [logoOHbIe H3MEHEHUSI UIMEIOT OTAAJICHHBIC
BO BPEMEHM IIOCIEACTBUS U B IEPBYIO OUEPEb OTPAKAIOTCS HA OPraHU3aLUN CTPYKTYpPbI
KOCTHOM TkaHu. KocTHass TKaHL JKMBOIO 4YeEJIOBEKA SBISCTCA CIOKHOM, AWHAMHUYECKOM
CTPYKTYPOM, B KOTOPOH HENPEPBIBHO MPOUCXOAT aJanTalMOHHbIE ITpolecchl. KocTHas TkaHb
JKUBOT'O 4YEJIOBEKA SIBIISETCA CIIO0XKHOW, JUHAMUYECKOW CTPYKTYPOM, B KOTOPOW HEIPEPBIBHO
IIPOUCXOJAT aJalTalMOHHbIE MIpouecchl. OHA AETUTCS HAa KOMIAKTHYIO (KOPTHKAJIbHYIO) U
TpaleKyIsapHYyIO (Ty0uaTyro) KOCTb.

TpaOexynsipHass KOCTHasi TKaHb SIBISCTCSI HEOJHOPOJHBIM TOPHUCTBIM aHHU30TPOIHBIM
MarepuajoM, MEXAaHWUYECKUE CBOMCTBA KOTOPOW B 3HAYUTEIIBHOW MEpE OIpENeisiorcs e€
BHYTpEeHHEH apxutekrypoil. [lon nelicTBueM HOBOI Harpys3ku, B CTPYKType TpaOeKylIspHON
KOCTHOW TKaHM MOTYT Ha4aTbCs aJalTalMOHHbIE M3MEHEHHUs, KOTOPbIE 3aT€M MOBIHUSIOT Ha
KOPTHKAJIbHYIO KOCTHYIO TKaHb.

N3BecTHO, 4TO aJanTalMOHHBIE IIPOLIECCHI, IPOTEKAIOIIME B OPraHU3ME 4YeEJIOBEKa,
noquuHsoTCs 3akoHy Bonbda (Wolff’s law). 3akon Bonbpa mms xoctHoW Tkanu [7,9]
TOBOPHUT O TOM, YTO apXUTEKTypa TPaOEKyIsIpHONW KOCTH B JIOKAJIBHOW 00JacTU CTPYKTYpHO
npucrnocalliuBaeTCsi K MECTHOMY HAaNpsHKEHHOMY COCTOSIHUIO KOCTHOW TkaHu. [Ipu sTom
CTpYKTypHasl aJianTanus B >KUBOM TpaOeKyIspHOW KOCTH HOCHUT HAIPaBJICHHBIM XapakTep:
TpaOeKyllbl pacroyiaraloTcsi 3aKOHOMEPHO, COOOpa3HO TOMY, Kakhe BHEUIHHE Harpy3Kd
UCIBITHIBAET JaHHAs KOCTh [7,9]. B wacTHOCTH, opueHTaIust TpabeKya B paccMaTpuUBacMOi
00JIaCTH KOCTH JIOJDKHA COBIAATh C TIIABHBIMHU HAIPaBICHUSMU TEH30pa HaINpsDKEHUNA B 9TOH
xe obmactu. B mecre, rme mpuioskeHa Harpy3ka M Havajgach IMEpecTpPOWKa, MPOMCXOIUT
yBEJIMYEHHUE TUIOTHOCTH, a TPAaOEKy/Ibl BEICTPAUBAIOTCS BJIOJIb INIAaBHBIX HANPABICHUN TEH30pa
HanpsbkeHu [2, 5, 7].

Maremarudyecky, @pOLECC  afanTallMd  KOCTHM  MOXHO  ONHMCaTb  CHCTEMOM
middepeHnanbHbIX YpaBHEHHUH, MO3BOJIAIONINX HAONIOAATh U3MEHEHHE CTPYKTYPHI U JIOJHU
TBEPIOro 00beMa BO BpPEeMEHHU:

dK _ dé o de _
Ezfl(K,e,e), Ezﬂ(K,e,e), Ezf}(K,e,e)

e K — JI€BUATOP TE€H30pa CTPYKTYPhI H, HOPMHUPOBAHHBIN TAKUM 00pa30M, 4TO trk=0,e—
W3MEHEHHE JOIU TBEPAOro 00hEMA KOCTH OTHOCUTEIHHO OTCUETHOW BENUYMHBI 17,. PaHee
cucrema (1) pemanach He 3aBUCHMO OT TeH30pa AedopMaIuii £, OH CUMTAJICS HCM3MEHHBIM B
TEYEHHUE Ipoliecca NePeCcTPOMKH.

Jljis peanu3anuu YUCIEHHOTO aITOpUTMa BEIOMPATHUCH 0OBEKTHI, 00IaAaroIIne MPOCTOi
reoMeTpuueckoii ¢Gopmoii, Takoil kak KyO wiu mnpusMa. [lomyueHHOE HaMpPSHKEHHO-
neOpMUPOBAHHOE COCTOSIHME, BBI3BAHHOE PA3IMYHBIMU THUIIAMU HArpy3Kd, a TaKKe
3HAYEHUs BEJIMUMH, OTBETCTBEHHBIX 3a CTPYKTYpPY MaTepHalia CPABHUBAIUCH C ONMMCAHHBIMU B
muteparype [1,4]. UucneHHbli MeTOJ Takke MNPUMEHSIICS K OOBEKTaM  CJIO0XKHOM
reOMETPHUECKOM (POPMBI.

(1
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PaccmarpuBaeTcss uM3MeHEHUE IapaMeTpOB KOMIIPECCOpa BBICOKOI'O JIaBJICHUS

OpU HU3MEHEHUH BEIMYMHBI PAMaJIBHOIO 3a30pa MEXIY JIOMaTKaMu pPadoyux

KOJIEC U KOPILyCOM, MEXAy JOMAaTKaMM HaIlpaBJISIIOIIMX allllapaToB U pOTOPOM.

HccnenoBanue NpoOBENEHO C HCIOIB30BAaHUEM METOAA pacu€ra JBYMEPHOTO

TEUYEHHUs BO3JyXa B KOMIIPECCOpEe M pacyera I'PaHUYHBIX YCIOBUH TEII000MeHa

(ko3¢ punenTa TemI00TAaYH) C TOMOIIBIO KPUTEPHATIBHBIX YPaBHEHUH.
KiaroueBble cjioBa: pajuanbHbIi 3a30p; K03 PUIMEHT TeriooT1aun; cuctemMa
aBTOMAaTHYECKOI'O YIPABIEHUS paJUaIbHBIMU 3a30paMu

Calculation of the influence of radial gap on
the boundary conditions of heat exchange to the
case of the high-pressure compressor of an
aircraft engine

N. A. Gossman

Perm State University, Bukireva St. 15, 614990, Perm
email:ngossman@mail.ru

The change in the parameters of the high-pressure compressor is considered when
the radial gap between the rotor blades and the case, between the vanes of the
guide devices and the rotor. The study was carried out using the method of
calculating the two-dimensional flow of air in the compressor and calculating the
boundary conditions of heat transfer (heat transfer coefficient) using criterial
equations.

Keywords: radial gap; heat transfer coefficient; radial gap control system

1. BBenenue

B paGore TpOBOAMTCS UYMCIEHHOE HCCIEJOBAHME W3MEHEHHs IapamMeTpoB
Kommpeccopa Bbicokoro aasinenus (KBJ) aBuanmoHHoro pABuratenss B pe3yJbTare
U3MEHEHUS paJinaibHOro 3a30pa. A TakKe MCCIEN0BAaHWE MU3MEHEHUS TPaHUUYHBIX YCIOBUMN
TeruiooOMeHa (Kod(p@uIMeHTa TeIUIOOTAAYd W TEeMIIepaTypbl BO3JyXa) B pe3yibTare
IIOJIyYE€HHBIX U3MEHEHUI [TapaMeTPOB KOMIIpeccopa.

PaccmatpuBaemsiii KB/ sBisieTcss 0ceBbIM TPUHAALATUCTYIIEHYATHIM KOMIIPECCOPOM.
PaboTa ObU1a BBINOHEHA ¢ IPUMEHEHUEM METOJa pacuéra ABYXMEPHOTO TEUEHUS BO3IyXa B
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KOMIIPECCOPE, OCHOBAHHOTO Ha YMCIEHHOM pEIIEHWHM YpaBHEHMH Oiinepa M MeToja
ONpEeNeNIeHUs]  TPAaHUYHBIX  YCIOBHHM  TEmI0OOMEHa, OCHOBAaHHOIO Ha  PELICHUU
KpUTEpHUAIbHBIX YPABHCHUM.

2. Pacuer asponmHamuvecknx napamerpos KB/l

Jlist ucciieoBaHus BIMSHUS U3MEHEHUs PaJMalIbHOIO 3a30pa Ha a’pOJUHAMUYECKHE
napameTpsl JanHoro KBJI Oblu mpoBeeHbl pacu€Tsl A MATH 3HAYCHWH pPauaIbHOTO
3a30pa Ar, MM: IE€pPBOHAYaJIbHOIO 3HAYEHMs 3a30pa B KaXJOH CTYHNEHM KOMIIpEccopa,
yBeJlIM4eHHOro Ha 5 U 9%, ymenpmenHoro Ha 5 u 10%. PaguanbHble 3a30pel B KaKI0U
CTYIIEHH UMEJH pa3IMyHOE NIEPBOHAYAIBHOE 3HAYECHUE, MIOJIyUEHHOE DKCIIEPTHBIM IIyTEM UL
MaKCHUMAaJIbHOTO peXHMa pabOThl pacCCMaTPUBAEMOTO JBHUraTeIsl.

Pe3synbrarel Bcex pacy€TroB (3HAYEHMsI NOJIHOTO JABJIEHUS W MOJHOM TeMIepaTypbl)
npencrasieHsl Ha (puc. 1. a u 0).

300000

= 250000 5

= 100000
50000

o 0

IPK 2PK 3PK 4PK SPK GPK 7PK 8PK SPK  10PK  11PK  12PK 13K 1PK 2PK 3PK 4PK SPK GPK 7PK 8PK  OPK Ko LIPK 12PK 13PK

10% 5% fepaokasaLHL i 3a30p 5% —e—10% 10% 5% [lepROkaua LU 3a30p 5% -o—N
(a) (6)
Puc. 1. 3asucumocmov uzmeHnenus noiHo2o 0asieHus (a) u NOIHOU memMnepamypsl
(6) om usmeHenUss paouaIbHO20 3A30Pa HAO PadOUUMU TONAMKAMU KOMAPECcopa

Kak BuIHO, pacy€rbl MOKa3aJid, YTO M3MEHEHUE BEIMYMHBI DPAJUAIBbHOIO 3a30pa
OKa3bIBAET CYILLECTBEHHOE BIIMSHUE HA MTapaMeTpbl KOMIIpeccopa (JaBJlI€HUE U TEMIIEpaTypy)
Ha 8-13 paboumx crymeHsax. JlaHHBIH pe3yiabTaT pacyeTOB IOKAa3bIBAET, YTO HAIUYHE
CHCTEMBI PETYIMPOBAHUS PaIUAIbHBIMU 3a30PaMH B 3THX CTYNEHSX OyneT 3¢ (HEeKTUBHBIM.

3. Pacuer rpaHu4HBIX ycJI0BHi Tenmjoo0Mena k kopnycy KB/l B 30He pagnajJbHbIX
3230pOB

B kadecTBe rpaHMYHBIX YCIOBHH TEMIOOOMEHA K KOPIYCY 3adaroTcs KO3()(OUIIUEHTHI
TEIUIOOTJAauM M TeMIieparypa Bosnayxa. KoshduiueHTbl TermiooTaauu K KOPIycy B 30HE
panuaibHOTO 3230Pa BBIUUCIISIIMCH 1O (opMyIIe:

Nu- 21,
a=——", (1

bDE
rae Nu = 0.058 - Re**- (1= A%’) - uucno Hyccenbra,
Re — Ccp .pcp .bPK
/lcp

- yucyo PeitHonbCA,

_ A . .
AZ = % - OTHOCHTENBHBII paarualIbHbBIA 3a30D,
PK

rae A, - panuanbHblil 3a30p, /1, - BEICOTa paboyell TOaTKY.
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Hcnonp3ys B pacuetax kodPQUIMEHTa TEIUIOOTAAYM paHee HaWICHHBIE MapamMeTphbl
KOMIIpEccopa, TMONY4YCHO BIMSHUE HW3MEHEHHs paJMaIbHBIX 3a30pOB Ha Kod(hdUIIUEHT
TEIJIOOTJauu B 30HE PaiuaibHOTO 3a30pa pabouux cryneHel (puc. 2).

12000
10000
8000
6000

4000

2000

1PK 2PK 3PK 4PK 5PK 6PK 7PK 8PK 9PK 10PK 11PK 12PK 13PK
—o—-10% -5% nepBoHaYabHbIi 3a30p 5% —e=9%
Puc. 2. 3asucumocmv uzmeHnenus xosghguyuenma menioomoavu om usMeHeHus:
PaouanbHo20 3a30pa Hao padodumu 10NaAmMKAMU KOMApeccopa

Pesynbrarel pacdera mokasajiu, 4TO W3MEHEHHs paJualbHOrO 3a30pa CYILECTBEHHO
BIMSIOT Ha KodpduuueHT Teruoornaun K kopnycy KB/l B 30He 3a3opa 10-13 paboumx
CTYIICHEH.
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YCTOMYMBOCTH OCPEAHEHHOI0 TEYEHMUH,
reHePUPYyeMOro KoaedJImmuMce sApoM BO
Bpamamencs chepuvecKom mojaoCcTu
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OKCIEPUMEHTAJIbHO UCCIENYETCsS OCPEAHEHHOE TEUCHHE, BO30YXKAaeMoe Kpyro-
BBIMH KOJICOQHUSIMH BHYTPEHHETO Si7[pa BO BpAILAIOIIECHCs BOKPYT TOPU30HTAIb-
HOM ocH cdepudecKkoil MOJOCTH C KHUAKOCTBIO. SApo, TUIOTHOCTH KOTOPOTO
MEHbIIIE MJIOTHOCTH JKUAKOCTH, B Ta0OPAaTOPHON CUCTEME OTCUeTa 3aHMMAET CTa-
[IUOHAPHOE TMOJIOXKEHHE BOMU3U IEHTPA MOJIOCTH MOJI JeHCTBUEM LEHTPOOSKHON
cuiibl. B crcreme oTcueTa moJIoCTH PO COBEpIIAET KPyroBble KOJICOaHUs ¢ ya-
CTOTOM paBHO# yactore BpameHus. Auddepenunansnoe BpameHue sapa oTcyT-
CTBYET, JJIsl 3TOT0 OJWH M3 IOJIOCOB SIpa COCIUHEH C OJNIMKAMIIUM IMOJII0OCOM
MOJIOCTU THOKOHM, HO yIpyroil Ha ckpyuuBaHue jJeckoi. OOHapyXeHO, YTO B pe-
3ynapTaTe KojiebaHuil siapa B MOJIOCTH BO30YKIAeTCsl OCPEAHEHHOE TEYCHHE, MPO-
¢wip ckopoctu kKoToporo ucciemyercs PIV-meronom. OCHOBHOE TeueHHE CO-
CTOUT U3 CUCTEMBI BJIOKCHHBIX JKUAKUX LUIUHIPOB, BPALLAIOIIUXCA C Pa3Iny-
HBIMHU YIJIOBBIMHU CKOPOCTSMHU. [IpH 3TOM MHTEHCHBHOCTBH TE€UYEHUS IPOIIOPLHUO-
HaJIbHA KBAJ[paTy aMIUIUTYbI KosneOanuil sapa. C yBeIMYeHHEM aMIUTUTYAbI KO-
neCaHuil gIpa OCECUMMETPUYHOE TEUCHHE HCIHBITHIBAET CEPUI0 HEYCTOMYMBO-
creit. [IokazaHo, 4TO MOPOTM BO3HUKHOBEHUS HEYCTOMYMBOCTEH ONPEIEISAIOTCA
yuciaoM PeiiHonbca, pacCCUUTaHHBIM Yepe3 aMIUIUTYAy KoJieOaHuil siipa OTHOCH-
TEJILHO ITOJIOCTH.
KaroueBble cjioBa: s/1po; KoJiebaHus; OCPeTHEHHOE TEUCHHE

Stability of steady flow generated by oscillating
core in rotating spherical cavity

M. A. Davydova’, V. G. Kozlov®, S. V. Subbotin®

* Perm State Humanitarian Pedagogical University, Sibirskaya St. 24, 614990, Perm
email: subbotin_sv@pspu.ru

Steady flow excited by the circular oscillations of the inner core in a spherical cavi-
ty rotating about the horizontal axis with liquid is experimentally studied. The core
has lower density compared to the fluid and occupies a stable position near the
cavity center in the laboratory frame under the action of centrifugal force. In the
cavity frame the core performs circular oscillations with a frequency equal to the
rotation frequency. Differential rotation of the core is absent, for this, one of the
core poles is fastened to the nearest cavity pole by a flexible but elastic for twisting
the fishing line. It is found that as a result of the core oscillations the steady flow
appears, the velocity profile of which is investigated by the PIV-method. The main
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flow consists of the system of nested liquid cylinders rotating with different angular
velocities. The intensity of the flow is proportional to the square of the amplitude
of the core oscillations. With increasing of the amplitude of the core oscillations,
the axisymmetrical flow experiences a series of instabilities. It is shown that the in-
stability thresholds are determined by the Reynolds number, calculated by the am-
plitude of the core oscillations relative to the cavity.

Keywords: core; oscillations; steady flow

1. BBeneunue

B [1] Obio o6HapyxeHO, YTO KoJiebaHUsi CBOOOJHOTO sifjpa BO Bpaliaroueiics cepu-
YEeCKOH IMOJIOCTH MPUBOJAAT K BOZHUKHOBEHHIO OCPETHEHHOTO a3UMYTaJIbHOTO TEUSHHS, TIPH-
Bojsmiero B nuddepeHnuanbHoe BpaiieHue camo siapo. Hammuume muddepeHnmnansHOTo
BpalleHus sipa MOAUDUIIUPYET pe3yabTHPYIOIIEe OCPETHEHHOE TeUeHne Oaaroaaps UpKy-
JSIIUM JKAIKOCTH B DKMAHOBCKHMX MOTPAHUYHBIX CIOSX, IPH 3TOM 00a MeXaHH3Ma reHepa-
IIUU TTIOTOKOB IMPOSBIISIOT ce0s1 He3aBUCUMO. Llenpio TaHHON paboTHI SBISAETCS SKCIEPUMEH-
TaJIbHOE UCCIIEI0OBAaHUE CTPYKTYPhI TEUEHUS, TEHEPUPYEMO KOJIEOMIOIUMCS SIAPOM B OTCYT-
CTBHE €ro COOCTBEHHOTO TU(PepeHIINaTBHOTO BpaAIICHUS.

2. JKCIepHUMEHTAJbHAS YCTAHOBKA M METOANKA

Coepuueckoe Teo (a1po) paanyca Ry = 1.77 cM U cpeaneit mioTHocTH p, = 0.22 r/cm’
HAXOJIUTCSl B 3aIllOJIHEHHOW >KMIKOCTBIO cepuueckoil mosoctu paguyca R, =3.60 cm. Ilo-
JIOCTh BPAILLAETCS] BOKPYT TOPU30HTAIBHON OCH, IIPU 3TOM PO 3aHMMAET CTallMOHAPHOE I10-
JIO’)KEHHE B JIA0OpaTOpPHOM CHUCTEME OTCYeTa Ha paccTOSHUM b oT ocu BpamieHus. s mpe-
nATCTBUS MU (GEpEeHIINATBFHOTO BpALICHHS sI/Ipa, MOCIIEAHEe COSTUHEHO C OJHUM U3 IOJIIO-
COB KIOBETHI IIPU MOMOIIM TOHKON HEWJIOHOBOH Jiecku TommuHoi d = 0.37 mm. B kauectBe
paboueil KUAKOCTH HCIOJIB3YIOTCS BOJOTJIMIIEPHHOBBIE PACTBOPHI KHHEMATUYECKON BSI3KO-
cti v = 1-12 cCr. Bpaienue nonoctu 3agaercs mwaroBsiM asurareneM. CKOpocTh BpalleHUs
TIOJIOCTH BapbHUpyeTCs B Auarnasone ., = 60240 ¢’

[Tpodune ckopocTH XKUAKOCTH B chepuueckoMm cioe uccnenyercs PIV-meromom. s
3TOTO MOJIOCTh OCBEILIAETCS] CBETOBBIM HOKOM B IIJIOCKOCTH ITOIIEPEYHOI OCH BpalllEHUs, KO-
TOPBIM T€HEPUPYETCS Ja3€pOM HENPEPBIBHOIO ACUCTBUA. Buaeoperucrpanus oCymecTBIIseT-
Csl Ha HETIOJBIIKHYIO B TAOOPAaTOPHOM CHUCTEME OTCUeTa CKOPOCTHYIO BUACOKaMEpy C 4acTo-
TOM paBHOU wacToTe Bparienus. C momoinbio nmporpammel PIVLab [2] oOpabareiBatorcs ma-
PBI KaJIpoB, MPOMEXKYTOK BPEMEHH MEXIY KOTOPBIMH KpaTeH NEPUOY BPALLEHUS OJIOCTH.

3. KoJie0anus siipa ¥ ocpeJHEHHOE TeYeHHe

B cucreme oTcuera moyioCcTH SapO COBEPIACT KPYroBbie KOJMEOAHUS B DKBATOPHUATBLHOM
IJIOCKOCTH OTHOCHUTENBHO IEHTPA IMOJOCTU C aMIUTUTYAOW b M dacTtoTou Q. =€, [1].
Konebanus siapa SBISIOTCS HCTOYHHUKOM MYJTHCAIIMOHHOTO JIBUKCHUS JKUIKOCTH B JTUHAMU-
YECKUX IMOTPAHUYHBIX CIIOSX BOJHM3U TBEPABIX TpaHUIl. B pe3ynbrare HEMUHEHHBIX Y3PPEKTOB
B MIOTPAHUYHBIX CIIOSIX TEHEPUPYETCS OCPETHEHHOE T€YEHUE, KOTOPOE MPUBOIUT B ABUKEHUE
KHUJIKOCTh B 00beMme mojoctu. [Ipodunb ocpeqHEHHO a3uMyTanbHOM CKOPOCTH KHJIKOCTH
npuBeeH Ha (puc. 1. a). YrimoBas CKOPOCTh KHAKOCTH HEMOHOTOHHBIM 00pa3oM pacrpeje-
JIeHa BAOJb payca, MPU 3TOM B MPOoGuIIe CKOPOCTU MPUCYTCTBYET CEPHs TOUEK Mepernoa.
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4. Y cToiYnBOCTH OCPETHEHHOI0 TeYCHUS

CornacHo [l] MHTEHCHMBHOCTH a3MMYTAJBHOI'O TEUEHHS ONPEAEIAETCS KOMIIJIEKCOM
AQ/Q,0 ~ b*/R\S, Tie § = (2v/Q,,)" — TONIMHA JMHAMHMYECKOTO IOTPAHMYHOTO Cilos. B
CBOIO OYepeab aMIUIUTYyJa KoJieOaHUH siapa MpONOpIHOHANbHA 0e3pa3MepHOMY YCKOPEHUIO
['=g/Q) R u oTHOCHTENbHOM muoTHOCTH siapa: b~ TRy(1-p). YcToitumBocTh ocpeHen-

HOTO Te4eHHsl, BO30YKIaeMoro cBOOOIHBIM SAPOM, ompeersercs uuciaoM PeitHonbca, pac-
CUMTAHHBIM uepe3 nuddepeHnranbHoe BpameHue aapa Re = |AQ|R,/v [3]. BBuay anamoruun
3aj1a4 U cuutas, uro AQ, ~ AQ, BBeaeM uncio PeitHonbaca, pacCUUTaHHOE Yepe3 aMIUIUTYLy
xoneGanmit sapa Rer = T°E~*(1-p)’, tne E=v/Q, R’ — 1ucio DxMana.

C yBennueHueM Rer B cTpykType TeueHus: HaOIrOfaeTcs cepus HEYCTOWYMBOCTEH.
IlepBoHauanbHO B LIEHTPAJIbHOW YacTH IOJIOCTU BO3HHMKAET JBYMEpHas BUXpEBas CHCTEMa
(puc. 1. 6). Buxpu BBITSHYTBI BJIOJIb OCH BpAILEHUS, @ UX CKOPOCTh MEHBIIIE CKOPOCTH Bpa-
meHus nonoct. Crenyromuil moporoBhIil Iepexo/1 CBA3aH ¢ BO30YK/ICHHEM CUCTEMbI BaJIOB
B oO0beMme mojoctu (puc. 1. ). Baybl pacnpocTpaHsioTcss B aHTHIMKIOHMYECKOM HaIpaBJie-
HHE, 3 X CKOPOCTh 0OPAaTHO MPOIOPLMOHAILHA KBAJAPATy BOIHOBOTO umcna, u ~ 1/m’. Tlo-
Jy4eHHOE JMCIEPCHOHHOE COOTBETCTBYeT BoyiHEe PoccOu. MckimroueHue u3 paccMOTpeHUs
CTallMOHAPHOTO MOTOKa, 00yciIoBIeHHOTo Au(depeHInanbHbIM BpallieHHEeM sJIpa, MOKa3bl-
BAaeT, UTO paHHee HAOIIONABIIMECS CTPYKTYPHI B 33Jaue CO CBOOOIHBIM SpoM [3] CBsI3aHBI ¢
HEYCTOHYMBOCTBIO BUOpaMOHHOTO TeueHus. [Ipu 3ToM DKMaHOBCKHUNA MOTOK MOIU(PULIHDPY-
€T CTPYKTYpPY T€UEeHHUS B CHEPUUECKOM CII0€, YTO MPUBOJIUT K U3MEHEHUIO BEITMUYMHBI KPUTH-
4ecKoro 3HaueHus Rer.

Velocity magnitude, mm/s Vorticity, 1/s Vorticity, 1/s
0 2 4 6 8 10 12 14 16 -10 -5 0 5 10 -10 8 6 4 2 0 2 4 6 8 10
N 000 aaa—— EEET 200000

Puc. 1. Dsonroyus cmpykmypuvl ocpeoneHHo20 meyeHus ¢ ysenudenuem napamempa Rer 6
ninockocmu z/R; = 0.56 om sxeamopa (8HewiHss epanuya): (a) ocecummempuinoe meue-
Hue; (06) B03HUKHOBEHUe BUXPeBOll cucmemvl HaA Ocu epaweHus; (8) eorma Poccou.
Hanpaenenue epawenue nonocmu — no uacosou cmpeinxe.

Paborta BbmonHeHa npu monaepkke Poccuiickoro Hayunoro ®onpa (mpoekr 14-11-
00476).
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B paborte uccrnenyercss 1BUKEHHE HOHOOOMEHHOM YacTHUIIBI B PACTBOPE JIEKTPO-
JUTa MO JEMCTBUEM BHEIIHETO 3JIEKTPUUECKOIO MOJIs MaJoi HanpspkeHHOCTH. C
MIOMOIIbIO ACUMITOTHUYECKOTO METOJa IOJIydeHa AHAJIUTUYECKHE OLIEHKH JUIs
CKOpOCTH YacTulpl. Kpome TOro nojay4eHo 4MCIE€HHOE PEIIEHUE COOTBETCTBYIO-
el 3a1a4u, a UMEHHO MPO(UIIN pactpeesieHns KOHIEHTPAIHiA, TOTSHIIHAA 1
JUHUHN TOKa XKUAKOCTH. [Ipon3BEEHO CpaBHEHUE aHAIUTHUECKUX PE3YIbTATOB C
pe3yapTaTaMH YUCIEHHOTO MOJIEIHPOBAHUS.

KaroueBble cjioBa: HOHOOOMEHHAss MUKPOYACTHUI[A; ACUMITOTHYECKUHN aHAJIH3; 3JEKTPOdo-

pe3

Investigation of the motion of an ion-exchange
microparticle in a weak electric field
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In this paper, we study the motion of an ion-exchange particle in an electrolyte so-

lution under a weak external electric field of small strength. An analytic form of the

particle’s velocity has been obtained using an asymptotic method. A comparison of

analytical results with the results of numerical simulation has been made.
Keywords: Ion-exchange microparticle; asymptotic analysis; electrophoresis

B nannoit pabote uccnemyercst IBUKEHUE MPOBOJIAIIECH CchepruuecKkoil KaTHOHOOOMEH-
HOM MHUKPOYACTHUIIBl B PacTBOpEe OMHAPHOTO AJIEKTPOJIMTA IO JACHCTBHEM BHEIIHEIO 3JeK-
Tpuueckoro mois HampspkeHHocTH £ . Koadduuuments: muddy3nn xkatnoHOB M aHHOHOB

MPUHUMAKOTCA paBHbIMU,; ABUKCHUC PACCMATPUBACTCA B CTOKCOBCKOM HpI/I6JII/DKeHI/II/I.
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Tak xak paccmarpuBaeMas 4acTUIla UMeeT ceprueckyto ¢popMy, TO CUCTEMY ypaBHe-
nuit Hepucra—Ilnanka—Ilyaccona—CTokca MMeeT CMBIC 3amucarh B chepuyecKoi cucreme
KOOpAMHAT C HAYaJIOM B LIEHTPE YaCTULbl U CUATATH IBHKYILEUCS CO CKOPOCTHIO YAaCTHUIIBIL.
3azaya CUMMETPUYHA, [TOATOMY OTPAaHUUYUMCS 3aBUCUMOCTBIO TOJIBKO OT OJHOTO yIJIa U 3a-
IIACHIO YPAaBHEHUU B JBYMEPHOU ITOCTAHOBKE:!

aci + + 2+
—+U-Ve" =V[(c' VO |+ Ve .
p» (Vo) ; (1)
VIVIO=c —c". (2)
~VP+VU=(c" ~¢) 5V =0 V-U=0 3)
1% ’ )

31ech ¢ — MOISPHBIE KOHIEHTPALUK KaTHOHOB M aHMOHOB, U — BekTop ckopocTH, ® —
MOTEHIIHAN 3JICKTPHUYECKOTO Toist, P — maBieHue, v — uucio Jlebas u k¥ — ko3 durm-
CHT CILEIUICHHS MEX/Ty THAPOANHAMUYIECKON U 3JICKTPOCTATHICCKON YaCTSIMHU 3a/1a4H.

Ha moBepxHOCTH Y4acTHIlbl OEpPYTCs CIEAYIOIHE KPacBbie YCIOBHUS: KOHIICHTPALHS 110~
JIOXKHUTENbHBIX HOHOB (PUKCHPOBaHA, MOTOK OTPUIIATEIBHBIX HOHOB Yepe3 MOBEPXHOCTh OT-
CYTCTBYET, MOTEHIMAI MPOBOJAIICH YAaCTHIIBI MOCTOSIHEH W 0€3 OTrpaHU4eHHUs] OOIIHOCTH
MOJKET OBITh TOJIO0XEH PaBHBIM HYIIO, KOMIIOHEHTBI CKOPOCTH YIOBJICTBOPSIOT YCIOBHSIM
HETPOHHUIIAEMOCTH U TIPUITATIAHHUS:

_0D® Oc

=1: ¢ = ———=0 ®&=0 U=0
r ¢ pac 61” 61” s > (4)

Baoamu ot MHUKPOYACTUILIBI KOHICHTPALUA CTPEMUTCA K paBHOBCCHOﬁ, BCKTOP HalIpsd-
JKCHHOCTU U BCKTOP CKOPOCTHU MPCAIIOJIAraroTCs mnapajjiCJIbHBIMU OCH X HeKapTOBOﬁ CHUCTC-
MBI KOOpJAUHAT:

r—oo. ¢’ >1 >l U—(-U,siné, UwcosH)’ ®=—FE rcosé (5)

3amaua 3aMbIKaeTcs J0O0aBICHHMEM HaydalbHbBIX YCIOBMH: KOHLIEHTPAMM KaTHOHOB U
AHUMOHOB MPEANOJIArajJuch PaBHBIMUA PABHOBECHOM KOHIEHTpauuy, ¢ = 0: c+ = 1.

JUI1 aCUMOTOTHYECKOTO PELIEHUS CHCTEMbl B YaCTHBIX NMPOU3BOAHBIX npu £ — 0
ObUIO KCIOJIB30BAaHO OOlIee pa3iokeHHe (YHKIUN CUCTeMbl OTHOCUTEIbHO E , yUUThIBa-
IOLLEE TOJIBKO JTMHEWHBIE YIIEHBI:

¢ =cy+c; E,+O(E)), =D+ D, -E_+O(E2), U=Uq#U,-E, +O(E2). (6)

Pemienue HyneBoro nmpuOIMKeHUs HAXOAUIIOCh U3 Mpeanoaoxenus, uro v — 0. B pe-
3ynbTaTe ObUTH MOJTyYeHbI aHamuTHYecKue hopmyisl mist pyukmuit K =c¢” +c¢" u @, a tak-
xe (Gopmyna, BeIpaXkarolias 3aBUCUMOCTb CKOPOCTH YacTUlbl U OT HAIPSXKEHHOCTH IOJIS
E, .

Ha (puc. 1) npuBeneHo cpaBHEHHE CyMMAapHOW KOHIEHTpallMd MOHOB K, pacCUMTaH-
HOM MO aHaIUTUYECKUM (opMyliaM (HempepbIBHbIC JIUHUHN) C pe3yabTaTaMU YUCIEHHOTO MO-

nemupoBanust. DyHKIUst p =c¢’ —¢  coBmamaeT ¢ rpaGuuecKoil TOYHOCTHIO.
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k=02, v=0.02, p=4, E_=0.02
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Puc. 1. (a) Cpasnenue ananumuueckux 8b1860008 C HUCIEHHbIM MOOEIUPOBAHUEM Ol
cymmapHou konyenmpayuu uonog K u (6) cpeonuii mox Ha no8epxHOCmMuU Yacmuybl KaxK

@ynxyus yena

E_=0.02

25

1.5

1 2 3
r

Puc. 2. Pacnpedenenue nomenyuana ® oxono nosepxnocmu uacmuysvl npu pazHwix
3HaueHusx Hanpscennocmu noaa E, (epxuuii psao) u kpugvle niomuocmu 3apaa K

(HUMCHULL psI0) O meX Jice 3HAYUeHUll HanpsCeHHOCMU NoJis 01 3HaYeHul yena: 0 =
0, 90 u 180° (kpusvie 1, 2 u 3 coomeemcmeenHo)

[Tybnmukanusi moAroToBieHa npu ¢guHaHcoBoi nojaepxkke PODU (rpant Ne 16-

08-00643).
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CrpartocdepHbId IKCIEPUMEHT I10
onpeaeIeHUI0 TeMIIePaATYPhbl NJIO0CKOM

NMJACTHHBI MO JeiCTBHEM COJHEYHOIO MOTOKAa

A. A. 1émun®, B. H. Tepnyros®, A. JI. Ceuctkos”, C. B. Pycakos®,
A. B. Komuopnﬂa’b

* TlepMCKHii TOCYIApCTBCHHbINM HAIIMOHATBHBIN UCCIEI0BATEIbCKHN YHUBEPCHTET
614990, Ilepms, yn. bykupesa, 15

email: doyminbi@mail.ru

® [IIkona ¢u3uku Cuanerickoro ynusepcureta, CuaHeid, ABcTpanus

B pabote craBuTCs 3a7ada CO3/aHUS KOMIUIEKCA OSKCIEPUMEHTOB «3emilsi-
crpatocdepay, KOTOPBIA IMO3BOJIUT OINPENEIUTh MOTOKH Telja M OINpPeNleUuTh
TEMIIEpaTypHbIE W3MEHEHHS B MOJEIM IUIOCKOM IUIACTUHBI IOJOrpeBacMOM
COJIHEYHBIM M3JIyUEHUEM M OTPAXKEHHBIM H3IydeHHeM 3emiu. Kak wu3BecTHO
COJIHEYHOE M3JIYy4YE€HHUE OTpakaeTcsd OT 3€MHOM IIOBEPXHOCTH, TEM CaMbIM
BO3MOXHBI ~pa3ivuusg MEXAY OJKCIEPUMEHTAJIbHBIMU U TEOPETUYECKUMU
3HAYECHUSIMU TEMIIEpaTyphl Tena B crparocdepe. JlaHHbIH SKCIEPUMEHT TO3BOJIUT
CO37aTh MOJEIb MU3MEHEHUS TEMIIEpaTypbl AJs JAJbHEHIIEr0 HMCIOJIb30BAHMS B
MaTeMaTH4YEeCKUX MOJIEISIX KHHETUKN OTBEPIKJCHUS MaTepHaia B cTpatocdepe.
KaroueBble cjioBa: crparocdepa; MojeT; U3IydeHHs; TeMIepaTypa

Stratospheric experiment on temperature of

flat plate under solar irradiation

A. A. Demin®, V. N. Terpugov®, A. L. Svistkov", S. V. Rusakov®,
A. V. Kondyurin®®

* Perm State University, Bukirev 15, Perm, 614990, Russia
email: doyminbi@mail.ru
® School of Physics, University of Sydney, Sydney, Australia

In present investigation a task on experimental setup “Eath-stratosphere” is
considered, which can help to measure heat flux and to calculate temperature
behavior of flat plate irradiated by sun light and reflected light from Earth. As
known, solar light is reflected by Earth surface that gives a deviation between
theoretical and experimental values for a balloon load in stratosphere. The
stratospheric experiment will give a model of temperature variations for following
models of curing kinetics of composite materials in stratosphere.
Keywords: stratosphere; flight; radiation; temperature

VYBennueHne oO0bEMa CTPOUTENBHBIX MOAYJEH MOJHUMAaeMbIX Ha OpOMTY 3eMiH, Ha
MOBEPXHOCTU JIyHBI M T. A. BO3MOXHO NPU HCIIOJIB30BAHUM TEXHOJIOTMH IMOJIMMEPU3ALNUN
KOMITO3ULIMOHHBIX MaTEPUAJIOB HETIOCPEICTBEHHO B OTKPHITOM KOCMUYECKOM ITPOCTPAHCTBE.
OpHaKko CTPYKTypa M CBOWCTBA NOJUMEPHOIO MaTepHala HalpsSMYI 3aBUCAT OT IIpolecca
ero (hoopMupoOBaHMs, a MPOLIECC MOTUMEPH3AIMH B OTKPBITOM KOCMOCE OyJeT MPOUCXOUTh B
YCIOBUSX BBICOKOTO BaKyyMma, Pe3KMX IEpenajoB TEMIIEpATyp M >KECTKOIO KOCMHUYECKOIO
u3nydyenus, [1-6]. Takum oOpazom, yciOBHs, XapaKTEpHbIE IS OKOJO3EMHBIX OpPOHT
CIOCOOHBI 3HAYMUTENBHO TMOBJIMATH HAa WTOTOBBIE CBOMCTBA IMOJYYEHHOTO MarepHala.

© Jlémun A. A., Tepnyros B. H., Ceuctkos A. JI., Pycakos C. B. u np., 2017
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Onpenenenue BO3JeUCTBUS (PAKTOPOB KOCMHUYECKOTO MPOCTPAHCTBA HA MaTepuall, SBISETCS
OCHOBHOM 3aJa4el UCCIIENOBaHUs.

B cuny BBICOKOM CTOMMOCTHM JKCIIEPUMEHTOB M CYIIECTBYIOIIMX 3allPETOB HA YHOC
CBSI3YIOIIETO, MPOBEJCHUE HCCIEAOBaHUN Ha OpOuTe 3eMIM HEBO3MOXKHO. B HacTosmeit
paboTe mpeanaraeTcs 3aMEHUTh MCIBITaHUSI B KOCMOCE KOMILJIEKCOM HMCIIBITAaHUI Ha 3emie U
ctpatocdepe (Ha BoicoTe 30 — 40 km).

Jlnst oOecrieyeHns BHICOKOTO KauyecTBa MarepHaia, TpeOyeTcs OIleHKa CTPaToC(hepHBIX
ycnoBuid. YETKoe MOHUMaHKUE 3TUX YCIOBUHM, MO3BOJIUT CPOPMUPOBATH THIIOTE3BI MOBEICHUS
Marepuaia B peaIbHOM KOCMOCE.

[Inanupyercs mpoBeneHHE CTPATOC(HEPHBIX SKCHEPUMEHTOB C IIeNbI0  pacuéra
MEPEeHOCHMOTr0 TeIUla YacTUIlAaMH B BepXHUX ciosix armochepsl. Ha crparocdepryro
wiatopMy mpeasaraeTcs yCTaHOBUTH 3 OJMHAKOBBIX 00pasiia ¢ U3BECTHBIMU (PU3MUYECKHUMHU
U TEpPMOAMHAMMUYECKMMH KOHcTaHTamH. Hampumep cranmp mnm amoMuHuid. Kaxapii us
00pa3uoB OyleT MOABEPKEH OTIMYHBIM JAPYT OT JIPyra U3IIy4eHHSIM.

[Ipenmonaraercs Tpu  BUAAa  pacroyiokeHust  oOpasuoB. Ilepmeiii  oOpaser
YCTAQHABJIMBACTCSI TaKUM OOpa3oM, YTOOBI MOJy4yaTh H3JIyueHHE HANpsMYI M3 KOCMOCA.
Bropoii HE0OX0OMMO MOABEPrHYTh, OTPAKEHHOMY OT 3€MIJIM, WU3IYyYCHHUIO U MCKIIOYHUTH
npsiMoe BO3AEHCTBUE KocMoca. TpeTuit oOpaserl sBIIseTCs] IPOMEKYTOUHBIM, MEX/Ty MEPBBIM
1 BTOpbIM. OH H30IUpPYETCs OT «BEPXHUX» U «HUKHUX» U3JIYYEHUH U MOABEPracTCsl TOJIBKO
[IEPEHOCUMBIM YaCTUILIAMHU TEILTY.

Pucynok. 3D moodenv sKcnepumeHmanvHol noocmasKku, ¢ YCMAaHOBIEHHbIM HA Hell
mamepuanom, coenarnnou 8 AutoCAD.

B paccmarpuBaemoM cityyae Ha mIaTGOpMy YCTaHABIMBAIOTCS 3 3KCIIEPUMEHTATBHBIX
MOJICTAaBKHU (HA PUCYHKE BBIIIE), K KOTOPBIM IMOJBEACHHI M0 3 TepMomnapsl. JluameTp craiku
Tepmonapsl coctaBisgeT 1.1 MMm. Pacuér temmepaTypbl HauMHaeTCs C MOMEHTa 3aIlycKa
mwiarpopmel. Ha cTtpatochepHyto miuaTgopMmy yCTaHOBJIEH HpOIECCOpHBIA OJIoK Ha 0aze
Arduino Uno ympaBnseMmsblii skcriepuMeHTOM. [IporieccopHsblii 670K, TakKe UMEET CUCTEMY
MIPOTOKOJIMPOBAHUS JKCIIEPUMEHTa, a CaMa YCTaHOBKAa CHaOXeHa CHCTEMOW HaBUTaIlUH.
MakcumanbHas BbICOTAa NOAbEMA IIATPOPMBI cocTaBisieT B cpenHem 35-40 kM, rae
oOecrieynBaeTcss BIMSHHE KOCMUYECKMX YCJIOBHH, B CHIIy TPEOJOJCHHS 3aIlllUTHOTO
030HOBOTO clI0s cTpaTocdepHoii margopmoii. Bpems Bcero monéra B cpeiHEM COCTaBISET 2-
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3 gaca. [locne mocTukeHUs: KPUTHUECKON BBICOTHI, TUIAT(HOPMA CTPEMHUTENHHO MajgaeT BHU3.
Jlns  Ge3omacHOro TmafeHWss Ha [atgopMe YCTAaHOBIEHA TapallioTHas Meaysa,
M3TOTOBJICHHAS MO/ OMpEeAeNEHHYI0 HArpy3Ky. 3aTeM MPOUCXOIUT MOWCK IMIaT(OPMBI, TIPH
MTOMOIIY HABUTAIIMOHHOTO 000PYIOBaHUS U IOCTaBKa 00pa3IoB B JIA0OPATOPHIO.

JlaHHBIE TIOJIydeHHbIE M3 CTpaTocdepbl MO3BOJIAT CO3JaTh TEMIIEPATYPHYIO MOJIENb

crpatocgepbl, KOTopble OyAyT IPUMEHEHBI B TANBHEHIINX 3KCIIEPUMEHTaX MO OTBEPKIACHUIO
MOJIMMEPHOTO MaTepHala B CTpaToc(hepHbIX YCIOBUSX.

ABTOp craThu BhIpaxkaeT OnaromapHocth A. B. KowmropuHy 3a mpenoctaBieHHbIE

KOHCYNIbTAllMM B Pa3pabOTKe TEXHOJOTMM OKcIepuMeHTa. Pabora BBIMONHSETCS TPHU
¢dunancoBoit moanepxke rpaHToB PODU Ne 14-08-96011 ypan a, Ne15-01-07946 a, Nel6-
48-590844 a.
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O TCEPMOKANMWIJIAPHOM MEXAaHU3MCE
IIPOCTPAHCTBCHHOI'O pPa3a€CJICHUA
METAJNIHNYCCKHUX pacCIl/iaBOB

B. A. Jlemun’, A. H. Mu3es’, M. H. Ileryxos®

* TTepMcKHii TOCYIapCTBEHHbIH HAIIMOHABHBIN UCCIIEI0BATENbCKUI yHUBEPCUTET, 614990,
Ilepms, yn. bykupesa, 15

email: demin@psu.ru

® MHCTUTYT MeXaHUKH CIUTomHEIX cpen YpO PAH, 614013, Tlepms, yin. Axagemuka
Kopounesa, 1

PaboTa mocBsiiieHa ONMUCaHUIO TpoIecca pa3felieHus PacIulaBOB JIETKOIUIABKHX
METAJUIOB HA KOMIIOHEHTBI B BEPTUKAIBHO-OPUECHTUPOBAHHOM HEOJHOPOIHO
HarpeTroM Kanuuigpe. Ha BepTUKanbHBIX IpaHHUIAX KalWLISpa yCTaHABIMBAETCS
IPaJMeHT TeMIIepaTyphl, HaPaBJICHHbBII BEPTUKAIBHO BBepX. Tarke Ha OOKOBBIX
IPaHsAX UMEET MECTO YCIOBHME IIOJIHOTO HeCMadyuBaHMs. Bceienctsue 3Toro Ha
cBOOO/IHOM MOBEPXHOCTHU BO3HHKAET 3(pdekT MapaHroHH, MPH ONMUCAHUH KOTO-
pOr0 YYWUTBHIBAIOTCA TEPMO- M KOHLEHTPALMOHHO-KAIWUIAPHBIA MEXaHU3MBI.
B3anMoielicTBie KOMIIOHEHTOB PaCIlIaBa C MIOBEPXHOCTBIO MPOUCXOAUT MOCPEN-
CTBOM BKJIIOUEHHSI aJICOPOLIMOHHO-AECOPOIIMOHHOTO MEXaHW3Ma B TPaHUYHbBIE
ycinoBUs. MoaenupoBaHue KOHBEKTHUBHBIX IPOLECCOB IPOBOAWIOCH YUCICHHO
Ha OCHOBE ypaBHEHHMH Mex(a3zHoi ruapoauHaMuku. [lo pesynbraTaM BBHIYHCIH-
TEJNBHOTO SKCHEpUMEHTa Obljla YCTaHOBJIEHA POJIb PACIPEACICHUs TEMIIEPaTyphl
Ha MOBEPXHOCTH B (pOpMHpOBaHMU TOJIEH 0ObeMHOM KoHIeHTpauuu. [lokasaHo,
YTO TEPMOKANMMIUIAPHBIN U aICOPOLMOHHO-1eCOPOLIMOHHBIA MEXaHU3MBI CO3AI0T
OIyCKHOE TEYEHHUE, KOTOpPOE MPUBOAUT K KPYMHOMACIITAOHOMY IPOJIOJIEHOMY
IIepePACIPEEICHUI0 KOMIIOHEHTOB PacIulaBa.

KaoueBble cji0Ba: KOHLIEHTPAIIMOHHAS KOHBEKIIHS; CBOOOHAS TOBEPXHOCTD; 3P pekT Ma-

PaHrOHM; aACOPOIIMOHHO-IECOPOIIMOHHBIE TPOLIECCHI

On thermocapillary mechanism of spatial
separation of metal melts

V. A. Demin®, A. I. Mizev®, M. L. Petukhov®

* Perm State National Research University, Bukireva St. 15, 614990, Perm

email: demin@psu.ru

® Institute of Continuous Media Mechanics of the Ural Branch of Russian Academy of Science,
Academician Korolev St. 1, 614013, Perm

The results of direct numerical simulation of the concentration-induced convection
have been presented in this paper. Binary melt of liquid metals filling vertical thin
capillary with non-uniform temperature distribution on the boundaries is consid-
ered. It is assumed that the condition of absolute nonwetting takes place on the
sidewalls of the channel. Because of this effect there is a free surface on vertical
boundaries, where thermocapillary force is appeared due to the external longitudi-
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nal temperature gradient which makes to move liquid elements at a big distance,
compared with axial size of capillary. The numerical calculations have been fulfilled
in the PGU-Tesla supercomputer of the Research Academic Center “Parallel and
Distributed Calculations” at Perm State University. The method of finite differ-
ences was applied. Numerical code was written in programming language Fortran-
90. Calculation results show that the lifting speed of returning motion in the vol-
ume is less, than on the surface, that’s why admixture in the stage of saturation can
be accumulated nearby the lower part of capillary. After establishing the flow is
stationary and determined as in the volume as on the surface predominantly by the
Marangoni number. Intensity of motion and processes of adsorption-desorption on
the free boundary have the decisive influence upon the formation of surface and
volume concentration fields and speed of components redistribution in a volume.
Thus, one of the possible mechanisms of longitudinal division on components of
liquid binary mixtures in thin channels has been demonstrated.

Keywords: concentration-induced convection; free surface; Marangoni effect; processes

of adsorption-desorption

1. BBeneunue

SIBneHMe NMpOJOJIBHOIO pa3fefieHUus KOMIIOHEHTOB METAJUIMYECKUX PacIlyIaBOB B TOH-
KX KamWUIsipax BIEpBble HaOmoganoch B padore [1]. AMyHIOBBINH Kanmujuissp AUAMETPOM OT
0.8 no 1.2 MM u BeicoTOM OT 40 10 220 MM, 3aIIOJTHEHHBIN OJHOPOIHOM ABYXKOMIIOHEHTHOM
cMmechio Kuakux MetamoB (Sn-Pb, Cd-Bi unu Al-Si), B BepTUKATBbHOM IMOJOKEHUU TTOME-
IIajcsl B Me4Yb TaK, 4TO 00a KOMIIOHEHTa IMOJICPKUBAINCH B PACIUIABICHHOM COCTOSHHH.
Cnycrs BpeMst ~1 4 ero BBIHUMAIM M HEMEAJIEHHO OCTY)KajH, IIOCIE YEr0 U3y4ajJoch Ipo-
J0JBHOE pachpesieNieHne KOMIOHEHTOB paciuiaBa. B ombITax (QUKCHpPOBANCS TOCTaTOYHO
OobIION mepenan KoHIEHTpauuu ~5-20% Ha Ttopuax kanwuisipa. [lo pesyapraram MHOrO-
YHUCJICHHBIX AKCIIEPUMEHTOB ObUIO BBISBIEHO HECKOJIBKO OCOOEHHOCTEH sSIBIICHUS paszesie-
HUS: YCTPEMIIEHHE Iepenaia KOHIEHTpPAlM K HEKOTOPOMY INpEeAETy IPHU YBEIMUEHUHU IIPO-
JOJKUTENBHOCTH SKCIIEPUMEHTA, Pa3AeICHUE TPOUCXOIUIIO TOJBKO B Cllydae BEPTUKAJIbHOMN
OpUEHTALMU KaWUIsIpa, MPU YBEIMYCHUHM TEMIEpaTyphl BBIACPKKH B IEYH HAOII0IaIoCh
YMEHBIIEHHUE Mepenaaa KOHIEHTPaHH.

2. IlocTaHoBKa 3aJa4M U Pe3y/1bTAThl PACYETOB

Jlnst 0OBSICHEHUS pa3/IeieHus] CMECH JKUAKHX METaNIOB HAa KOMIIOHEHTHI ObLIO CIIEJIaHO
MPEINOJI0KEHHE O HAIMYUH B Kanmwuiipe U y3nHHO-KOHIEHTPAIIMOHHOTO M KOHBEKTHB-
HOTO MEXaHM3MOB IepeHoca. Ha BepTHKalabHBIX CTEHKAaX pacCMaTpUBAEMOIO KamWLIsapa,
BCJIEJICTBHE IIPOLIECCOB TEMJIOOOMEHAa B ME€YM, YCTAHABIMBACTCS TPAJAUEHT TEMIIEPaTyphI,
HampaBJICHHBIA BBepX. B cuiy cnennduku MCmoiab3yeMoro B AKCIEPUMEHTE MaTepHala Ka-
NWLISIpa, Ha BEPTHKAIBHBIX TPAHAX MMEET MECTO YCIOBHE IOJHOTO HecMauuBaHus. Ha 06-
pa3oBaHHON TakUM OOpa30M BEPTUKAIBHON CBOOOTHOW MOBEPXHOCTH BO3HHMKAET TEMIEpa-
TypHasi HEOJJHOPOJHOCTh MMOBEPXHOCTHOTO HATSKEHUS, KOTOpAas MPUBOJIUT K TEPMOKAIIMUII-
nsipHoMy 3ddexry. Takxkxe B Mogenu ObutH yuTeHbl 3pdekTsl agcopounu-necopounu. 3agaya
B 1MoJj00HO#, HO OoJiee YIPOIEHHON MOCTAaHOBKE ObLTA pemieHa B [2], rae ObUIo MOKa3aHo,
YTO HaJU4YMe YKa3aHHBIX MEXaHU3MOB MPUBOIUT K HeOombiomy (~1 %) mepenamy KOHIICH-
Tpauuu. B pamkax Ooree pacIIMpPeHHON MOJENM YYUTHIBAICA KOHILIEHTPAIMOHHO-
KallWUISIPHBIM MeXaHW3M. 3ajada pelanach METOJAOM KOHEYHBIX Pa3HOCTEW C IOMOUIBIO
JBYXIIOJIEBOTO METO/1a TOCPEACTBOM IPOrpaMMBbl, HAIMCAHHOM Ha si3bike Fortran-90.
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Pe3ynbrarhl 4MCIEHHOTO MOJEIUPOBAHUS [10KA3aAJIH, YTO B MPOLECCE PA3ACICHUSI KOM-
IIOHEHTOB CMECU 3a BpEMsl IOpsiKa OJHOTO 4aca (puc. 1) ycraHaBIMBaeTcss JOCTaTOYHO
CWIBbHBIN mepenaa KoHIeHTpauu (~20%), 4To J0CTaTOYHO ONHM3KO K pe3yabTaTaM JKCIepHu-
MeHTOB [1]. UucneHHoe penieHne ypaBHEHUH KOHLEHTPALIMOHHON KOHBEKLUHU IPUBOJIUIO K
MOSIBJIEHUIO OITyCKHOI'O TE€YEHHUs Ha MoBepxHOcTU. [Ipumech, ckaruiiBaeMasi B HUKHER 4acTu
Kanmuuisipa, u3-3a 3ddexra gecopOunu mpoHUKaeT B 00bEM, U 3a CUET MOABEMHOTO TCUCHUS
B IIEHTPE KalWUIsIpa HE3HAUUTEIBHO IIEPEHOCUTCS B €0 BEPXHIOIO YacTh. 3aTEM, 3a CUET ajl-
copOuuu, B 00JaCTH C HU3KOW KOHIEHTpAIMeld oHa BO3Bpallajiach Ha MOBEPXHOCTh. OT-
JeTbHO OblIa M3y4eHa POJb TEPMO- U KOHIEHTPAIIMOHHO-KAMWIISAPHOTO MEXaHH3MOB B
dbopmupoBanuu poduieii TOBEPXHOCTHON U 00BEMHOM KOHIICHTPAIUH.
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Puc. 1. Makcumym u munumym nons oovem- Puc. 2. Ilpooonvnas xomnonenma cxopocmu
HOU KOHYEHmpayuu 8 3aeUcUMocmu om epe-  Ha noeepxHocmu kanuiiapa. Konyenmpayu-
menu (1,2) npu Ma, = 8 u Ma, = 7; 3 — max- oHHoe yucno Mapaneonu Ma, = 5. Kpuswie
CUMYM NOBEPXHOCMHOU KOHYEHMpAyuu 8 3a- 1-3 coomeemcmeyrom Ma, = 6, 8, 10.

sucumocmu ont 6pEMeEHU.

Poct TennoBoro uncia MapaHronu, 4To COOTBETCTBYET YCUIIEHUIO TEPMOKAWIISPHO-
ro M€XaHu3Ma, IPUBOJUT K YBEIMUEHUIO Mepenaaa KOHIEHTpauu. B To ke Bpems yBenuue-
HUE KOHILIEHTPALlMOHHOI'0 4Mcia MapaHroHu (KOHIEHTPAMOHHO-KAMWUIIPHOIO MEXaHW3-
Ma) JaeT oOpaTHBIA pe3yabTaT. AHAIOTMYHOE MOBEICHHUE MPOSIBIAETCS U HAa MPOPHIAX CKO-
poctu (puc. 2). Mcxons u3 npeacTaBieHHBIX Pe3yabTaTOB, MOKHO YTBEP)KIATh, YTO MPEATIO-
KEHHasi MOJIEJIb TIO3BOJISIET KAUECTBEHHO ONUCATh pa3/elIEHUE CMECH, HAXOAALIEHCS B yCIO-
BUSAX, OJIM3KHUX K 3KCIIEPUMEHTAM.

Pabora nognepxkana POOU, rpant Ne 16-01-00662 a.
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KoHTpakuus B HEpaAaBHOBECHBIX CHCTEMAX
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DKCIIEpUMEHTAIBHO U3YYE€HO Pa3BUTHE KOHBEKTHBHOTO ABM)KEHMS B PAJIE CUCTEM
KUAKOCTEH ¢ Mexk(azHOU TpaHUIICH, Yepe3 KOTOPYIO MPOUCXOUT Tuddy3us mo-
BEPXHOCTHO-aKTUBHOTO BemecTBa. Criennpuka paccMaTpUBAEMbIX 3a/1a4 COCTO-
UT B PaBHOU HAYalbHOU MJIOTHOCTH BCEX KUAKOCTEH — KaK 0a30BbIX, TaK U JUd-
¢bynaupyromeii. B 3Toil cutyanuu rpaBUTallMOHHAs KOHBEKIIMS BO3HHMKAET B pe-
3ynpTare 3¢ ¢eKTa KOHTPAKIMH, MPEICTABISAIONIET0 CO00M HEeaITUTUBHOE U3Me-
HeHHe 00beMa M, COOTBETCTBEHHO, INIOTHOCTH CMECH NPH M3MEHEHHH KOHIICH-
Tpaluy OJHOM U3 €e KOMIIOHEHT. B3aumoaelcTBue rpaBUTALMOHHBIX U KOHIEH-
TPaALMOHHO-KAIIUJUIAPHBIX TEUEHUH IPOAHAIM3UPOBAHO Ha IPUMEPE ABYX 3a/1ad —
(a) ycraHoBiIEeHHUSI KOJIEOATEIBHOTO PEKMMa KOHBEKIUH BOJHM3U BEPTHUKAIBHOM
MeX(a3HOU I'paHUIlbl, IEPErOPAKUBAIOLICH TOPU30HTAIBHBIN KaHal, (6) pa3BU-
TUsL HeycTOMuMBOCTH Teinopa B cUCTeMe ¢ TOPU30HTAIbHOM MexX(a3HO# rpaHu-
1en.
Karwuesble ciioBa: 1uddy3us; KOHTPAKIHs; KOHBEKLIUS

Contraction in nonequilibrium systems

M. O. Denisova®, K. G. Kostarev’, M. V. Oshmarina®, S. V. Torokhova®,
A. V. Shmyrov’, A. I. Shmyrova®
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® Perm State National Research University, st. Bukirev, 15, Perm,614990
The development of convective motion in a number of liquid systems with an inter-
face through which diffusion of the surfactant occurs is experimentally studied. The
specificity of the problems under consideration consists in an equal initial density of
all liquids, both basic and diffusing. In this situation, buoyancy-driven convection
arises as a result of contraction effect, which is a nonadditive change in volume
and, accordingly, the density of the mixture when the concentration of one of its
components varies. The interaction between buoyancy-driven convection and con-
centration-capillary one was analyzed using two problems: (a) the establishment of
an oscillatory regime of flows near a vertical interphase boundary crossing the hor-
izontal channel; (b) the development of Taylor instability in a system with a hori-
zontal interface.

keywords: diffusion; contraction; convection
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KoHTpakmus (IOCIOBHO «CKaTHe») — HEANUTHBHOE M3MEHEHUE 00beMa HepaBHOBEC-
HOM CHCTEMBI XUAKOCTEH B pe3yiabTaTe MOTJIOUICHUS Wi TUpPy3un OJHOM U3 KOMIIOHEHT
CHCTEMBI JIN0O COBEpILEHUS cucTeMoit (pazoBoro nepexona. [IpHunHON KOHTPAKIIMK CITYKaT
M3MEHEHHE MEXMOJEKYISIPHOTO PACCTOSHUSA M (DOPMUPOBAHUE MTPOCTPAHCTBEHHON CTPYKTY-
pHI (TIPH CMEHE COCTOSIHUS CHCTEMBI) JINOO «IepeynakoBKa» MOJIEKYJ 0a30BOH KOMITIOHEHTHI
XKUJKOM CMECH MpU MOSABIEHUHU WM UCUE3HOBEHUH BTOPOI KOMIIOHEHTHI. B OCHOBHOM, BIH-
SIHUE KOHTPAKIMK M3Y4EHO JUI ciaydas (a3oBbIX mepexoaoB [1]. B KuakocTsax KOHTpaKIus
0OBIYHO MACKHPYETCS U3MEHEHUEM CYMMAapHOM MIOTHOCTH BCJIEACTBHE UCXOIHOTO PazINyus
B IUIOTHOCTSIX KOMIIOHEHT CHCTEMBI (KOHTPAKIIMOHHbIE N3MEHEHUS Ha MOPAOK ciadee).

Ponb KOHTpakUMM KapAWHAIBHO H3MEHSETCS, KOrJa B MAacCOOOMEHHBIX IMpOLEeccax
HAYMHAIOT Y4acTBOBAThH JKHMJIKUE CHCTEMBl C PaBHOW WJIM OJM3KOM MIOTHOCTBIO MCXOJHBIX
KOMIIOHEHT. B 3TOM CUTyalluu KOHTPAKIHs HE TOJBKO OINpeNeNnsieT MHTEHCUBHOCTh CBOOO/I-
HO-KOHBEKTUBHOI'O JIBUXKEHUS, HO MOKET CIIPOBOLMPOBATH U NOTEPIO paBHOBECHS IIEPBOHA-
YaJbHO YCTOWYMBO-CTPATU(DHUIIMPOBAHHON CHCTEMBI KHUJIKOCTEH.

B kauecTBe mpuMepa BIMSHHSA KOHTPAKIMH Ha (OPMUPOBAHUE CTPYKTYPHI TEUEHUS
paccMoTpuM paszBuTHe AU(GY3MOHHOTO MPOIecca B CUCTEME KUIKOCTEH ¢ Mex(da3HOH rpa-
HUIICH, TIeperopaxuBaroIield rOpu30HTAIBHBIN TPAMOYTOJIbHBIN KaHal. B kadecTBe 6a30BBIX
(KOHTaKTUPYIOLIUX) KUJIKOCTEH CUCTEMbI BBIOpaHBI CMeCh XJIOpOeH30a U OeH30ia — C Of-
HOM CTOPOHBI — ¥ BOJHBIN pacTBOP XJIOPUCTOr0 HaTpus — ¢ Apyroil. KonnenTpanuu cmecu u
pacTtBopa moi00paHbl TaK, 4YTO UX UCXOAHBIE IUIOTHOCTU PaBHBI IJIOTHOCTU AUDGYHAUPYIO-
1€l KOMIIOHEHTBI, POJIb KOTOPOM BBINOJIHAET YKCYCHas KUCIOTA. M3HauanbHO BCsA KHUCIIOTa
COCpeoTOUYeHa B OMHAPHOM CMECH, a KOHTaKTHPYIOIIHE KUAKOCTH pa3JeleHbl MOIBUKHON
neperopokoi. i Bu3yanu3alunuy noJjiel KOHIEHTPAaUK U CTPYKTYPbl TEUEHUH (ITOCIETHUX
B CHJIy Majoro 3HaueHus kKospduuuenta auddy3un) MCHoiab30BaH MHTEPHEPEHIIMOHHBIH
MeToA. Beicora kanana 2.5 mm, mupuHa 1.2 MM, npoTsbkeHHOCTh 50 MM.

[Ipu ynaneHun NMeperopoiKd B CUCTEME >KMIKOCTEH HaunHaeTcst AudQy3HOHHBIH Tpo-
[[eCC, MPOTEKaomui 0e3 pa3BuTUs KanuuisipHod koHBekuuu, ecimu Cp < 10%, rme Cp —
HayvajbHas MaccoBas KOHIIEHTPALUsl KUCIOTHL B cMecu. [Ipu stom nelictBue 3¢ dexra KOH-
TPaKIMU B CUCTEME TAaKOBO, 4YTO TU(Qy3usi KHUCIOThI U3 OMHAPHOI CMECH B pacTBOp COJHU
MPUBOJUT K JIOKATHBHOMY POCTY IUIOTHOCTH MO 00€ CTOpPOHBI MeX(hazHoil rpaHuibl U Gop-
MHUPOBAHUIO CIA00TO aJIBEKTUBHOTO TEUEHUS TPaBUTALMOHHON Tpuposl (puc. 1. au 1. 6).

Puc. 1. DBosous Mo KOHLEHTPAMK BOIM3M MeX(pa3zHOU TI'paHUIIBI, IEpPEro-
pakuBarolieil kaHan (Bua cOOKy): clieBa — CMECh, ClipaBa — BOJHBIM pacTBOp;
(a, 6) — Co = 10%, Bpems ¢ Hayana ombITa ¢, C: a — 3; 6 — 95;(8, 2) — Cop = 20%,
BpeMsl pa3BUTHUS LIUKJIA C HAavyaja omelTa £1* = 15 ¢, Bpems ¢ Havasa IUKIIa 7, C: 6 —
2;2—-12

153



[IpeBbllieHnEe HayanbHOM KOHIIEHTPALUEW MOPOrOBOI0 3HAYEHUS [2] BEIET K BO3ZHUK-
HOBEHMIO KOHBEKIIMM MapaHroHH, pa3pylaromei pacnpeeneHine KOHIEHTpauu, chopMu-
poBanHoe auddy3ueii. BenencTBue KOHKYPEHIIMN MEXTy KAIMIIISIPHBIM U TPAaBUTAIIHIOHHBIM
MeXaHM3MaMH [BW)KCHHS B KaHaJle YCTaHABIMBACTCS KOJIEOATENbHBIN PEKUM TEUCHHS
(puc. 1 6—2) — KpaTKOBpEMEHHBIE «BCIBIIIKN» MapaHrOHM KOHBEKLIUHU CMEHSIOTCSI OTHOCH-
TEJNBHO MPOJODKUTEIBHBIMA HHTEPBAJaMH BOCCTAHOBJICHUS TEPENa OB MIIOTHOCTH BOJIM3U
rpaHuIbl a3 3a CUeT aJBEKTUBHOTO CBOOOTHO-KOHBEKTUBHOTO JIBHKEHHS.

B ominume ot curyauuu, pacCMOTpPEHHOM B [3], KaNWJUIIPHOE ABM)KEHHE MUMEET BUJ
IBYX Iap BUXPEW, NEPBOHAYAIBHO JOCTATOYHO CUMMETPUYHBIX OTHOCHUTEJIBHO OCH KaHala
(KaK cneicTBUE THAPOHEBECOMOCTH), HO aCMMMETPHUYHBIX OTHOCHUTENBHO MeX(a3HOU Tpa-
HULBI (KaK CIEeACTBUE KOHTpakuuu). Buxpu pasnenens! crpyeid, nogHocsamein [TAB k mex-
¢a3HoOIi rpaHuIe.

JlanbHenmas BOMIOLNA [1ap BUXpEH pa3iauyHa. B HUKHEM Iape BUXpEH CMeCh, IOTe-
PSIB YacTh KHUCJIOTHI BCIEACTBUE TUQPQY3UH, B pe3ysibTaTe KOHTPAKIIMN CTAHOBUTCS TsKeNeH
U HE TOJIBKO y4acTBYET B BUXPEBOM JBM)KEHHUH, HO M PACTEKAETCS 110 JIHY KaHaJla, BBITECHSSA
BBEPX CMECh C MCXOIHBIM COAEp)KaHUEM KHCIOThI. B cMecu Bciien 3a 3Toil 001acThIO BBEPX
cmemaercs U crpys IIAB, ynepxuBas B yrily BEpXHUN BUXPb U YCKOpSsS B HEM — 3a CUET UH-
TeHCU(UKALIUU JBUKCHUS — CHIDKEHUE KOHIIEHTpaluuu KUcioTel. [locneanee xopoio 3aMer-
HO M0 PE3KOMY Iepemnay IoKa3aTens NpeJoMIIeHUs Ha rpaHule Buxpsa. Co BpeMeHeM, yBe-
JUYMBAsCh B Pa3MEPaxX U CTAHOBACH CYLIECTBEHHO IUIOTHEE OKPYXKAIOIIEH Cpeibl, BEpXHUU
BUXph OCENAaeT Ha THO KaHaja, OTCEeKasl MHUTAIOUIYI0 CTPYIO OT MeX(]a3HON MOBEPXHOCTH H
IIpeKpalas TEM caMbIM KalWUISpHOE ABMKEHME. M auIb cBexkas mopLus CMECH, TOCTUra-
Iol1ast rpaHuIb! (a3, 3aMyCKaeT HOBBIM LUK KOHBEKIIMKM MapaHroHH.

Otmerum, 4to HabmomaeMoe (opmupoBaHHME BepTHKaNbHOW crpartudukanuu [1AB
npuOIMKaeT HadallbHBIE YCIIOBUS B KaHalle K omucaHHbIM B [3]. JlelicTBUTENBHO, Yepe3 He-
CKOJIBKO LIMKJIOB YMCJIO KAITMJUISIPHBIX BUXPEH COKpPALIAETCs 10 OJHOM Haphbl, kKak u B [3].

Eme Oosiee HarisiiHO AEHCTBHE KOHTPAKIMM MPOSIBIAETCS B CIydyae TOPU30HTAIBHOM
MeX(a3HOH TpaHMLBI — JUIS BBIOPAHHON CHUCTEMBI XHUAKOCTEH, MOCIOWHO 3aIOJIHSIOUICH
BepTUKAIBbHYIO AuelKy Xene-1lloy. Eciu BOIHBIM pacTBOp XJIOPUCTOrO HATPUS HAXOIUTCS
MOBEPX CMECH, cofepxkalieil kuciaory, To auddy3ust mocneaneit B pacTBOp HapylIaeT Mexa-
HUYECKOE PABHOBECUE CHUCTEMBI, 00ECIIEYCHHOE PAaBEHCTBOM HMCXOIHBIX IMIIOTHOCTEH >KHJIKO-
creil. KoHTpakuys yBeauuuBaeT INIOTHOCTh PAcTBOPA, NOTJIOIIAIONIEr0 KUCIOTY, B TO BpEMs
KaKk 10 JpPYryl0 CTOPOHY MeX(}a3HON MOBEPXHOCTH IUIOTHOCTh CMECH OCTAeTCs MpEexHeH
(moTepsiB KUCIOTY, 0OeTHEHHAs: cMeCch XJI0pOeH30y1a U OeH30J1a B CHIIy KOHTPAKIUH CTaHO-
BUTCS TSDKEJIEE U OIYCKAeTCsl Ha JIHO SIYEHKH, BBITECHAA K MeX(pa3HOU IpaHHIle CMECh C UC-
XOJHOHM IJIOTHOCTHIO). B pe3ynprare pocra rHApOCTATHUECKOTO MaBJICHUS MexdazHas Mo-
BEPXHOCTH Iporubdaercs (puc. 2. a).

ITpu Cy > 10% nedopmanuio MexpazHON TOBEPXHOCTH YCKOPSIET pa3BUTHE KaIHIUISP-
HOUW KOHBEKIIMHU, KOTOpasi CyIIECTBEHHO MHTeHcuduuupyer nuddy3noHHbil mporecc. Bo3-
HUKaOIasi KOHBEKIMS MapaHrOHM MMEET BUJ OTIENbHBIX MapHBIX — PACIOJIOXKEHHBIX I10
pasHble CTOPOHBI MeK(a3HOM TpaHHIIbl — BUXpEH (pucC. 2. a), MUTPUPYIOIIMX K IIEHTPY ObICT-
po mpoBucarolieil moBepxHOCTH pazaena ¢a3. Kpome toro, nedopmanuu MexdazHON TO-
BEPXHOCTH CHOCOOCTBYET U CHM)KEHUE MEX(Pa3HOTO HATSHKEHUS 0 C pOCTOM HayalbHOM KOH-
neHTpanun kucnoTel. Tak, mpu Cy = 20% o = 3 nun/cMm, B To Bpems kak npu Cp = 10% o
BIBOe Ooiblie. Buxpu yBennuuBaiotcs B pasmepe, 00beUHSSICh U (HOPMUPYS, B KOHEUHOM
UTOTE€, CUCTEMY JABYX CUMMETPHYHBIX MAapHBIX BUXPEH, MPUIIETAIOIUX K BOCXOAAIIEH CTpye
CMECH, MOANUTHIBAIOIIEH KaMWUISIPHOE ABM)KEHHUE. POCT KOHIIEHTpalluy KUCIOTHI B PACTBOPE
B 00JIACTH CTPYH BEZET K JallbHEHIIEeMY JTOKaJIbHOMY YMEHBIICHUIO MEXK(Pa3HOTO HATSKCHUS
C OJJHOBPEMEHHBIM IIPEBBILIEHUEM IIJIOTHOCTU HAJl CPEIHEN MIOTHOCTBIO cucTeMbl. Cucrema
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TepseT YCTOWYMBOCTh — (opMHpyeTcs KarieoOpaszHas 001acTh, KOTOpas YCKOPEHHO — IO
Mepe CTeKaHHs pacTBOpa, OOOTAIIEHHOT'O KHCIOTOM — MOTpY)KaeTcs B TOJIIY cMecH (T.O.
HabroaeTcs Kiaccudyeckas HeycToiunBocTh Telnopa, puc. 2. 6).

_)Jl

6 6

Puc. 2. ILH(b(bymﬂ YKCYCHOM KHCJOTBI B BEPTHUKAJIbHOM KaHalle: CHM3y — CMECh C
Co = 20%, BBepxy — Boanslit pactBop NaCl (Cy; = 7.2 %). Bpemsi ¢ MoMeHTa co31aHus
Mex(a3HoU rpaHuLbl ¢, ¢: a —27, 6 —37; 6 — 39

CHmKeHne KOHIIEHTPALUU KUCIOTHI BOJM3HM OCTaBIIEHCS HEMOABIKHON Mexda3zHOH
IPaHUIIB IPUBOJUT K BOCCTAHOBJICHHIO MEX(A3HOrO HATSKEHHS A0 3HAUCHHH, OMM3KUX K
HCXOJIHOMY, B pe3yJbTare 4ero opmupyercs meika Kariu (puc. 26) M Karuisi OTPBIBAETCS.
[Tnomans mMex(pazHOil MOBEPXHOCTH COKpAIIACTCS MPAKTUYECKU JI0 HAYalbHBIX Pa3MEpOB.
Ecnu 3amac cMecH ¢ UCXOJHOW KOHIICHTPALMEN B IOJIOCTH JOCTATOYHO BEJIHUK, TO pa3BUTHE
TEUJIOPOBCKOW HEYCTOMYUBOCTH IIOBTOPSETCH.

AHanusupys NOJIydEHHBIE PE3yJbTaThl, MOYKHO CAENaTh BBIBOJ, YTO MCXOJHOE PAaBEH-
CTBO IUIOTHOCTEH 0a30BBIX kuAKocTer U quddynaupyromiero [T1AB, coco6Hoe, Ha nepBBIT
B3IJIs1/I, 00ECTIeUUTh a/IeKBaTHOE JIabOpaTopHOE MOJAEIMPOBAHME MACCOOOMEHA B YCIOBHAX
HEBECOMOCTH, Ha CaMOM JI€JIeé HE CO3JaeT JKeJaeMbIX yciaoBuil. KoHTpakmus, conpoBoxaa-
fol1ast u3MeHeHnue kouuneHrpanuu I[TAB mo o6e cropoHs! Mex(}a3HOM rpaHUIIbI, TPUBOJUT K
TeHEepalUy JIOKAJbHBIX HEOJHOPOAHOCTEN TUNIOTHOCTH KUAKOCTEH, MOPOXKAAs IPABUTALIMOH-
HyI0 KOHBeKIuMI0. OHAKO 3TH nepenajpl, 10 KpallHeH Mepe, Ha MOPSAOK MEHbIIE, YeEM B
cllydae CUCTeMbl Ha OCHOBE 0a30BBIX OJHOKOMIIOHEHTHBIX JKHUIKOCTeH. B pesynbTare, KOH-
BEKLIMsI MapaHTOHM OKa3bIBAETCsl CIOCOOHOM BBINTH Ha MEepeiHUN IUIaH, MPUBOII K GOpPMHU-
POBAHHUIO TEUCHUH U MOJIEH KOHLEHTPAIMH, OJU3KUX MO CTPYKTYpE K BOHUKAIOUIUM B yCIIO-
BUSIX MUKPOTpaBUTALUH.

Pabora BwImosiHeHa npH noiiepxKke nMpoekTtoB PODU (Ne 15-01-04842) u Bemymeit
Hay4yHo! mkonsl PO (HII-9176.2016.1).
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IIpencraBieHsl pe3ynbTaTbl 3KCIEPUMEHTAIBHOIO HCCIIEIO0BAHUS MONEPEYHOIO
o0TeKaHMs KPYTJOro IMJIMHAPA TYpOYJIEHTHBIM TOTOKOM BOJIBI IIPH MEPEX0/Ie OT
CYOKpUTHUYECKOW K KpUTHUECKOW oOmacTtH, ¢ unucinamu Peiinonpaca Re = (2.07-
2.84)-10°. C ucnons3oBanneM MeTona PIV MoJTydeHb! JaHHBIE O MOJIe OCPEIHEH-
HOM CKOPOCTH BOJNM3M LWIMHIpPAa M IO 3THUM IOJISIM HCCIIEJ0BaHBl BUXPEBBIC
CTPYKTYpHI B OJIDKHEM Cleie 3a LWJIMHAPOM, TMPOBEAEHO CPaBHEHHE HMX MpO-
CTPAaHCTBEHHBIX M KMHEMAaTHMYECKHX MapaMeTpPOB JJIS HECKOJbKUX OecKaBHTAIU-
OHHBIX peKUMOB oOTekanus. [lokazaHo, 4To ¢ pocToM umcia PeifHonbaca BUX-
peBast 30Ha 3a IWIMHAPOM YMEHbIIaeTcs 0oJiee ueM B JIBa pasa.

KaroueBble cjioBa: ruapoauHamMuueckas Tpyoa; nununap; PIV; BuxpeBbie cTpyKTypsl; 00-

paTHOE T€YEHHE

The study of the spatial and kinematic
parameters of the vortex structures behind the

streamlined cylinder

K.G. Dobrosel’skii

Institute of Thermophysics S.S.Kutateladze SB RAS
1 Akad. Lavrentiev Ave, 630090, Novosibirsk
email: dobroselsky@mail.ru

The results of experimental investigation of transverse flow around a circular cyl-
inder turbulent flow of water at the transition from subcritical to critical region
with Reynolds numbers Re =~ (2.07-2.84)-10° are presented. Data on averaged ve-
locity fields around the cylinder are obtained by means of particle image veloci-
metry (PIV). Based on these fields, vortex structures in the near wake behind the
cylinder are investigated, and their spatial and kinematic parameters for several
without cavitation of flow regimes are compared. It is shown that with increasing
Reynolds number the vortex region behind the cylinder decreases more than twice.
Keywords: hydrodynamic tunnel; cylinder; PIV; vortex structures; reverse current

1. BBenenue

[TonepeuHo-o6TeKkaeMble UIMHIPUYECKHE MOBEPXHOCTH IIMPOKO PACHPOCTPAHEHBI B
TeII000MEHHBIX, YHEPTETUUYECKUX U TEIUIOTEXHHUUECKUX ycTpoiicTBax. HecmoTps Ha mpocTo-
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Ty T€OMETPHUH, TEYEHUE BOKPYT KPYIJoro HUIMH/ApPA SBJISETCS YpE3BbIYAHO CII0KHBIM, U 3a-
BUCHUT OT pekuMa oOTeKaHHs. Y CIOBUS 00TEKaHUS M pa3Mepbl BUXPEBOM 30HBI (CTPYKTYp) 3a
TeJIaMU BaXKHBI JJIs1 IPOSKTUPOBAHUS pa3MeElIeHHs] KaKk OJUHOYHBIX, TaK U TPYyINI oOTeKae-
MBIX AJIEMEHTOB B IMAPABIMYECKUX U TEIJIOTEXHUUYECKUX KOHCTPYKIIMSIX.

2. IlocTanoBKka 3amaun

B nannoil paboTe mpuBOIATCS ¢ UCHOJb30BaHHEeM Metona PIV skcnepumeHTanbHbBIE
UCCIIEIOBAaHUS OOTEKAaHUsI KPYIJIOTO LMJIMHPA IMONEPEYHBIM TypOyJISHTHBIM MTOTOKOM BO/JIBI
B KOHIIE CYOKPUTHYECKON M B Hadaje KPUTHUYECKOM obiactu ¢ unciaamu Peiinonbaca Re =
(2.07-2.84)-10° nns GecKaBUTALMOHHBIX PEXUMOB. B KauecTBe paboueil KMIKOCTH
MCIOJIb30BANACh BOJONPOBOAHAS (MIBTPOBAaHHAS Boja. s siipa MOCTOSITHHOM CKOPOCTH
YpOBEeHb TYpOyJeHTHOCTH B KaHaine coctaBmsui Tu = 1%. J[lnga mnpoBeneHus
OKCIEPUMEHTAIbHBIX ~ HCCIICOBAHUN  HUCMOJB30BAIACh  THIPOJAMHAMHUYECKas  Tpyda
3aMkHyroro Tuma [1]  HoBocuOMpCKOro  HAMOHAJIBHOTO  HMCCIEIOBATEIHCKOTO
rocynapctBerHoro  yHuBepcutrera (HI'Y). IlepmeHmukynsipHo  OOKOBBIM  CTEHKaM
IPSIMOYTOJILHOTO pabouero KaHajla pacrojaraics cTalbHON nuiauHap auamerpom d = 0.026
M [2]. VYmpaBieHue SKCIEpUMEHTOM U 00pa0OTKa JaHHBIX OCYIIECTBISUIACh C
MCIOJIBb30BaHUEM ITporpaMMHoro makera «ActualFlow» [3].

3. Pe3yabTaTthl u 00cy:K1eHHe

Ha (puc. 1) npeacraBieHsl CpeaHUE MO CKOPOCTEN V,/u TPpU 0OTEKaHUM LMIMHJPA B
LEHTPAJIBHOM YacTu KaHajia MpU Pa3IMYHBIX yuciax PeiHonbzaca. 31eck u — cpeaHepacxo-
Hasi CKOPOCTh; X U Y — IPOJOJIbHAS U ToTepeyHas 0e3pa3MepHble KOOPAUHATHI B JOJISX d.

v y Valu y v

1.33 1 159 153
124 149 144
1.14 +1.0 139 +1.0 134

1.05 1130 - 11.25

10.96 E 120 E 116
EXTN -110 0.5 106
097

0.60 \h 090 \‘ " 087
059 ] [ L0380 e 078

=1

: 0.5 s o5l it 049
P
0.14 031 : 030
005 _10d 021 021
-0.04 011 -1.0 0.12

-0.14 0.02 002
-0.23 -1.54 -0.08 007

3 0 0.5 1.0 15 20 x 0.5 1.0 15 2.0 X
(6) (8)
Puc.1. ITone ckopocmu v,/u: (a)—Re = 2.0-10°, (6)—Re = 2.5-10°, (8)—Re = 2.8-10°

Hwke, Ha (puc. 2) mpencTaBieHbl CPaBHUTENbHbIE TPAbUKU ~T/q, TIET = —pPU U, — Ka-

caTenbHOE HANPSKEHUE (Uy, U, — COOTBETCTBYIOLIUE MYIbCALUN CKOPOCTEH Vi H Vy; p — IIOT-
HOCTB BOJIBI); ¢ = pu’/2 — CpeHHil TMHAMHUYECKHH Harop Haberaromero motoka. CIuiomHas
JMHUS COOTBETCTBYET KOOPAMHATE X, IPU KOTOPOH CKOPOCTh OOPATHOTO TEUECHHUS 3a IMIJINH-
IpOM MakCHMajbHa, IITPUXOBAs JIMHUS — X = 1.2, INTpUXIIYHKTUPHAs JIuHuA —x ~ 1.5.

Amnanmuzupys (puc. 1, 2) MOXKHO cAenaTh BBIBOJ, YTO Cpa3y 3a MUIMHIPOM 0Opazyercs
yYCTOMUYMBAs, CHIIBHO TypOyIH3UpOBaHHAas 00JIacTh, I1e GOPMHUPYIOTCS BUXPEBBIE CTPYKTYPHI,
MPOTHUBOIIOJI0KHO BPALIAIOIIMECA: OT BEPXHEN YaCTH — I10 YaCOBOM CTPEJIKE, OT HHXKHEU —
IPOTUB 4acoBOM cTpenku. [1o ocpeqHEHHBIM MOJISIM CKOPOCTH Vy U V), ObUIN ONPENEICHBI KO-
OpIMHATHI IIEHTPOB BUXPEH C OTHOCUTEIHHOU MOrpenrHoCThio He Oonee 1 % [2].
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—— ——— ——
0.2 0.15 0.1 -005 0 0.05 0.1 0.15-T/q 0.2 0.15 0.1 -005 0 0.05 0.1 0.15-T/q 0.2 0.15 0.1 -005 0 0.05 0.1 0.15-T/q

(@) (6) (8)

Puc.2. Ilpogunu omuocumenshvix kacamenshvix nanpsicenuii. (a)—Re = 2.07-10°, (6)—
Re = 2.54-10°, (6)—Re = 2.84-10°

Mesx 1y BUXpSIMU SKHJIKOCTh JIBHDKETCSI B HANPABJICHUH, 0OPAaTHOM OCHOBHOMY MOTOKY.
Brosb ocu cuMMeTpun OJIMKHETO ciiefia BeTMYHHA CPEeTHEH CKOPOCTH U3MEHSIETCS HEMOHO-
TOHHO: OHA paBHA HYJIO HA MOBEPXHOCTH IWJIMHJIPA M B KOHIIE 001acTH OOpaTHBIX TOKOB,
MaKcHMalbHa — MPUMEPHO B cpeAHei yacTtu [4]. B Tabnuie nmpuBeneHbl OCHOBHBIE Oe3pa3-
MEpHBIE TPOCTPAHCTBEHHBIE U KHHEMATUUYECKHUE IMapaMeTPhbl BUXPEBOU 30HBI 32 LIMJIUHIPOM.

Taoauua. [lapamempol 8uxpesvlx cmpykmyp 3a 06meKaemviM YUiuHOpoMm

Yucno Re 107 207 | 237 | 254 | 2.84

Jlnuna obpaTtHOrO TOKAa, /,/d 1.00 0.72 0.60 0.45
MakcuMasbHast CKOPOCTh OOPATHOTO TOKA, Vjyay/U 0.32 0.21 0.18 0.17
Paccrosinue Mexay neHTpaMu BUXpeH, Ay./d 0.51 0.45 0.29 0.22
[upuna BuxpeBoi 30161, Ay,/d 1.7 1.1 0.85 0.7

B [4] npuBoasaTcs 3naueHust ckopoctu o0paTHbIX TOKOB (0.15-0.25)u, nnuna obnactu
obpatabIx TOKOB 0.5d = const mis yucen Pelinonbaca Re > 1.5- 10°,

4. 3axkiadenue

ITonydennsie ¢ noMousio Meroga PIV ocpenHeHHble BEKTOPHBIE IIOJISI CKOPOCTH ITOKA-
3aJIM HaJIM4Ke BYX MPOTHUBOIOJIOKHO BPAIIAIOIIMXCS BUXPEBBIX CTPYKTYP B OJIMDKHEM Cllefie
WIMHIpPA ¢ OOpaTHBIM T€YeHHEM Mexy HUMHU. OOHapyX eHO, YTO MPHU YBEIUYCHUU YHCIIa
Re o1 2.07-10° 10 2.84-10° BuXpeBas 30Ha 33 UIMHAPOM YMEHBIIMIACH KAK B IOIIEPEUHOM,
TaK ¥ B IPOIOJILHOM HalpaBiieHUH 0oJiee ueM B JIBa pasa.
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Pemenue ypaBHeHHMI 30HAJBHOTO
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B paGote paccMoTpeHbl cIOCOOBI MOJIyYEHUs! PEHICHHS B HESIBHOM U SIBHOM BUJIE
CUCTEMBbl YpaBHEHHH 3JUIMIITUYECKOTO THIIA, KOTOPHIE OMHCHIBAIOT MPOLIECC 30-
HAJIBHOTO 3JIeKTpodope3a B JABYXKOMIIOHEHTHOM CMECH, C pPa3JIMYHBIMU IPO-
CTPaHCTBEHHO-TIEPUOIUYECKIMH HAYaIbHBIMU TaHHBIMH.
KuloueBble cJjioBa: 30HAIBHBIN 31ekTpodope3; Meron rojorpada; MNPOCTPAHCTBEHHO-
NepUoANYECKHE HayallbHbIe JaHHbIE

Solution to equation for zone electrophoresis
of elliptic type

T. F. Dolgikh®

* Sothern Federal University, Milchakova St. 8A, 344090, Rostov on Don
email: dolgikh@sfedu.ru

We use the special method for solution of the elliptic equations system that de-
scribe the process of zone electrophoresis in a two-component mixture, with dif-
ferent spatially periodic initial data.

Keywords: zone electrophoresis; godograph method; spatially periodic initial data

1. BBeaenue

PaccmaTtpuBaercs 3amada 0 30HATBHOM 3JEKTpPOdope3e — METOolIe pa3/elNeHHus] CMECH
Ha OTJeNIbHbIE KOMIIOHEHTHL. B pabote mpencrasiena moaens 6e3nuddy3nonHoro mpoiecca
NepeHoca BELIECTBA B JIBYXKOMIOHEHTHOM cMecu. CucTemMa KBa3WJIMHEWHBIX YpPaBHEHHM
B YaCTHBIX MPOU3BOJHBIX MEPBOrO MOPSIIKA, OMUCHIBAIOIIASA 33/1a4y O OBEACHUU MHOTOKOM-
MOHEHTHOM JKUIKOCTH O] IEHCTBUEM SJIEKTPHUECKOTO IMOJs, KaK MPaBUIIO, UMEET THIepOo-
nudyeckuid tum. OAHAKO B Cayyasix, KOrja MpOBOJAMMOCTb CMECH YMEHBILIAETCS MPH YBEJIHYE-
HUU KOHIICHTPALMI KOMIIOHEHTOB, THUI YpaBHEHUM M3MEHSETCS Ha 3juIMnTudeckuid [1, 2].
Jns vccnegoBaHus CIUIOMIHBIX CPEJl, KOTOPBIE OMUCHIBAIOTCS AJUIUNTUUYECKUMU YPABHEHUS-
MU, UCHOJIb3YIOTCS MEPUOANYECKUE JIaHHbIE, ONPE/ICIICHHbIE B HAYaIbHBIII MOMEHT BPEMEHHU.
NMenHno Takwe HayallbHBIE JIaHHBIE pAacCMAaTPUBAINCH B TPEIIOKEHHOW padore.
B pesynbpTaTe ymaaock mpocCieauTh O0O0pa30BaHHE MPOCTPAHCTBEHHO-BPEMEHHBIX CTPYKTYD,
BO3HHUKAIOIIMX MPU SBOJIIOLUN PEIICHHUS.

2. INocraHoBKa 3aa4u

Cucrema ypaBHEHH, OMHCHIBAIOINIAST TPOIECC 30HATBLHOTO 3JIeKTpodope3a 0e3 yueTa
muddy3un s ABYXKOMIIOHEHTHOW cMecH, umeeT Buf [ 1, 2]

© Homrux T. @., 2017
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Iy y!
u +y7ﬁ(#) =0, i=1,2, (1)
I+u +u” )
rae ,ui >() — MOCTOSHHBIC MOABHXKHOCTH H U = U’ (X, t) — >ddexTuBHBIE KOHIIEHTpALUH
KOMIIOHEHT CMeCH. 31ech 3(()EKTUBHBIE KOHIIEHTPAIMK U' ONpEIeNAioTCsa Yepe3 KOHIIEHTpa-
LMY U 3apSAHOCTH KOMIIOHEHT CMECH, ITI03TOMY MOT'YT IPUHUMATh KaK MOJIOKHUTEIbHBIE, TaK
UM OTpuLaTelabHble 3HadeHWs. Ho mpu 3>TOM monaHas MPOBOAUMOCTH BCEM cMecH
1+s=1+u"+ u®Bcerna monoxurenbHa.
Cuctema (1) umeer naBapuanTsl Pumana

_ 1
CK'K'K?’

DIUMITHYHOCTH ypaBHeHHH (1) COOTBETCTBYET KOMIUIEKCHO COPSKCHHBIM MHBAPHAH-
tam Pumana K' u co6cTBeHHBIM 3HaYeHUIM A,

PaccmotpuM citydaid, korja Ha KOHType I, KOTOpBIil sABIIseTCst OTpe3KoM ocu t = to, s
o ~ i
ypaBHEHUH (2) onpeeneHbl HayajabHbIC JaHHBIC U3BECTHBIX (QYHKIIUI KO(T)

Ki+AK! =0, A i=1,2. )

KiLZtOZKg(T), a<t<b, i=1,2. 3)

B cirydae >amMnTHYHOCTH ypaBHEeHHH (1) KOMIITIEKCHO CONPSKEHHBIMH OYyIyT HE TOJIb-
K0 cobcTBeHHble 3HaueHus A' u mnHBapuanTel Pumana K', Ho u mapametpsl a u b. B cBasu
C 9TH BBEJIEM CIIEAYIOLUE 0003HaUYEHUs

a=u+iv, b=u+iv, a =b, K, =P +iQ,, K=K'=P+iQ,
K'=K?=P-iQ, k=k'=K2@)=p+iq, k" =k’=K!(b)=p-iq,
rne P=P(u,v), Q=Q(u, V), p=p(u,V), g=q(U, V) — 3To BemecTBeHHbIC (DYHKIINHU OT Be-

IIECTBECHHBIX IEPEMEHHBIX U U V.
Torna B koMriekcHoi Gopme 3amaya (2), (3) 3anumieTcs: B BUIe

KKK, +K, =0, K| =K/7). )

3. Pemenue 3axaum (4) ¢ IPOCTPAHCTBEHHO-TIEPHOANYECKUMH HAYATbHBIMH JTAHHBIMH

s pemennst 3anayuu (4) ObUT UCIIONIB30BAaH MeTOA Troforpada, OCHOBAaHHBIM Ha 3aKO-
Hax coxpaHeHus [2]. B pesynpTaTe ObUTO TOMydeHO aHAIUTHUYECKOE pemeHue t(u, V), X (U, V)
B HESIBHOM BHJIE, KOTOPOE TIOJTHOCTHIO OMPEIEISETCS] HAYaIbHBIMH YCIOBUSMHU:

(uv)=t, P @ (PR, ;?+ZV(p2+q2)), (5)

pG, —(p2 + qz)F0 —2p(p2 +3q2)

x(u,v)=u- e

: (6)

3mece uepes Fy mw Gy o0003HAUEHBI MHUMBICE 4YAaCTH YHUCTO MHHUMBIX (YHKITHI
F(u,v)= 2u__[WP0 (r)dz, G(u,v)= u:[W(POZ (1) +G; (r))d T.

u+iv u+iv

Pemnm 3anauy Komm
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=u’, v =V,
p=0
rae p— HEKOTOPBINA TIapameTp, 3HAYCHUS tu, tv OTpEJIENAIOTCS Hepes bopmyist (5), (6), a u’,
V' OTIPENEIAIOT HW30XPOHY TpH t=t = t(u Vv ) =const. OmnpenenuB oTcioma U=U (p)
V=V (p), HatimeM ¢yHkimu p (U, V), q (U, V) . [lanee BEIYUCISIOTCS KOHIICHTPAIIMA KOMITOHEHT
CMECH TI0 COOTHOIICHUSIM
2 1 1.1 2 2 1 2 2.2 2 2
o w(1-2upr i (pP+q?)) A (1-24p i (PP T))
u = — , u = — . (7)
H—H H —H
Ha pHCyHKe MPEACTAaBICHBI PAaCIpeIeICH s KOHICHTPAIMII KOMIOHEHT CMecH U', U
B pa3IMYHbIC MOMEHTHI BPEMEHU MPH TIEPUOTUYECKUX HAYAIBHBIX JTaHHBIX Po(z') =—aesinT,

2

Q, (z-) =1+ yesin fr . 3neck BUTHO, YTO IPOUCXOIUT MEPEXO OT OJHOTO CEMENCTBA pelIeHU

K JIpyroMy, KOTOPBIN TpeOyeT JOTOJHUTEILHOTO UCCaea0BaHus [2].

Pucynok. Kouyenmpayuu xomnowenm cmecu ut (x, 1), u? (X,2) 6 momenmvr epemenu
t; = 0.2638, t, = 0.4998, t3 = 0.6663, t, =0.7904; u*=—0.2, v*=—-0.30, —0.63, —0.95,
—1.20, coomsemcmeenno,; e = 0.1, a = 0.7, f =2, y=0.5

4. 3arjoueHue

KauyecTBeHHbBIE M3MEHEHUSI C TEUEHHEM BPEMEHHU pelIeHui 3amaun (4) ¢ mepuoauye-
CKHMH HAYaTbHBIMH JAHHBIMH OCOGEHHO OTYETIMBO BHIAHBI [T Bemmduu P (X, t), q (X, t)
(em. [2, 3]): mabmromaeTcst mepexoa OT MPOCTPAHCTBEHHO-TIEPHOJUIECKOTO BO3MYIICHHS
K COJIMTOHOIOA00HBIM TpoduisiM utst J (X, t) U kuHKOmomoO0HbIM mpodwtsiM s P (X, t). Ta-
KUM 00pa3oM, MOXHO BBIIBUHYTh THUIIOTE3Y, YTO B AIUIMITUYECKOM Cllydae 3ajgada (4) onu-
CBIBAaCT HEKOTOPYIO KBA3UT'a30BYIO HEYCTOWYHMBYIO Cpe/ly TUIA ra3a Yarsrusa.

Pabora BbimonHeHa B pamkax 0a30BOI YacTH rocyIapCTBEHHOTO 3aJaHusi MHUHHCTEp-
cTBa oOpa3oBanus 1 Hayku PD Ne 1.5169.2017/BY.
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I/ICC.TIEI[OBaHI/Ie TemnmjaoMaccoo0OMeHa IIPpHU
KOHACHCAINUMU BJIarm B BCHTI’IJIH].[I’IOHHOﬁ
CETHN NMMOA3EMHOI'0O COOPYKCHHUSA
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OmnwuceiBaeTcss MaremMaTuyeckass MOJENb Mpolecca TeromMaccoooMeHa nmpu KoH-
JNEHCAMU B BEHTWISALMOHHOM CETH IOA3EMHOIO COOpyxeHus. Pemenue 3amauu
THJIPOJMHAMUKNA OCHOBAHO Ha MCIIOJIb30BaHUU (DOPMYIIBI pacipeaesieH st CKopo-
CT€H, €IMHOM Ul TJIAAKOCTEHHOI'O, KBAaJPAaTUYHOTO U MEPEXOAHOr0 PEKUMOB
TypOyJIEHTHOTO TeUeHHsI BO3ayxa B TpyoOe. i aHamM3a mpoIeccoB TemI000MeHa
U MaccooOMeHa B TIOTOKE MapOBO3JIYIIHON CMECH NpUMEHseTcs pemienue Jlai-
oHa. [[ns pemenus 3agaun pacrpoCTpaHEHUS TEIJla B TOPHOM MACCHUBE HCIIOJIb-
3yercs meto] GyHKIui ['puHa B couetanuu ¢ nmpeodpazoBanueM Jlarutaca. Pac-
4eT BEHTWIALMOHHOM CETH BEAETCSA C MOMOUIbI0 COUYETaHMsSI METOJA KOHEUHBIX
SJIEMEHTOB €  METOJOM  JIaMHHAapHBIX  pemieHuid. Pa3paGoran  maker
«MineClimate», KOTOPBIN MO3BOJISIET ONMPEICIATh BO3AyXOpaclpeaeneHie B py/i-
HUYHOW CETH, MapaMeTpbl MUKPOKJIMMATA, KOJIUYECTBO BHINABLIEH IpHU KOHJIEH-
calluM BJaru M €€ paclpeesieHUE 0 BETBSIM CETH B NPOU3BOJIBHBI MOMEHT
BpeMeHHU. OleHUBaeTCsl BIMSHUE PA3IUYHBIX [1apaMETPOB, TaKUX KakK: pacxof,
rJIyOMHa TOPU30HTA, TUTPOCKONUYHOCTh TMOPOJ U JIpP., HA KOJIMYECTBO BBINAAAI0-
II€H BJIarM U BEIMYMHY 30HBI KOHJEHCALIMHU B BEHTWIALIMOHHOMN CETH MOJ3EMHO-
IO COOPYKEHHS.

KiroueBnble ciioBa: BCHTHUJIAIIMOHHAA CCTh, KOHACHCALIHA, TEIIOMAacCcoOOMEH

Research of heat and mass transfer during
the moisture condensation in ventilation
network of underground structure

O. 1. Dudar?, E. S. Dudar®

* Perm National research Polytechnic University, Komsomolsky Ave. 29, 614990, Perm

email: olegdudar@yandex.ru

The mathematical model of heat and mass transfer at condensation in ventilation
network of an underground construction is described. The solution of the hydrody-
namic problem is based on use of the formula of velocity distribution which is uni-
versal for smooth-pipe, quadratic and transitional regimes of air flow in a pipe.
Lyon's solution is used to analyze heat and a mass transfer processes at condensa-
tion. The method of Green’s functions in combination with Laplace's transfor-
mation is applicateded to analyze heat conductivity in rock massif. Calculation of a
ventilation network is fulfilled by means of the combination of the FEM and the
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laminar solutions method. The package “MineClimate” is created which allows de-
termining microclimate parameters, amount of the condensed water and its distri-
bution at the network. Influence of various parameters such as the mass flow rate,
the mining depth, rock hygroscopicity etc. on the dropping moisture amount and
the condensation zone size is considered.

Keywords: ventilation network; moisture condensation; heat and mass transfer

1. BBeaenue

B temnoe Bpems rona atMocdepHBIN BO3AYX, MOMagas B BEHTUISIIUOHHYIO CETh TMOJ-
36MHOT0 COOPYKEHHS, OXJIAKIACTCS MPU KOHTAKTEe ¢ 00J1ee XOJI0HBIMU TOPHBIMH ITOPOIaMHU
1 BBICBOOOXKIaET COJEpkKAIIYIOCs B HEM Biary. [IpakTuka mokas3plBaeT, 4TO KOJIMYECTBO BbI-
najgarormeid Bnaru Mmoxxet nocrurath 10000 ToHH 3a ce30H. B qanHol paboTe paccmaTpuBaeT-
Csl MaTeMaTU4ecKasi MOJIEIb SIBJICHUSI U HAa €€ OCHOBE JUIsl MOACIIbHOM BEHTUJIILIUOHHOM CeTH
ompenenstorcs (HakTopbl, HanOoJiee BIUSIONIME HAa KOJWYECTBO BBITIAJAIONICH BJIard W Ha
CTENEHb €€ JIOKaTU3aLHH.

2. MartemaTHueckas MOJeJIb Mpouecca KOHACHCAIIUU BJIaru

B kauecTBe 31eMEHTapHOTO 00BbEKTa BEHTHISIIMOHHON CETH paccMaTpUBaeTCs IMIJINH-
JpUYECcKas M0JIOCTh, 10 KOTOPOM ABUXKETCS CMECh CYXOI'0 BO3[yXa U BOJSHOTO Iapa.

Teuenne BO3/ayxa MO IMOJIOCTH CYUTAETCS CTAOMIIM3MPOBAHHBIM, MPUYEM BO3MOKHBI
PEKUMBI TEUCHUS: JTAMUHAPHBIA, a Takke TypOYJIEHTHBIE IJ1aJKOCTEHHBIN, KBaIpaTHUHBIA U
nepexoanblif. Temno- 1 MaccooOMEH B MOTOKE pacCMAaTPUBAIOTCSA KaK KBa3MCTAIlMOHAPHBIC
IIPOLIECCHI, a PACIPOCTPAHCHUE TEIUIA B FOPHBIX NOPOJAX — KAK HECTALMOHAPHBIN IIPOLECC.
JIyist 3aMBIKaHWS YPaBHEHUU MCIIOJIB3YETCs MOJIyIMIIupuyecKas Teopus [Ipanaris.

Torpa nocraHoBKa 3a1aun TerIoMaccooOMeHa MpU KOHAEHCALUY Tapa U3 IBUKYILEH-
Cs MO LMIMHIPUYECKOM IOJOCTH B TOPHOM MACCHUBE MApOBO3AYIIHOW CMECH OIMCHIBACTCS
CJIEYIOIEH CUCTEMOM YPaBHEHUM B YACTHBIX IIPOU3BOIHBIX:

PV -VVv=—Vp+V 6, + LAV, (D)
V-v=0, ()

G, = pge(VV+VVT), 3)
PeC,V-VT =V pyc,(a+s,)VT, 4)
v-VC=V-p, (D+&,)VC, (5)
pcaa—f:V-(/IVT), (6)

IJie V — BEKTOP CKOPOCTH; 6, — TEH30pP TYpOYJICHTHBIX HapsHKEHUI; p — naBienue; 1 — Temie-
parypa; C — MaccoBas KOHIIEHTpalus BOASHOTO mapa; i, a, D— Ko3(hUIHEHTHl MOJIEKYIISIp-
HOMW BS3KOCTH, TEMIIEPATYpONpoBOAHOCTU U quddy3uu; €, &, €p, — KOIDPULUEHTHI TYpOY-
JIEHTHON BSI3KOCTH, TEMIEPATypoOIpOBOAHOCTH U Aupdy3uH; p,, ¢, — ILIOTHOCTb, U
n300apHas TEIUI0EMKOCTh BO3/1yXa; p, C, A — INIOTHOCTh, TETJIOEMKOCTh M TEIUIONPOBOAHOCTD
TOPHBIX MTOPOI.

PaccmarpuBaemasi mpobiema pacrajgaercss Ha TPH B3aUMOCBSI3aHHBIE 33/1a4M: THAPO-
muHamuku (1-3), Tero- 1 MaccooOMeHa B mapora3oBoii cmecu (4 ,5) U TEIIONpPOBOAHOCTH
TOpHBIX TopoJ (6). B3aumMHOe BIMsSHKE 3THX MPOLIECCOB YUUTHIBAECTCS YCIOBUSIMHU COTPSIKE-
HUS Ha TPaHULE, KOHBEKTUBHBIMU CJIATA€MbIMH M YYETOM BIIMSHUS ONPEIENSEMbIX BEIUYHH
Ha CBOWCTBA Mapora3zoBoOil CMecH.
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Jlns TaMUHApHOTO pekuMa JBMXKEHUs pelieHue ypaBHeHuil (1, 2) maer Ha y4acTke
THIPOJMHAMUYECKON CTAaOMIM3AMK MIMHAPUYECKOHN MOJIOCTH MapaboaryecKuil mpoduib
ckopoctu. B pabore [1] monyyena gpopmyna pacnpeneneHust CKOpocTe, enquHast Juis r1aKo-
CTEHHOTO, KBaJpaTUYHOTO M MEPEXOTHOT0 PeXUMOB TypOyneHTHoro tedenus. Ilpu u3Bect-
HOM TIpo(duse CKOPOCTH 3aJaua TUAPOJIMHAMHUKHN CBOJMUTCS K ONPEIEICHUI0O MAacCOBOTO pac-
X0Ja B LIWIMHIPUUYECKOH TIOJIOCTH U Nepenaia JaBJIeHUs 110 €€ IJINHE.

[Ipu ananm3e mpoueccoB TEIUIO- U MAacCOOOMEHa MpH KOHAEHCAIMU M0JaraeM, 4ro
TOJIIIMHA 00pa3yrolieics MIeHKU KOHAEHCaTa Ha CTEHKE MOJIOCTH MaJla, IIO3TOMY MEpenagoM
TeMIepaTyphl B IJICHKE JKUJKOCTU MOXHO MpeHeOpeub. AHAIOTHs MPOIECCOB TEMIO- U Mac-
cooOMeHa MO3BOJIAET UCIOJIb30BaTh U3BECTHOE pelleHue JlalloHa i pelieHus Kak 3a/1adu
TerIoo0MeHa, Tak U MaccooOmMeHa [2].

Meroa ¢ynkuuit 'puna B codetanuu ¢ npeodpazoBanuem Jlamnaca ucrnonb30Baics s
pemenus 3anaun (8) o pacHpoCTpaHEHUM TeIla B OECKOHEYHOM TOPHOM MAacCHUBE OT JIBU-
XKYIIETrocs B WJINHAPUYECKOM MOJIOCTH IIOTOKA BO3yXa IIPH IPOU3BOJILHOM U3MEHEHUH €TI0
CpPEHEMACCOBOW TEMIIEPATYPHI.

Jlig pacdera JaBleHUH B y371aX U pacXoJ0B B BETBSIX BCEH BEHTWILIMOHHOM CETH MC-
MI0JIB30BAJIOCH IPENJIOKEHHOE aBTOPAMU COYETAHUE OJHOMEPHOI'O METOJA KOHEYHBIX dJIe-
MEHTOB M M€To0/1a JJaMUuHapHbIX pemienuit (MKD-MJIP), kotopoe MokeT ObITh HCTIOIB30BAHO
JUISL aHAJIM3a MPOoLecca TeUEHUs XKHUIKOCTH B JIFOOOM (JITaMUHAPHOM, TJIaIKOCTEHHOM, KBajpa-
TUYHOM, TIEPEXOAHOM) pekume [2].

3. HcciaenoBanne BIUSIHUSI HEKOTOPBIX NAPAMETPOB HA NPOLECC KOHACHCANMHT

B nannoit pabote TeOpeTHYECKH ¢ MOMOUIbIO Pa3pabOTaHHOTO aBTOPAaMH HCCIeloBa-
TEJNBCKOI0 MakeTa MpHUKIaAHbIX nporpaMMm «MineClimate» mccienoBanocs BIUSHHE HA KO-
JIMYECTBO BBINAAAoUIe Biaru M u pa3mep 30HbI KOHAEHCAMU L TakuxX MapaMeTpoB, Kak:
pacxo] BO3/lyxa, €ro CpeIHeroloBasi Temreparypa, riiyoMHa rOpu30HTa MOJA3EMHOTO COOPY-
KEHUS, TUTPOCKONMYHOCTh TOPHBIX NOpoA U Ap. IIpu 3ToM noA3eMHYIO CETh MOJIEIUPOBAIH
CHCTEMON mapajuienbHbIX BbhIpaboToK. Ha (puc. 1) B kauecTBe mpuMepa MOKa3aHO BIIHSHUE
Ha BeJIMYUHBI M U L TIIyOMHBI TOPU30HTA MOJ3EMHOTO COOPYKEHHUS.

M, m L, km

13572 4,00 A

10179 \ 3.00 \

6786 _ 2.00 \ a

3393 \\ d 1,00 \ i

0.00 ~N - 0.00 \

100 280 460 640 820 H,m 100 280 460 640 820 H,m

(a) (©)

Puc. 1. 3asucumocms xonuuwecmea sevinaoaroweu éracu M (a) u pazmepa 30Hbl
KoHOeHcayuu L (6) om 2nyOuHbl 20pu30Hma noo3emno2o coopyoicerus H .

Chnucok Jureparypsl

1. [yoapv O. U. 3ak0H CONMPOTUBIEHUS U PaCIpENIeICHHe CKOPOCTEH IPU MEePEXOTHOM pe-
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MaremaTn4eckoe MOJeJJMPOBaHUE CTPYKTYPbI
TPA0EeKYJSAPHON KOCTHOM TKAHHU

A. . Aaqokuna’, A. A.Knuenko®.

* TlepMcKuii HAITMOHAIBHBIN HCCIIEA0BATEIbCKHN MTOUTEXHUUCCKUN YHUBEpCUTET, 614000,
Ilepmb, Komcomonbckuii mpocmekr, 29,
email: Nahinya@yandex.ru

PaccmarpuBaroTcs HEKOTOPBIE BOIIPOCHI, CBSA3AHHBIE C KOJUYECTBEHHBIM OIIMCa-
HUEM CTPYKTYpBI TPaOEKYJIpHON KOCTHOM TKaHHU, MCIIOJIb3YS] METOJIbI CTEPEOI0-
rui. KoTopsle ocHOBaHBI Ha aHAJIM3e OCOOCHHOCTEH pachpeneseHus TpaOeKyl B
npocTpaHcTBe R®, MCXOIA M3 HEMOJHOTO PACCMOTPEHMS JBYMEPHBIX 06pa30Ba-
HUW B 3TOM IpocTpaHcTBe. Ha NaHHBIM MOMEHT, BEJIMYHMHOW, YYHUTBHIBAIOIICH
MOP(}OJIIOTHYECKOE CTPOCHUE KOCTHOM TKaHH, SBJSIETCS TEH30p BTOPOTO paHra,
HAa3bIBAEMbIIl TEH30pPOM CTPYKTYpPbl. OKCIEPUMEHTAIBHO YCTAHOBJIEHO, 4YTO
TEH30pP CTPYKTYPHI SBIISETCS CUMMETPUYHBIM U ITOJOKUTEIBHO OIPEIEICHHBIM.
B 3TOM HcCcnenoBaHuy IPOU3BEACHA aBTOMATU3aLUs pacy€Ta TEH30pa CTPYKTYpPHI
JIBYXMEpPHBIX 00pa31oB. B pe3ynbraTe yero Obl1 pa3paboTaH mporpaMMHBIN MPO-
IYKT, KOTOPBIM € IIOMOIIBIO METOAA CPEIHEr0 PacCTOSHUS MEXKAY IIOpaMH, pac-
CUMUTBHIBAET TEH30pP aHU30TPONMH, a MOCiE (IIPU MOMOIIM TEH30PHBIX OINEpaLHii)
HAXOJUT TEH30p CTPYKTYphl. Pa3zpaboTaHHbIN MpoayKT Mpomén Bepudukanuio Ha
TECTOBBIX o0pa3lax M MOATBepAMT OOOCHOBAaHHOCTh  aBTOMAaTHU3ALUU
OIIPENEICHUS TEH30PA CTPYKTYPBL.
KaroueBble cjioBa: TpabexyisipHasi KOCTHAs! TKaHb; TEH30p CTPYKTYpPbI; CTEPEOJIOTHS

Mathematical modelling of trabecular
bone structure

A. D. Dyadyukina®, A. A. Kichenko’

* State National Research Politechnical University of Perm, Komsomolsky Av. 29,
Perm, Russia, 614000,
email: Nahinya@yandex.ru

We research a mathematical model of bone's structure. The mathematical model of
a bone is built, basic properties of investigated object save, including bone anisot-
ropy, which can be described by the methods of quantitative stereology, herewith
morphological features of bone structure represented by the fabric tensor. The arti-
cle focuses on the one of the methods of quantitative determination of the charac-
teristics of bone structure. The received results will be able to use to display the
structural features of the bone. We create the program product, that calculates the
anisotropy tensor and get fabric tensor. We use tensor's algebra and the methods
of stereology by our accounts. The developed product has passed the verification
by test samples and has showed own operability.

Key words: trabecular bone; fabric tensor; stereology
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OnopHO-ABUraTeNbHBIN anmapar sSBISETCS CI0KHONH MHOTOYPOBHEBOU OMOIOTHUYECKOM
CUCTEMOM, NOCTUTILIECH B MPOLECCE HBOIIOLHUOHHOIO PA3BUTHUS ONTUMAJIBHOM CTPYKTYPHOU
opranu3zaiuu [1]. Haubosee cnoxxHOE CTPOCHHE MUMEIOT KOCTH, KOTOPhIE OTHOCSATCS K Iac-
CUBHOM 4YacCTH JBHMraTelbHOro ammaparta. OHU IOJBEPraroTCsl HEPEPHIBHOMY MEXaHUYECKO-
MY Harpy>eHHIO BCIIEJICTBUE BECOBON HArpy3ku, TOHyca U paboThl MbIII. Bce kocTi umeroT
IUIOTHBIA MPOYHBIA BHEIIHUN CIIOM, KOTOPBIA COCTOUT U3 KOMITAKTHOIO KOCTHOT'O BEILIECTBA
u o0pa3yeT KOPTUKAIbHYIO KOCTHYIO TKaHb. BHYTpeHHHMIi CIIOM KOCTH, B CBOIO OUY€pelb, CO-
CTOUT U3 KOCTHBIX IUIACTHHOK M TMEepeKIauH (TpadeKyit), 00pa3ykoux SYeUCcTyro, ry0o4arTyio
apXUTEKTYpPY — TpaOeKyISIpHYIO KOCTHYIO TKaHb.

B cootBercTBUM C 3akoHOM Bousb(da, KOCTh MOXKET aJanTUpOBaTh CBOIO CTPYKTYpY B
OTBET Ha MEXaHWYECKOE BO3JEHCTBHE, M, CIEIOBATEIbHO, HANpaBlieHHEe Tpabekya B ryoua-
TOM BELIECTBE B 3HAUUTEIBHOM CTENEHU 3aBUCUT OT HANPSIKEHHOTO COCTOSIHUS, UCIIBIThIBA-
€MOT0 KOCTBIO [2].

CTpyKTypHast aHU30TPOIHUS TYOYaTOTO CJI0SI KOCTH CYIIECTBEHHO BJIMSET HA €€ MEXaHu-
yeckue cBoiictBa. C Ipyroif CTOpOHBI, MEXaHUYECKUE CBOMCTBA TPAOEKYIIPHON KOCTH B 3HA-
YUTEJIBHON MeEpe ONPENEISAIOTCS €€ BHYTPEHHEW apXUTEKTypOHM M IOJYUHSIOTCS TEM XKe
IIPUHIMIAM, YTO M HECYIIMe KOHCTPYKUUH [3]. AnanTallMOHHbIE U3MEHEHMs Pa3InYHOM, B
TOM YHCJI€ TTaTOJIOTMYECKON MPUPOIbI, IPOUCXOIAIINE B TYOUaTO KOCTH, MOTYT IIPHUBOIUTH
K YMEHBIICHUIO MPOYHOCTH KOCTH M YBEIHMYEHHUIO PUCKa ee MeperaoMoB. Takum obOpazowm,
BO3HUKAET HEOOXOAMMOCTh KOJIMYECTBEHHOTO OMHUCAHUS CTPYKTYpPbI I'y0UaToi KOCTH U MpO-
HCXOJAIINX B HE U3MEHEHHUM.

B nanHoOi paboTe Ui KOJMYECTBEHHOTO OMUCAHMS CTPYKTYPbI TPaOEeKyJIsSpHOH KOCT-
HOM TKaHU MCHOJIB3YIOTCS METOJbl KOJIMYECTBEHHON CTEPEOJIOTHH, KOTOPHIE OCHOBAHbI Ha
aHanmM3e 0COOEHHOCTEH pacnpeseseHus TpabeKyll B IPOCTPAHCTBE R’, MCXO/IS U3 HEMOIHOTO
paccMOTpeHHs ABYMEPHBIX 00pa3oB B ATOM MpocTpaHcTBe [3, 4]. B Hacrosiiee BpeMs mpu-
3HAHO, YTO BEJIMYMHOM, MO3BOJISIIOIIEH yUECTh aHU30TPOITHOE CTPOEHUE KOCTHOI'O MaTepua-
7a, SBJSIETCS TEH30p BTOPOTO paHra, Ha3bIBaeMblil TeH30poM cTpykTypsl H (fabric tensor)
[2, 3, 5]. DOKCHEpUMEHTAIbHO YCTAaHOBJIEHO, YTO TEH30P CTPYKTYpHI SIBIISIETCS CUMMETpPUY-
HbIM U IOJIOKUTENBHO OIpeaenaeHHbIM [2, 6]. Jlns ompeneneHus TeHzopa cTpykrypsl H
HEO0OXOIMMO OMpEeAEeTUTh TeH30p aHu3oTpornuu M, CBS3aHHBIA ¢ HUM cooTHoieHueM (1)
[6].

1
H=M")? (1)

JInst OCTPOEHUsT TEH30pa aHU30TPONMK HEOOXOAUMO PACCUUTATh PsiJ BCIIOMOTATelNb-
HBIX CTEPEOMETPUYECKHX BEJIMYMH, JUI1 4YE€TrOo MCIOJIb3YETCS METOJ[ CPEAHEr0 PAacCTOSHUS
Mexay nopamu [6, 7]. Kotopslil 3aKkirodaeTcsi B ONPEAEICHUH CPEIHETO PACCTOSTHUS MEKIY
nopamMu B TpEX pa3nuyHbIX HampasieHusx 0; =0°, 0, =120° 0;=240° u cBsa3bIBaeTCs C
KOMITOHEHTaMH TEH30pa aHU30TPOIHHU CIEAYIOIUMU COOTHOLIEHUSMU:

1’"11 =/
myy =§(2f2 +2f3-/1)

(2)
my =?(f3 - f2)

B 1

T A2
Ly(9;)

B marpuyHOM BHJIE TEH30p aHU30TPOIIUU MOXKET OBITh TPE/ICTABJICH:

i=1..3.

i
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my,  mp

M= 3)

my, My
B cooTBercTBHM C BBIIEU3TI0KEHHONH METOAMKON ObliIa HAalMcaH MPOrPaMMHBIN IPO-
TYKT, CIIOCOOHBIN aBTOMAaTUYECKH PACCUUTHIBATH TEH30P CTPYKTYpPhI KOCTHOM TKaHu. J{ist pe-
aM3aIy JaHHOW METOJMKH HCTOJb30Balcs nmakeT Delphi 7, BO3MOXHOCTH KOTOPOTO TO3-
BOJISIIOT aHAJIM3UPOBATh N300paKEHUE M COBEPIIATh HEKOTOPbIE MATEMAaTHUECKUE OTIEPALIUH.

['oTOBBIN IPOAYKT, UMEIOMINI MHOTOOKOHHBIN HHTEp(deiic, criocoOeH:

1)  IlpumeHSTH METOJ CPEHETO PACCTOSIHUSA MEXIY MOpaMu K MUKpodoTorpaduuu KocT-

HOTO 00pasIa.

2)  CrpouTh cpeiHEee pacCTOSIHUE MEXAY TOPaMU B IOJIIPHOM CUCTEME KOOPAMHAT, KOTO-
pO€ MOYKHO BU3YaJIM3UPOBATh AIIIUIICOM;

3)  PaccuutbiBaTh KO3((GUIMEHTH TEH30Pa aHU3O0TPOIIHH;

4)  HaxoauTb TEH30p CTPYKTYpBI;

5)  BbIBOOUTH pe3ynbTaThl HA SKpaH.

Bo uzbexxanue ommOOK MpOrpaMMHBIA MPOIYKT MPOIIET BEepUPHUKAIIMIO Ha TECTOBBIX
o0pa3iax u MpoJIEMOHCTPUPOBAI CBOIO pabOTOCIIOCOOHOCTH B OTPEACICHUN TEH30Pa CTPYK-
TypHI [8].

Pestomupyst Bc€ BhIIIECKa3aHHOE, B MPOBEAEHHOM HMCCIEIOBAHUU OBLIT M3Y4eH METO[
KOJIMYECTBEHHOT'O OINMCAaHUA CTPYKTYpbl KOCTHOM TKaHHM, KOTOPBIM 3aKJIIOYaeTcsl B
HAX0XJACHUHU TEH30Pa aHU30TPOINHU C MOMOUIBIO MOJCYETA CPEAHETO PACCTOSHUS MEXKIY
nopamu. [laHHbI MeTox ObLT aBTOMAaTH3WMPOBAH, UL 4Yero ObLI HAMHMCAaH MPOTPaMMHBIHI
OPOAYKT,  KOTOPBIA  mpomén  BepuUKALMIO W MPOJEMOHCTPUPOBAT  CBOIO
paboTOCTTIOCOOHOCTS.

Pabota BhinosnHeHa npu GpuHaHcoBoi noanepxke PODU (rpant 15-01-04884—a).
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YucaenHoe uccjaeaoBanve IMHAMUKH
BHYTPHMKAMEPHBIX MPOLECCOB NPH
CpadaTbIBAHUU PAKETHOI0 ABUIaTEIA

HA TBEPAOM TOILIMBE
M. IO. Eropos

[TepMckHii HAMOHAIBHBIN UCCIEA0BATEIBCKUI MMOTUTEXHUYECKUN YHUBEPCUTET
614990, Poccus, r. [lepmb, KoMcomonbckuii mpocnexT, 29
email: egorov-m-j@yandex.ru

Jljig onTUMU3alUy IapaMeTPOB PAKETHOTO ABUIATENsl HA TBEPIOM TOILIMBE IPE.-
IIPUHATA MONBITKA MPSMOTO YHUCIEHHOIO HCCIIEJOBAaHUS €r0 BHYTPUKaMEPHBIX
nporeccoB. PopmynupyeTcst conpsHKEHHAs 3ajjada, BKIIOYaromas B ces: — cpa-
0aTpIBaHHE BOCIUIAMEHHTEJISI; — MIPOTPEB, BOCINIAMEHEHHUE U TOCIEIyIoIee rope-
HUE 3apsa TBEPAOTO TOIUIMBA; — TEUEHUE BO3/lyXa U MPOAYKTOB CrOpaHus B Ka-
Mepe cropanus (BKIJIIOYas KaMepy BOCIIAMEHHUTENS ), Ta30X0axX, COIIOBBIX OJI0-
Kax M 3a COIUIOBBIMHU OJIOKaMH; — pa3repMeTH3alusi KaMepbl CrOPaHWe U BBUIET
3arJIylieK COIUIOBBIX OJOKOB. [t pemieHHs MOCTaBJICHHOW 3ajauu pa3zpaboTaH
KOMIIJIEKC MPUKJIAJHBIX porpaMM Ha OBM, ucnons3yromuii cTaniapT MHOTOIIO-
ToKOBOM 00paboTku mHpopmanuu OpenCL. IIpuBeneHsl pe3ynbTaTbl pacuéToB.
IIpencraBieHo pacnpenesieHue BO BpEMEHM J1aBiIeHUs B razoxoaax. Gukcupyercs
reHepalus CIOXKHBIX KOJIeOAaTeNbHbIX MPOLIECCOB, BKIIOYast 3P PEeKTh TUIa «Oue-
HUE.

KiroueBble cioBa: UnucineHHOE HCCIEI0BAHUE; PAKETHBIN JBUTATEIb HA TBEPAOM TOILIUBE;

BHYTPUKaMEPHBIE ITPOLIECCHI

Numerical research of dynamics intracameral

processes when firing a rocket engine solid fuel
M. Yu. Egorov

Perm National Research Polytechnic University

614990, Russia, Perm, Komsomolsky prospect, 29

email: egorov-m-j@yandex.ru

In order to optimize the parameters of the rocket engine solid fuel attempts to di-
rect numerical study of its intra-chamber processes. Formulated conjugate task in-
cludes: - operation of the igniter; - heating, ignition and subsequent burning of
solid fuel charge; - for air and combustion products in the combustion chamber
(including igniter chamber), ducts, nozzle block and the nozzle block; - depressur-
ization of the combustion chamber and nozzle caps crash blocks. To solve this
problem has developed a set of applications on a computer that uses standard
OpenCL multithreading information. The results of the calculations. The distribu-
tion of pressure in time flues. Fixes the generation of complex oscillatory process-
es, including "beating" type effects.
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CoBpemeHHbI pakeTHbIN ABurarens Ha TBEpAoM TorumBe (PATT) — cnoxkHas TexHude-
CKasi CUCTEMa, B KOTOPOIl OJHOBPEMEHHO IPOTEKAET PsiJi B3aUMOCBS3AHHBIX (CONMPSHKEHHBIX)
HECTALMOHAPHBIX U HEJNMHEHHBIX (PU3MKO—XUMHUYECKHX MporeccoB [1-7 u np.]. PakerHsrii
JIBUTaTellb, pacCMaTPUBAEMbIN B HacTosIIed paboTe, UMeeT CBOM (PyHKIMOHAIBHBIE U KOH-
CTpyKTUBHBIE 0cobeHHOCTH. KoHdurypauus razogunamudeckoro tpakra PATT nmpencrasie-
Ha Ha (puc. 1).

Puc. 1. Kongueypayus cazoounamuueckoeo mpaxma PITT: 1 - c600600Hb1l 00bEM
Kamepul ceopanus, 2 - YeHMpAIbHblil 2a30X00, 3 - Kamepa 60cnaameHumens, 4 - 60ko-
8011 2a30X00, 5 - CON080U OIIOK.

JIns oNTHMHU3ALKU TTapaMeTPOB PAKETHOTO JBUraTellss B IpeuiaraeMoil pabore mpen-
IIPUHATA MOMBITKA IPSIMOI0 YUCIEHHOTO MCCIE0OBAHUS €T0 BHYTPUKAMEPHBIX POLECCOB (Ha
YPOBHE NIOCTAaHOBKH BBIUMCIMTEIBHOTO 3KCIIEPUMEHTA). PaccmaTpuBaThesl CONpsbKEHHAS T10-
CTaHOBKa 3aJa4yM, BKIIOYaroIas B ceds: — cpabaTbiBaHUE BOCIIAMEHUTEIS; — IPOTPEB, BOC-
IUTAMEHEHHE M TOoCTenylollee HECTAllMOHAPHOE U TypOYJIEHTHOE ropeHHe 3apsja TBEPIOTO
TOILIMBA; — HECTALMOHAPHOE YIApPHO-BOJHOBOE U BUXPEBOE TOMOI'C€HHOE TEUEHUE BO3yXa U
IIPOJIyKTOB CrOpaHUs B KaMepe CropaHus (BKJIIoYash KaMepy BOCIUIAMEHUTEIN), ra30xojax,
COIJIOBBIX OJIOKAaX M 32 COIUIOBBIMU OJIOKaMHU; — pa3repMeTU3aLUI0 KaMephbl CTOPaHUE U BbI-
JIeT 3aryynieK 4eThIpéX COIUIOBBIX 070k0B. Kaxkaas m3 moj3azgay paccMaTpHBaeTCsl BO B3au-
MOCBS3U U pPa3pelaeTcs 0JHOBPEMEHHO.

IIpuBenéM HEKOTOpBIE PE3yAbTaThl YUCIEHHBIX PACYETOB TUHAMUKU BHYTPUKAMEPHBIX
nporeccoB npu cpadareiBanuu PJATT. M3MeHeHue napaMeTpoB MOTOKA MPEACTABICHO B 0€3-
pasMepHOM BHJE, BpeMsl JITaHO B YCIOBHBIX enuHHIax. Ha (puc. 2) moka3zaHo M3MEHEHHE BO
BPEMEHH JIaBJICHUS I'a30BOl cMecH B (PMKCUPOBAHHOW TOYKE (BEpIIMHE) OOKOBOTO ra3zoxoja
PATT. Ha (puc. 3) mokazaHo U3MEHEHHUE BO BpEMEHH ((PparMeHTAILHO) IABICHHS B YETHIPEX
TOYKax (BepIIMHAX) YEThIPEX OOKOBBIX ra30X0J0B B YBEIMYCHHOM MaciiTtabe. Oukcupyercs
CJIOXHBI BOJHOBOH (I1yJIbCALlMOHHBIN) XapakTep TeueHus. YacToTa HU3KOYACTOTHBIX ITyJb-
Calllil JTaBJICHUS XOPOULIO COIVIACYETCsl C YAaCTOTOM NEPBOM IMPOAOJIBHOW MObI, OIpENEsie-
MO M0 M3BECTHOW aHAIIUTUYECKOW 3aBHCUMOCTH f =a/ (2-1) [8], Tme a— ckopocTh 3BYyKa,

[ — nnuHa GokoBoro raszoxona. ®dukcupyercs 3¢dexr thuna «ouenue» [9,10]. Ilpuuém am-
IUINTY/A KoeOaHuil JaBIeHUsl CO BpEMEHEM Bo3pacTaeT. Bo3moskeH addext pe3oHaHca, uTo
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KOCBEHHO TIOATBEPKIACTCS SKCIEPHUMEHTAIbHBIMU JTAaHHBIMU TI0 CTEHJIOBOM OTpabOTKE pa-
KETHOTO JIBUTATeNs (IaT4rKaMu Teperpys3ku). JlanpHeimeMy BO3pacTaHUIO0 aMILTHTYAbI KO-
neOaHuil aBJIeHUs MPEMATCTBYET BBUIET 3arilylleK COIUIOBOTrO Ojoka mpu ¢ ~ 273. Tlpuuém
YeThIpe 3ariIyIIKH COIUIOBOTO OJOKa BBIJIETAIOT HE OJHOBPEMEHHO, a C CYIIECTBEHHOW 3a-
JIEP’KKOM IO BPEMEHM.
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Puc. 2. Uzmenenue 60 pemenu 0asieHusi 2a3080U cMecu 8 YUKCUPOBAHHOU MOUKe (6epuiune)
00K06020 2a30x004.
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Puc. 3. Uzmenenue 60 spemenu 0asienus 6 4emulpéx MouKax (8epuuUHax) Yemolpéx OOKOBbIX
2a430X0008.
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Pabora BeInonHeHa npu ¢puHaHCOBOM mojaep:kke Poccuiickoro ¢onaa ¢pyHaaMeHTalb-
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HccenenoBana KpUTHYECKAs JUHAMHUKa IIPOCTPAHCTBEHHO-BPEMEHHBIX
banyKkTyanuii HanmpsDKEHHUsl TUTACTHYECKOTO TEYEHHUS  AIIOMMHHEBOTO CIUIaBa
AMr6 B YCJIOBUSX OCaJKH HAKJIOHHBIX IWIMHIPUYECKUX OOpa3IoB.

VYCTaHOBJIEHO HAJIWYME JBYX 3HAUCHHH  «KPUTHYECKUX»  JedopMarimid,
COOTBETCTBYIOIIIMX [MAIa30HY CTOXACTHUYECKOW IMHAMMUKH, XapaKTEPHOW IS
[IOBEJICHUSI HEPABHOBECHBIX KPUTUYECKUX CHCTEM — CTEIIEHHOW PacXOoAUMOCTH
BpPEMEH cJeoBaHMUs (UIYKTyallMii B OKPECTHOCTH KPUTHUYECKHX Je(POpMarui.
[IpemyioskeHa WHTEpIpeTalyst SBJICHUA TNPEPhIBUCTON TekydecTH (3pdeKT
ITopreBena-Jle-1llaTenbe) Kak KPUTHUECKOTO SIBJIEHHSI B HEPABHOBECHOU cuUcTEME
OO00CHOBAHO MPEANOJIOKEHUE, YTO NIEPEXOJ] UePE3 BTOPOE KPUTUUECKOE 3HAUECHUE
MaKpOCKOMMYECKOW JlepopMallii  COMPOBOXKAACTCA pa3BUTHEM  (IyKTyaruit
HaIIpSDKEHUN IIACTUYECKOTO TE€YEHUS ¢ KauyeCTBEHHO-HOBOM IIPOCTPAHCTBEHHO-
BPEMEHHOM  TUHAMHUKOH,  COOTBETCTBYIOLIEH  (OPMUPOBAHMIO  OYAroB
MAaKpOCKOIIMYECKUX TPEILIVH.

KuroueBrble cj10Ba: pepbIBUCTas TEKYUYECTh; IPOCTPAHCTBEHHO-BPEMEHHAS TUHAMMKA

HAIIPSHKEHUHN MJIACTUYECKOTO TEYCHUS

Criticality laws in the multiscale dynamics of jerky
flow in the Al-Mg alloy

D.V. Efremov, S.V. Uvarov, O.B. Naimark

Institute of Continuous Media Mechanics, UB RAS,
Academica Koroleva St. 1, 614013, Perm
email: efremov.d@icmm.ru

The critical dynamics of the spatial-temporal fluctuations of the stress of the
plastic deformation of inclined cylindrical samples made of Al-Mg alloy was
investigated. The presence of two values of "critical" strain values corresponding
to the range of stochastic dynamics which is typical for nonequilibrium critical
systems was determined. The interpretation of the jerky flow (the Porteven-Le
Chatelier effect) as a critical phenomenon in a nonequilibrium system was
proposed. We suppose that the transition through the second critical value of
macroscopic deformation is accompanied with the development of fluctuations of
plastic flow stresses with a qualitatively new spatial-temporal dynamics
corresponding to the nucleation of macroscopic cracks.
Keywords: discontinuous fluidity; space-time dynamics of plastic flow stresses
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B oTtnnumu OT pacnpoCTpaHEHHBIX MPEICTABICHUN O IJIACTUYHOCTU KaK YCTOMYHMBOM
KBa3HMOJHOPOJAHOM TEUYEHHUH MaTepHAJIOB IIJIACTHYECKOe Je(OopMHUpPOBAHUE KPUCTAJUIOB H
IIOJINKPUCTAIIIIOB XapaKkTepu3yercss  OOJBIIMMHM  HPOCTPAHCTBEHHO-BPEMEHHBIMU
GuyKTyanusaMu HalpsDKEHUH, JIoKanu3auued negopmanuu, OOHApYKHMBAIOUIMX MPU3HAKU
MacIITabHOW MHBAPHAHTHOCTH, XapaKTepHBIC JIsi MOBEACHUS HEPaBHOBECHBIX KPUTHUECKUX
cucreM. JledopmanoHHas JUHAMUKA XapaKTEPU3yeTCsl JIOKATM30BAaHHBIMH (DIyKTyalusMu
nepopmanuit ¢ NpU3HAKAMHM  [IEPEMEXAeMOCTH U CTCNEHHBIMH  3aBUCHUMOCTSIMH
CTaTUCTUYECKUX paclpeaeeHui.

CkaukooOpasHasi nedopmalisi Kak MPOSBICHHE HEYCTOMYMBOCTH IUIACTHYECKOTO
TeYeHUs: OOHapyXKHBaeTcs s I[IUPOKOro Kjacca IUIACTUYHBIX MAaTepHalOB  IPH
OTIPENICICHHBIX TEMIIEPaTypHO-CKOPOCTHBIX YCIOBHX JepopmupoBaHus. M3BecTHO, YTO
TeMmIepaTypa U CKOpPOCTh Je(opManuu SBISIOTCS BaKHEHIIMMHU IMapaMeTpaMHu IpPOIECCOB
Heynpyroro naedopMupoBaHus. Jlias MOTUKPHCTAIUIOB B YCIOBUSAX OTCYTCTBHUS (ha30BBIX
MEPEeX0J0B TOBBIIICHUE TEMIEpPaTypbl M YMEHBIICHHWE CKOPOCTH JAe(opManuu MOXKET
IPUBOJUTh K CHWKEHUIO IIOPOTOBBIX HANPSOKEHUM M IPOSIBICHUSM HEYyCTONYMBOCTHU
TUTACTHYECKOTO TE€YEHUs (M3BECTHBIX KaK «IpEepbIBUCTOE TeueHue» min 3¢gdexr [lopreBena-
Jle Ilatenbe). OqHON U3 OCHOBHBIX MIPUYUH TAKOTO 1e(OPMAIIIOHHOTO TIOBECHHUS SBIISIOTCS
npoueccel audGdy3un W B3aUMOJCUCTBUS JUCIOKAIMI ¢ MpuUMecHbIMH aromamu [1].
Knaccuueckuit «mexannueckuii» crienapuii apdexra [opresena-Jle llarenbe cBs3bIBacTCS €
HEYCTOWYHUBOCTBHIO neopmaru BCJIEJCTBUE AHOMAJIBHOU «OTPULIATETBHOM»
YYBCTBUTEIHHOCTH MaTepuaia K CKopocTu aedopmaruu [2]. HeycTolunBOCTh MposBiseTcs B
BuJe (OPMUPOBAHMS TMOJOC JIOKATM30BAaHHOW aedopMali Ha IMOBEPXHOCTH oOpasua c
xapaktepHoi mupuHoi 10-100 MKM, Ipu 3TOM 3apOXKAECHUE KaKIOM MOJIOCHI aCCOLUUPYETCS
C TmosiBICHHEM (QIyKTyaluid (CKauKoB) HamnpsHDKeHUH Ha JeQOpMalMOHHOW KpPUBO.
PazHooOpa3zHasi MpOCTPaHCTBEHHO-BPEMEHHAs JWHAMHUKA KOJUIEKTUBHOTO  TOBEICHHS
GbuyKTyanuii HanpsHKEHUH TUIACTHYECKOTO TeUeHHsl aHaiu3upyetcs B [3,4] u cBs3bIBaeTCs C
3aKOHOMEPHOCTSIMU CKEMJIMHIa HEPABHOBECHBIX KPUTUUECKUX CUCTEM.

Hedopmanmonnas quarpaMma ajqlOMHHUEBOTO CIUIaBa TMpejacTaBieHa Ha (puc. 1) u
JEMOHCTPUPYET MHOXXECTBEHHBIE (UIYKTYallMM HANpPsHKEHHUs TEUeHUs, OOHapyKHBaIoLIHe
Pa3NUYHYIO IWHAMHKY Ha pa3HbIX y4acTKax Je(popMalnOHHON KpUBOM.
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Puc. 1. Jeghopmayuonnasn ouacpamma anromunuesozo cniasa AMez6.

UccnenoBanock aedhopmupoBanue (ckarue) oOpas3loB HAKIOHHBIX IMJIMHIPUYECKUX
o0Opa3noB crmmaBa AMr6 mpu ckopocTsx ocaaku 1-4 MKm/c, A KOTOPBIX HaOIomaercs
«tpepbiBucToe» Teuenue. Cnenys [5], uccienoBanack BpeMEHHas IOCIEI0BATEIbHOCTh
bnykTyanuit - “BpeMs” 0XHIAHUS MEXIY COOBITHUSAMH, (pUC. 2), KOTOPOE NEeMOHCTPUPYET
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cTeneHHble 3aBUcUMOCTH Buja 7= 4, (¢—¢&,)"” u r=4,(¢,-¢)"’ B okpecTHOCTH HBYX
3HAUCHUI Makpockomuueckux aepopmanuil &, u &,,. JlaHHbIe 3HAYEHHUS COOTBETCTBYIOT

HAYaJIbHOM CTaJMU PA3BUTHUA KOHEUHO-AMIUIUTYIHBIX (QIIYKTYAIMi B YCIOBHX JOKAJIH3AIHH
IUTACTHYECKON JedopManmui M CTaaAuu TIepexoja K HOBOMY CILEHApHUIO JIOKATU3alluu
nedopmaruu, npenmecTByoiei 0opa3oBaHnio ouaroB paspyuienus. [lo ananoruu ¢ reopueit
KPUTUYECKUX SBIECHUM 3HAYEHUs &, U &, MOIYT DPACCMaTpUBaTbCs KaK AaHAIOTH

KPUTHUYECKHX TOYEK, B OKPECTHOCTH KOTOPBIX HaONIOMaeTcss pe3Koe YBEJIMYEHHUe
XapaKTEPHBIX BPEMEH «pesakcauum» [6].

T,cek 40 4
30 +
20 T

10 +

0 - - .
0,1 1

Puc. 2. 3asucumocmv unmepsanoe epemenu mexncoy KOHEYHO-AMUAUMYOHBIMU
drykmyayuamu HanpaAXCceHus: medeHus.

Ilepexon uepe3 BTOPYIO «KPUTHYECKYIO TOUKY» &,,, B OTIMYUE OT PE3yabTaToB [S5], HE

COINPOBOKIAJNICS pa3pyllieHHeM o0pasna, HO oOOHapyXHBaJl pa3BUTuUE (IYKTyalud ¢
Ka4eCTBEHHO-HOBOM IPOCTPAaHCTBEHHO-BPEMEHHOM JMHAMHUKOM, KOTOpass MOXKET ObITbh
accoluupoBaHa ¢  (OpMHUpOBaHMEM  OOJacTeld  JIOKAIM3AaLMU  TMOBPEKIECHHOCTH,
MIPEALIECTBYIOLIUX 3apOKIEHNUI0 MAKPOCKOTIMUECKUX TPEIIHH [7].
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PaccMmoTpeHa KOHBEKLIMS B INIOCKOM FOPU30HTAIIBHOM CJIO€ HACBILEHHOM KUIKO-
CTBIO IIOPUCTOU CpeJibl, OTPAHUYEHHOM TBEPbIMU HEIPOHULAEMBIMU I'PAHULIAMHU
C 3aJaHHBIM TEIUIOBBIM IOTOKOM, IIPM HAJIWYUHU IPOJOJBHOTO IPOKAYUBAHUS
KUJAKOCTU. BpluncieHus npoBOIWINCS Ha OCHOBE aMIUIMTY/IHBIX YPaBHEHUM, I10-
Jy4YEeHHBIX paHee B JJIMHHOBOJHOBOM INPUOMIDKEHUH B paMkax monaenu Jlapcu-
Bycunecka, B mpuOIMKEHUN MaJIbIX OTKJIOHEHUM 3HAu€HHWH TEIUIOBOTO MOTOKA
4yepes3 rpaHulbl OT KPUTUYECKUX 3HAYCHUH IS Cllydas OJJHOPOJIHOro Harpesa. B
PacCMOTPEHHOM CUCTEME BO3MOKHO BO3HHUKHOBEHHE JIOKAJIU30BAHHBIX KOHBEK-
TUBHBIX CTPYKTYp B 00JIaCTH, I'/I¢ TEIIOBOM MOTOK MPEBBIIIAET KPUTHIECKOE 3HA-
YeHHUe JJIS Cllydasi OJHOPOJHOTO TMOJorpeBa cCHU3Yy. B paboTe nmpoBeneHO YMCIeH-
HOE UCCIJIEI0BAHKE ITPOLECCA BEIMBIBAHUS JIOKAIM30BAHHOIO TEYCHUS U3 30HBI €r0
BO30Y)KJICHHSI TIPH PA3IMYHBIX CKOPOCTSIX MPOKAYMBAHUS JKUKOCTU Yepe3 CIIOM.
[Tomy4yeHnsl HeWTpalbHbIE KPUBbIE MOHOTOHHOW M KOJIeOaTeNbHOW HEYyCTOMYMBO-
CTH OCHOBHOT'O COCTOSIHUSI CUCTEMBI.
KuiroueBrble cji0Ba: nopucras cpefia; KOHBEKLHUS; JOKAJIbHbIN HarpeB

Numerical calculations of advective removal of
localized convective structures in a porous

medium

T. N. Zagvozkin®, T. P. Lyubimova®"

? Institute of Continuous Media Mechanics, UB RAS Academika Koroleva st, 1,
614013, Perm

email: timofey@zagvozkin.ru

® Perm State University, Bukireva St. 15, 614990, Perm

email: lyubimovat@mail.ru

Convection in a plane horizontal layer of a porous medium saturated with liquid,
bounded by solid impermeable boundaries subjected to the given inhomogeneous
heat flux, and liquid pumping along the layer is considered. In such systems, the
occurrence of localized convective structures in the region where the heat flux ex-
ceeds the critical value for the case of uniform heating from below is possible.
Calculations based on amplitude equations in the long-wave approximation are
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carried out using the Darcy-Boussinesq model and the approximation of small de-

viations of values of the heat flux from critical values for the case of homogene-

ous heating. In this work, numerical modeling of the process of removal localized

flow from the region of its excitation with respect to different values of the veloci-

ty of liquid pumping through the layer are conducted. Neutral curves for monoton-

ic and oscillatory instabilities of the base state of the system are obtained.
Keywords: porous medium; convection; local heating

1. BBenenue

B cBs3M ¢ MHOKECTBOM NPAKTUYECKUX IPUMEHEHHUH BBI3bIBAET UHTEPEC Pa3BUTUE KOH-
BEKTHBHBIX TEYEHUH OT JIOKAJIM30BaHHBIX UCTOYHHUKOB Tera. i1 0JHOPOJAHON KUJIKOCTH B
pa3NUYHBIX BapHaHTaX MOCTAHOBKM 3aJ[ayll pacCMAaTPHUBAJICS KOHBEKTHUBHBIN (haken Kak OT
TOYEYHOTO MCTOYHUKA B OCCKOHEYHOH cpene, Tak M OT TOPHU30HTAIBHOrO JHHEHHoro [1].
Y CTOMUNBOCTH KOHBEKTHBHBIX MOTOKOB OJTHOPOJHOM JKUAKOCTH BBI3BAHHBIX HEOJHOPOJIHO-
CTBIO Harpesa ucciefoBana B [2]. MccnenmoBanne KOHBEKTUBHOTO (pakesia OT TOYEYHOTO HC-
TOYHHUKA TEIUIa B HEOTPAHUYEHHOM MacCUBE IMOPUCTON Cpeibl BIIEPBHIE MPOBEACHO B paboTe
[3], OT rOpHU3OHTANBHOTO JIMHEHHOTO UCTOYHUKA B pabote [4]. B pabote [5] paccMoTpeHsbI
cBOOOJIHAsT M BBIHY)XJEHHAss KOHBEKLHUS B OKPECTHOCTH JMHEWHOTO MCTOYHHMKA TEIUIa WIH
HarpeBaeMoro muianHapa. KpynHomacmtabHas KOHBEKIHS B HACBHIIIIEHHOM KHJIKOCTBIO TOPH-
30HTAJIBHOM CJIOE€ ITOPUCTOM Cpelibl, OTPAaHMUYEHHOM TBEPABIMU IPaHUIIAMU C 33JaHHBIM TEIl-
JIOBBIM TIOTOKOM IPU HAJTMYUH MPOKAYUBAHMS KUAKOCTH Yepe3 CIOH nccienoBana B paboTax
[6, 7]. Haiineno, uro Hanbosiee OnmacHBIMU BO3MYILEHUSMH B 3TOM CIIy4ae SIBJISIIOTCS JJTUHHO-
BOJIHOBBIE BO3MYILEHUs. B HacTosieil paboTe ¢ MOMOIIBIO YUCICHHOTO PEIICHUS MOTyYeH-
HBIX B paboTe [6] aMIUIUTYJHBIX ypaBHEHUN HCCIEIYETCs MPOIECC BHIMBIBAHHUS JIOKAJIN30-
BaHHBIX KOHBEKTUBHBIX CTPYKTYpP B TOPH30HTAIBHOM CJIO€ MOPHUCTOM Ccpenbl U3 00JIACTH UX
BO30Y)KJICHHSL.

2. IlocraHoBKa 3a7a4Yu

PaccmarpuBaetcst ofHOMepHas 3ajja4a 0 KOHBEKIIMU B TOPU30HTAIBLHOM IJIOCKOM CJIO€
MMOPHUCTOU CPEeJibl, HACBIIIIEHHOM XHUJKOCTHIO, TPU HAJTUYUHU HEOJHOPOIHOTO MO TOPU30HTAIIN
BEPTUKAJIBHOTO TEIJIOBOTO MOTOKA M MPOKAYMBAHUS KHAKOCTH B TOPU30HTAIBHOM HaIlpaB-
nenuu (puc. 1), rne g(x) - OTHOCUTENBHOE OTKJIOHEHHE (BBI3BAHHOE HEOJIHOPOJHBIM Harpe-
BOM) TEIUIONIOTOKA YEPEe3 IPAHUIIBI CJIOSI OT KPUTHUECKOTO 3HAUYECHUS JUIsl CIydasi OHOPOIHO-
ro HarpeBa, u=const — CKOPOCTb IMPOJOJHHOTO MPOKAYMBAHHUS XKUIKOCTU. B oTcyrcrBue
npokaunBanus (4=0) B o€ MOTYT BO3HHUKATh TEUCHHUS, JIOKAITM30BAHHbIE B 001aCTH BO30YK-
nenust (0 < x < L). [IpokaunBanue >KMAKOCTH MOXKET MPUBOJUTH K «BBIMBIBAHUIO» KOHBEK-
TUBHOTO TE€YeHHMS M3 obOnacTu ero Bo30yxkaeHus. Llenpto Hacrosimel paboThl SIBISAJIOCH
HaxO0XJICHUE KPUTHYECKUX 3HAYEHUIN CKOPOCTH MPOKAYMBAHUS, MIPU KOTOPBIX JIOKAIH30BaH-
HOE KOHBEKTUBHOE TEUCHHE MepPeCcTaeT BO30YKIaThCS.

C€2 u
—
0 L
___________ X
_p
I B 11 I

Puc.1. PacnpedeﬂeHue 6EPMUKAIbHO20 NOMOKA menjid no copu3ormaiiu
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[Tomy4yensl HeWTpanbHbIe KPUBbIE MOHOTOHHOM U K0JIe0aTeNbHON HEYCTOWYMBOCTH IS
pa3HbIX HabopoB mapameTpoB (puc. 2). KpuBble a1 MOHOTOHHOM HEYCTOWYMBOCTH HUMEIOT
KOJIOKOJI000pa3Hyto ¢hopMy, MPU 3HAYCHHUSIX TAPaMETPOB, COOTBETCTBYIOIIUX 00IaCTIM HIKE
KPHUBBIX MOXET CYIIECTBOBATh YCTOWUYMBOE JIOKAJIM30BaHHOE KOHBEKTUBHOE TeueHHeE. B 3a30-
pe MeXay HeUTpaTbHBIMU KPUBBIMH MOHOTOHHOMW U KOJIEOATETFHON HEYCTOWYHNBOCTH MOYXKET
CYLIECTBOBAaTh TOJIBKO OCLMIJLIMpYollee TedeHue. [Ipy 3HadeHMsIX IapaMeTpoB, COOTBET-
CTBYIOIIMX 00JaCTH HAJ KPUBBIMHU, KOHBEKTUBHOE TCUCHHE «BBIMBIBACTCS» MOJIHOCTHIO, TEM-
JIOBOTO TOTOKA B 00J1aCTH BO30YX/IEHUS HEJOCTATOYHO ISl 3aPOKACHUS W/WIIK TOIEPKaHUS
CTallMOHAPHBIX KOHBEKTUBHBIX CTPYKTYD.

Ucr
0,2

0,15
0,1

0,05

4 MoHoTOHHan ® KonebaTtenbHas

Puc.2. HetimpanvHule kpugvle ycmouuugocmu 0CHOBHO20 COCMOAHU

Paborta BeImonHeHa mpu (uHAHCOBOM monaepkke Poccuiickoro HayuHoro Qonzaa
(rpanTt Ne 14-21-00090)
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da3oBoe pa3aesieHue U aepopmManuu

B HCMATHYECCKUX 3ﬂaCTOMean HpI/I pa36yxaHHH
A.Il. 3axapos, JI.M. Ilucmen

Texunon — V3pannbckuii TeXHOIOTHUECKUI MHCTUTYT, Xaiida 32000, U3panns
email: andreiz@technion.ac.il

B pabote uccnenyrorcs nedhopmamnuy HEMaTOIIACTUYHBIX MJICHOK MO BIHSHUEM
HW30TPONTHOTO PACTBOPUTENS C BOZHUKHOBEHHEM COCYIIECTBOBAHMS M30TPOITHOMN
u HeMarudeckoir ¢a3. Ctpykrypa Mex(hasHOW TpaHHIIBI 33/1aHa C YIETOM OITH-
MQJIbHOM OpHUEHTALlUM HEMAaTHKa, ONPEIEIAeMON B3aUMOAECHCTBUEM MEXIY I'pa-
JUMEHTOM IapaMeTpa HEMATUUYECKOTO IMOPSAAKA U KOHLIEHTpPaUUEl pacTBOPUTEIIS.
Paccuntanbl paBHOBECHBIE COCTOSIHUS U (hOPMBI TTOCIe (ha30BOTO pa3AeICHHS IS
TUIOCKUX, [IMIUHAPUISCKUX U CHEPUUECKUX TOHKUX IUICHOK C MPSIMOJIUHEHHON 1
KPYTOBOH T'paHHIIeN MEX Ty HEMaTHUECKOH U n30TponHoi obmactsamu. [Tokasano,
9YTO HEOJHOPOJHOE PACIIUPEHHUE U CKATUE BOJIU3U TPAHUIIBI IPUBOIUT K U3THOY
Marepuana, KOTOPbIA paclpOCTPaHAETCS MEPIICHANKYIISIPHO TPAHULE.

KiroueBble ¢J10Ba: )KUIKOKPUCTATUIMYECKUE TTACTOMEPBI; HEYCTOMYHUBOCTD; pa30yXxaHue re-

Jen

Swelling-induced phase bistability and

reshaping in nematic elastomers

A.P. Zakharov, L.M. Pismen

Technion — Israel Institute of Technology, Haifa 32000, Israel
email: andreiz@technion.ac.il

This work theoretically investigates reshaping of nematoelastic shells upon absorp-
tion of an isotropic solvent under conditions when isotropic and nematic phases
coexist. The nematic texture at the interphase boundary is computed taken into ac-
count the optimal nematic orientation governed by interaction of gradients of the
nematic order parameter and solvent concentration. We compute equilibrium
shapes of deformed thin sheets and cylindrical and spherical shells with the rectilin-
ear or circular shape of the boundary between nematic and isotropic domains. A
differential expansion or contraction near this boundary generates a folding pattern
spreading out into the bulk of both phases.
Keywords: liquid crystal elastomers; instability; gel swelling

1. BBeaenue

Jlro6oe n3MeHeHne HEMaTHUECKOTO MOPsIKa B HEMAaTHUYECKUX AJIACTOMEPHBIX IJICHKaX
npUBOJUT K Jedopmanuu. Cienys paHHUM TEOPETHUYECKUM paboTaM IO MCCIEIOBAHHIO Jie-
dbopmanuii B 0fHO(PA3HBIX KUIKOKPUCTAITUIMUECKUX dacToMepax [ 1], mepBoii mpakTUIecKoi
peanuzanuu [2], 1 pa3BUTHIO TEOPUH KOMOWHUPYIOLIEH HEMaTHUECKYIO0 U YIPYr'yl COCTaB-
nsromyto pynkunonana Jlannay - ne XKena [3], OblM M3ydeHO 3HAUUTEIBHOE pa3HOOOpasue
BO3HHUKAIOUINX (POPM B CTPYKTYPHO-YIOPSA0UEHHBIX HEMAaTHUECKUX decTtomepax [4]. B psne
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pabot [5] ObuIO MOKa3aHa BO3MOXKHOCTH IOJYYEHHS LENEBBIX (OPM IyTEM YCTAHOBIICHUS
KEJIaeMON HEMATUYECKONW OPHEHTALMU MPENBAPUTENILHO NPOLEAYPHI MOJUMEPHU3ALUU U T10-
CIICYIOLIETO TOBBIIICHUSI TEeMIIepaTypsl BhIIIE TOYKH (a3oBoro mepexona. Hemarndeckue
TEKCTYPbI TAK)KE MOTYT OBITh ONPE/IENICHBI IyTEM H3MEHEHHUSI COCTAaBa BEIIECTBA, HAIIPUMED B
pesynbTaTe 100aBiIeHUs MPUCAAOK (HanboJiee YacTO MCHOJb3YeTCsl MPU M30MEPH3AIH CBe-
TOM [6]) nnm B pe3ynbraTe pa3OyxaHusi HEMAaTHUYECKUX Telieil B HeMaThyeckux [7] mim u3o-
TPOIHBIX pacCTBOPUTESIX [8&].

Paz0yxaHue Kak M30TPOMHBIX TaK M HEMAaTHYECKHX rejiel MPOUCXOTUT B MPOTUBOACH-
CTBHE SHTPONUNHON 3JaCTUYHOCTH MOJUMEpPHOU ceTku [9], mosToMy paBHOBecHas (opma,
10 BUJUMOCTH, JOJIKHA YPaBHOBEIIMBATh OCMOTHUYECKYIO U AJIACTUYECKYIO0 PHEPIHIO CHCTE-
MbL. JOMOTHUTENBHBIM (PAKTOPOM B HEMATHYECKHX TelsiX SIBISAETCS M3MEHEHHE Iapamerpa
HEMAaTU4ECKOI0 MOPSI/IKA, KOTOPBIM CHUKAETCS MPU MOBBIIIEHUH KOHIIEHTPAIUU U30TPOITHO-
ro pactBoputens. HemaBHo Cheewaruangroj u Terentjev [10] mokaszamy BO3MOXKHOCTH COCY-
[IIECTBOBAHUS OJHOPOIHBIX HEMAaTHUECKOW M M30TPOIHOM (a3 ¢ pa3HBIMU KOHLEHTPALHSIMHU
pactBoputens. B yacTHOCTH, ObLTM MCCIEIOBaHBl YCIOBUS CIIOHTAHHOTO paszeneHus (a3 B
HEMAaTUYECKHX AJIACTOMEPax B OJHOMEPHOU reomerpun. OUeBUIHO, UTO 3HAUUTENBHO OoJjiee
CJIO’KHBIH MPOLIECC MPOUCXOAUT IPU PEIICHUU 3TOW MpoOIeMBbl B JBYMEPHOI reOMETpUr Ha
000JI0YKaX, YTO SABJSETCS MPEAMETOM HCCIEIOBAaHUS JAHHON pabOTHI.

2. OcHOBHbIC YpaBHEHHS

Hematnueckoe cOCTOSHHE B INIOCKUX INIEHKAX MOXKET OBITH HaﬁHeHO myTéM MHUHUMH-

3aMM  (DyHKIMOHANAa HEMaTHYeCKOM »sHepruu F, =ILnd ’X 3aBHCANIErO OT TEH30pa

napaMeTpa HEMaTHYECKOTO nopsiaka Q

P q S (cos29 sin29

Q- g -p) J2\sin28 -cos29/

n %Z(V,ij )2 —BV.oV,0; |,
ik

1- 1 K, 2
L, =(1-@)ah _%Q@/Q@/ +Z(Q@/Qy‘ )2 +?1‘VIQ@/

rae Jyronm opuentanmm aupekropa, S =./Tr(Q-Q)=-/p> +¢°> - ckanapHBIi mapameTp
NopsAZKa, ¢ - KOHIEHTPALUs PACTBOPUTENS, « - XapaKTepUCTHUYECKas HeMaTHyecKas
OpPHEHTALIMOHHAS SHEPrus Ha €AUMHMIly 00beMa, /s - TOJIIMHA IUIEHKH, K,,K,- KOHCTAHTbI
AJIACTUYHOCTH, J - KOHCTaHTa aKTUBHOCTU DPACTBOpUTENs, [- mapamerp OIpeaessionii

CMOHTaHHYIO HEMAaTHUECKOM OpPUEHTAIMIO Ha TpaHuLle (a3 pa3HON KOHIIEHTPALIUH.
CBobOoaHass »Heprusi B3aUMOJEHCTBHs pacTBopuTenb-nosumep [11] mpencraBieHa B

suge F, = [L,d’x, L, :h[gv(/ +nkT[colnw(l—co)lna—(p)—@(1—@]},rue 2>0 -

KOO(I)I/ILII/IGHT nepemMemmrBaHus, n - o6mee YUCJIO MOJICKYJ paCTBOPUTEIIA, g - HmapameTp

CKOpPOCTHU B3aMMOJEHUCTBUS KOMIIOHEHTOB CMECH.

CBoOoaHAass HSHEPrusi JJIACTUUYHOCTU OIpenenseTcss Kak CyMMa OTKJIOHEHUH OT
ONTHUMANBHON IJIOCKOCTHOW (W) W momepedHoil nedpopmauuu (v) M 3amucaHa Kak
(byHKIIMOHAT

2
F. = ILedzx, L =§‘ lu > +v° +hgTr(C2) ,
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rae E - monyns FOnra, C - TeH30p KpuUBHU3HBI. TakuMm o0pa3zoMm, paBHOBeCHas (opma MOKET
OBITH HaljieHa nyTéM MHUHUMHU3AIUU 061116171 OHCPTUHU CUCTEMbI, COCTABJICHHASA KaK CyMMa
F=F +F, +F,.

3. Pe3yabTaTsl

[IpoBeneHo ncciea0BaHUE CUCTEMBI, TJIe OJJHOBPEMEHHO COCYLIECTBYIOT U30TPOIHAS U
Hematuyeckas (asbl, pa3enéHHble MexX(pa3HON rpaHuleii, KoTopas B HeleOpMUPOBAHHOM
COCTOSIHMM CTallMOHApHA U MPSIMOJHMHEWHas, TOTJa Kak cBOOOIHAs SHEprusi B pa3HbIX (hazax
npeanosuaraercs oauHakoBoil (puc. 1 a). Ilyrem umcienHoil onTumu3anuu (yHKIHOHATA
oOrmielt cB0OOIHOM SHEPrUM MOKa3aHa CI0KHOCTh U BapUATHUBHOCTH JeGopManuii, BO3HUKA-
IOIINX B pe3ysibTaTe pa30yXaHHsi TOHKUX IUIEHOK HEMAaTUYEeCKUX Tejiel ¢ HauuneM Mexdas-
HoMl rpanunsl. IlpousBenen pacuer aedopmaiuu (pasoBoro nepexona Juisl IUVIEHOK MPSMO-
YrOJbHOW U LMIMHIAPUYECKOH (OPMBI C OAHOPOJHBIM HEMAaTHUYECKUM pacHpeiesieHUEM, a
TaKxke Ui chepudeckux 000JI04YeK MPU HATMYUU TOTIOJIOTHYeCKuX AedekToB (puc. 1 0).

1.42

14 -
1.38 -
1.36
'
1.34
1.32
1.3 -

(a) (6)
Puc. 1. (@) Obwasn ceoboonas suepeus xkax Qyukyus xowyewmpayuu pacmeopumens @ ()
Panosecnvle ghopmul nienku Hemamuueckozo snacmomepa nocie pazoso2o pazoeneHus

Pabora mognepskana Israel Science Foundation (rpant 669/14).
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JpdeKkThl MATKOro CHenJeHus B KOJJIOUTHOMN
CYCNIEH3UM MATHUTHBIX YaCTHIl B
X0JIeCTEPUYECKOM KUIKOM KpPHUCTAJLJIe

A. H. 3axaeBubix, K. B. Ky3nenosa

IIepMcKuHil TOCYIapCTBEHHBIN HALIMOHAIBHBIN UCCIEA0BATEIbCKUN YHUBEPCUTET
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B pamkax KOHTHHYaJbHOW TEOPUHU M3YYEHO BIMSHHE MArHUTHOTO TOJISl HA pac-

KPY4YHMBaHUE CIIMPAIBHOM CTPYKTYpPbI KOJUIOUIHON CYCIIEH3UMHM MAarHUTHBIX YaCTHUI

B XOJIECTEPHUYECKOM >KUJKOM KPHCTAIJIE C MATKHM CIETIJICHUEM YacTHUI[ C MaTpHU-

neit. PaccmoTpen (azoBsiii epexona peppoxonectepuk — GpeppoHEMAaTHK, MMOTY-

YEeHO ypaBHEHHME JUIs MOJIs Imepexojia B peppoHeMaTHyeckyto (aszy u onpeneneHa

3aBHCUMOCTb I0JISI IEPEX0/1a OT MaTePUANIbHBIX IAPAMETPOB CYCIICH3HUH.
KaoueBble ¢j10Ba: XOJIECTEPUUSCKUM KUAKUNA KPUCTAILT; KOJUIOUIHAS CYCIICH3HS,
beppoxonectepuk; heppoHEeMaTHK; (Pa30BbIE MEPEXOIbI

Soft anchoring effects in colloidal suspension
of magnetic particles in a cholesteric liquid

crystal

A. N. Zakhlevnykh, K.V. Kuznetsova

Perm State University, Bukireva St. 15, 614990, Perm
email: raddabuy@yandex.ru

On the base of continuum theory, we study magnetic field induced unwinding of
spiral structure of colloidal suspension of magnetic particles in cholesteric liquid
crystal with soft anchoring between the particles and the matrix. We study fer-
rocholesteric - ferronematic phase transition, and derive the equation for the transi-
tion field in ferronematic phase and obtain the dependence of the transition field on
material parameters of the suspension.

Keywords: cholesteric liquid crystal; colloidal suspension; ferrocholesteric;

ferronematic; phase transitions.

®Deppoxosiectepuku (PX) - KOJIOUIHBIE CYCIIEH3MM MAarHUTHBIX HAHOYACTHII, BHEI-
peHHBIX B XosiecTepuueckuil xuakuil kpucramn (XKK). M3-3a opueHTalnOHHOM CBSA3H MEX-
1y aHU30METPUYHBIMH yacTHIaMHu U MosieKynaMu X)KK Manble KOHLEHTpaluu HaHO4aCTHUIL
(o mponeHTa Mo 00beMy) MPUBOJAAT K TMOBBIIICHUIO MAarHUTHOW BOCHPUUMYHMBOCTH Ha
TpU-4eThIpe mopsaka. B pesynbrare cnupanbHas cTpykrypa @X packpyduuBaercss B ciaaObIx

MarHuTHBIX nossax 1 X nepexonut B pepponemarndeckyro (OPH) dasy.

HamnpaBum marautHOe moisie H = (O, H, 0) MIEPIEHIUKYIIAPHO OCU CHUPAIBHOU CTPYKTY-

pel ®X. Cuennenue mexay Monekynamu XOKK-maTtpulilbl 1 HaHOYaCTHIIAMM MPEATOIaraeM
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MATKAM U TUIAHAPHBIM, T.€. MATHUTHBIC YacTuIlbl BHeApeHbl B XOKK Takum 00pa3zoMm, 4To UX
[JIaBHBIE OCH MapajuIeNIbHbI JIOKAIBHOMY JTUPEKTOPY N . JuamaruutHyto anuzorponuio X:KK

, OyneM cuMTaTh MOJIOXKHUTENbHOM, I0TOMY AUPEKTOP CTPEMHUTCSI HOBEPHYTHCS B HAIpaB-
JICHUH 1oJisl. B 3TOM ciyyae AMNONBHBIA MeXaHu3M B3aumoaencTBusg ®X ¢ MarHUTHBIM MO-
neM (BIUSHUE MAarHUTHOTO TMOJISI Ha ()eppOYACTHUIBI) M KBAIPYIOIbHBIN (BIUSHHUE TOJS Ha
muamarautHyio XOKK matpuily) ycunusarot npyr apyra.

Hedopmarust opueHTallMOHHOM CTPYKTYpbl X MOKET ObITh M3ydeHa B paMKaxX KOH-
TUHYaJIbHOUM Teopuu [1], ocHOBaHHOM Ha (yHKUIMOHANE CBOOOTHOW »Hepruu. BripakeHue
s cBoOoiHOM sHeprun DX nuMeeT BU

F=([[(F+F,+F+F+F)av, (1)

F :%[Kll(v'n)2 +K22(n-V><n+q0)2 +K33(n><V><n)2] ’

1
FZZ_EZa(n.H)z 4 F3:_va(mH)’

= fo-mf

rie K,,, K,,, K,; — ynpyrue moxynmu ®paHka; g, — COOCTBEHHOE BOJIHOBOE YHUCIIO CIIH-
pamm XOKK, n — AMpexTop KUAKOTO KpUCTaUIa; M — €IMHUYHBIA BEKTOP HaMarHWYEHHO-
ctu; M — HaMarHW4EeHHOCTb HACBILNIEHUS Marepuana (eppodacTul; f— oObeMHas 10Js
MarHUTHBIX YaCTHIl B CYCHIEH3UH; d — MOMEPEYHbId TUaMETp YacTHIIbl; v — 00bEM YaCTHULIBI;
k, — nocrosHHas bonsuMana; 77 — TemmepaTypa; w — HOBEPXHOCTHAsl INIOTHOCTb SHEPrUU
CLIETIJICHUs MOJIEKYJl XoJecTepuka ¢ (peppouactunamMu. Mbl nonaraeM f <<1, 4roOsl mpe-

HeOpeub MEXYaCTUUHBIMA MAarHUTHBIMH JWIOJIb-JAUIOJIBHBIMA B3aUMOJICHCTBUSIMU B CYC-
IIEH3HH.

Ilox nmercTBMEM MAarHMTHOIO IIOJIS, HANPABIECHHOTO MEPIEHAMKYISIPHO OCH CIUPAIU
®X, opueHTanMoHHas1 CTpykTypa @ X TepseT reMKONJAIbHBIN XapaKTep, U BEKTOPBI N 1 M
MOXHO NPEACTABUTH B BUJIE

=[cos(z),sin¢(z),0], m=[cosy(z),siny(z),0]. (2)

BrIOKpas B KAYECTBE EMHMIIBI UTHHBI ¢, , ONPEIETUM Oe3pa3sMEPHBIE BETMUMHBI
__H M KT wf 3)
qo Ky X4 GoNKnx, qOKzz" quzzd

3necy i mpencraBisier co00i Oe3pa3MEPHYIO HANPSHKEHHOCTh TMOJIS, U3MEPEHHYIO B €IUHU-
nax nouss nepexona B yuctom XOKK. IMapamerp & xapakrepu3yeT OTHOCUTEIBHYIO POJIb JIU-

MOJIBHOTO U KBAAPYIOJbHOTO MCXAaHU3MOB BJIMSHUA IIOJISA Ha oX (HpI/I OOJIBIIINX § npeoG-

JalaeT AUIOJIbHBIM MEXaHU3M, MPU MaJIbIX — KBAJIPYNOJIbHbIN), a MapaMeTp k SBJsETCs ce-
IperalMoHHBIM NapaMeTpoM (TpHu OOJNBIIMX kK Cerperanus HecymiecTBeHHa). [lapamerp o
XapaKTepu3yeT SHEPrui0 B3auMMOJECUCTBUS MarHUTHbIX yacTull ¢ XOKK-marpuueit (manble

0 0TBe4aloT cinabomy cuemwtenuto), f = Nv/V  — cpennss obbeMHas jgons yactui, N —
YHCII0 MarHUTHBIX YaCTUILl B CyCieH3uH, ) — o0bem OX.
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[Tonmnas cBoboanas sueprus (1) ®X mpencrasnsier co0oil GYHKIIMOHAT OTHOCUTEIHHO
bynkmuit ¢(z), w(z) u f(z). Muaumuzanus cBo6oaHo# suepruu (1) mo stum QyHKUIMAM

IIpH YCJIOBUH IMOCTOSAHCTBA YUCJIa YaCTUIl B CYCIICH3UU

j fdV = Nv. 4)

HacT CUCTEMY ypaBHeHHﬁ, KOTOpad onpeacisieT OpuCHTAIUOHHOC COCTOSHUC ®X BO BHEII-
HEM MarHuTHOM IIOJIC

d2? =—lh2 sin 2¢ + ogsin 2(¢ — ), %)
dz 2

Sheosy +osin2(¢p—yw) =0, (6)

g(z):Qexp{.fhsint//+al(cos2(¢—¢//)}, ™

3z1ech (6) MrpaeT posib ypaBHEHUS CBA3U OPUEHTALMOHHBIX PACIPECICHHA N ¥ m  popmy-
na (7) onuceiBaeT 3pPeKT cerperaliu MarHuTHOU npumecu [1], MHOXKuUTEens O omnpenenser-
cst ycnoBueM (4), ¥ BBe/ieHa pUBEIeHHAst 0ObeMHast 10Jis yacTul g = f/ f .

PackpyuuBaHue cnupagbHOW CTPYKTYpHI (Hlepexon B (heppoHeMaTHUecKyto (a3y) mpo-
UCXOJUT MPH AOCTUKEHUU IOJEM KpUTHYecKoro 3HaueHus k. [lone nepexona ompenenser-

Csl U3 YCJIOBHS paBeHCTBa cBOOOIHOI sHepruu OX u packpydennoro nosem OH ¢ ogHopon-
HBIM pacrhpeielieHneM TBepAoH (as3bl U YAOBIECTBOPSIET YPAaBHEHUIO

zf h’cos” ¢+ 2K|:1 — exp{ghc (siny 1) —osin” (¢_l//)H dg=2r. (8)

0 K

3nece B ®H ¢daze n|m| H, T.e. yribpl opueHTalMM AUPEKTOpa W HAMArHUYCHHOCTHU
Go=7n/2 ny,=n/2.
/2. Ha pucynke moka3aHbl 3aBUCUMOCTH KpPH-
TUYECKOr0 NOJs A, (0) OT PHEpruu CcLere-
he HUS YaCTHI] C MATPHIICH, MOCTPOCHHBIC ITyTEeM
YHUCJICHHOTO pellleHusl ypaBHeHus (8) coB-
MECTHO C ypaBHeHHeM cBsizu (6). OOmacthb
nox kpusoi /(&) oreewaer DX dase, BbllIe

: — ®OH ¢aze. Kak BuiHO U3 pucyHka, npu cia-
' OOM cUEMIeHuu 3aBUCUMOCTh £ (&) Tpex-

3HA4YHA: 3aaHHOMY 3HAYCHUIO O OTBCYAIOT
i U, SO TpU 3HAYCHUS hc , T.€. HMEET MECTO IIOCIIea0-

' ! ' ' ' ' BaTEJIbHOCTh BO3BPATHBIX IEPEX0J0B (eppo-
a XOJIECTEPUK — (eppoHEMaTuK — (eppoxolie-
3asucumocme Kpumuyeckozo nons he(s) om  CTEPUK — GheppOHEMATHK.

IHEpcUU cyenilernus npu K=5: Kpueas 1 - Padora BBIIIOJIHEHA NP TIOICPHKKE

¢=0.5,2 -¢=2,3 -¢=5 PO®U (rpant Ne 16-42-590539).
Cnmcok JurepaTypsbl

1. Zakhlevnykh A.N., Kuznetsova K.V. Magnetic-field induced orientational transition in a hel-
icoidal liquid-crystalline antiferromagnet // Phys. Solid State. Vol. 58, 2358 (2016).
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VK 532.783; 544.015.4

OpueHTanMoOHHbIE Mepexoabl B peppoHeMaTHKAX

B MAaI'rHUTHOM I10JIC
A. H. 3axaeBHbIX, A. B. Manuypos

IIepMcKHil TOCYIapCTBEHHBIN HALIMOHAIBHBIN UCCIE0BATEIbLCKUM YHUBEPCUTET
614990, Ilepms, yn. bykupesa, 15
email: flexar@mail.ru

B paboTe IIOCTPOEHA MOJIEKYJIIPHO-CTaTUCTUYECKAs Teopus
(beppoHEMaTUKOB—CYCIICH3Ul MAarHMTHBIX YAaCTUIl B HEMAaTUYECKUX >KHMIKUX
KpucTaiiax. PaccMOTpeHbl opueHTanuoHHble d(G¢eKTsl Moa  JeicTBUEM
MarHuTHOTO 01 c y4éToM OPUECHTALIMOHHOU CBSA3U MEXKIY
KHUJIKOKPUCTAUIMYECKOM ~ MaTpuued W aHcaMmOlieM dYacTul, a TaKke
JUAaMarHUTHOM HEPrUU B3aMMOJECUCTBUSA 0JI1 C MAaTPULIEH.

KiaoueBble c10Ba: HEeMAaTUYECKUN JKUIKUN KpUCTAILT; CyclieH3ust; peppoHeMaTuk; (Gpa3oBbie

IIEPEXO0 bl

Orientational transitions in ferronematics under

magnetic field

A. N. Zakhlevnykh, A.V. Mantsurov

Perm State University, Bukirev St. 15, 614990, Perm
email: flexar@mail.ru

A molecular-statistical theory of ferronematics, i.e., suspensions of magnetic
particles in nematic liquid crystals is proposed. Orientational effects under the
action of a magnetic field are considered with allowance of the orientational
coupling between the liquid crystal matrix and the ensemble of particles, as well
as the diamagnetic energy of the interaction of the field with the matrix.
Keywords: nematic liquid crystal; suspension; ferronematic; phase transitions

B pabGore B pamMkax MOJIEKYISPHO-CTATUCTMYECKOTO TMOJX0Ja  HM3y4aroTcs
UHAYUUPOBAHHbIE BHEIIHUM MAarHUTHBIM IIOJIEM  OPHUEHTAI[MOHHBIE IEPEXOABI B
depponemaruke (PH— cycrnieH3un aHu30MeTpUYHBIX (PeppOUACTUIl B HEMATHUECKOM JKUIKOM
kpuctaine (HXKK). Bynem nosarath, 4To cLEIIEHHE TUPEKTOpPA C MOBEPXHOCTHIO YAaCTHIL
MATKOE U IUIAaHAPHOE, TaK YTO B OTCYTCTBHUE MAarHUTHOro mnois aupekrop JKK-matpuusl u

JUIMHHBIE OCH YACTHI[ MapauienbHbl. B marnutHoMm none H =(0,0,H) cBoGoHas SHeprus
®H, paccmarpuBaemoro kak cmech N, monekyd KK n N  MarHUTHBIX HaHOYACTHL], HMECT
BuA[l, 2]

F—V——[y f7(77+1)+ypynw75(277+1)+ypyna)7f7] y,rln f(o,,0)- ypﬂlnf(%,C)’(l)

n

1
rae £ =hit.c=k,T/A, h=My H/A fagsljxpox + Gl

\S]

© 3axneBnbix A.H., Manmypos A.B., 2017
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3necb A — KOHCTaHTa CpeJHero mnoss, M — HaMarHU4eHHOCTb HACBIIICHUS MaTepHuasa
MarHUTHBIX YacTUll, v,— 00beM YacTulpl, v, — 00beM Moekyssl HXKK, y!— anuzorponus

JMaMarHuTHOM  BocrpuumumBocT  Mosekynsl  HOKK, mapamerp @  omuceiBaer
OTHOCUTENIBHYIO ~ POJIb  QHWU30TPOIHOIO  OPUEHTALMOHHOIO  B3aWMOJEHCTBUS  MEXKIY
gactunamu 1 JKK-marpuueil, mapamerp 7  XapakTepu3yeT OTHOCUTENIbHBIA 00BbeM

HaHovactuy, y, =N,v,/V uy, =N, v, /V —00beMHbIC HONH KOMIOHEHT, 77 = <P2 (ﬁﬁ»
ns = <P2 (ﬁé )> — cKajsipHble napaMmerpel nopsaka KK M MarHMTHOM NOACHCTEM,

COOTBCTCTBCHHO,

_3yan+y,on g _3y,0n
) T r P2 ¢
3necy mapamerp &=Ay./ (M v, )2 XApaKTEpU3yeT OTHOCUTENIBHYIO POJIb JUAMATHUTHBIX

B3aumMoaeicTBuii JKK-MaTpuiipl ¢ moyieM mo cpaBHEHHIO ¢ GpeppoMarHuTHbIME. B pabdoTte [2]
nuamarauTHeie 3G dekTsl He yunThBamuch (& =0).

YcinoBuss ~ TEPMOAMHAMHUYECKOTO paBHOBecusi OF / 0n = OF / 0S = 0 onpeaenstoT
3aBUCMMOCTM  TapamMeTpoB  mopsiaka #  ©W S, a  Takke  NpUBEAEHHOU
HaMarHU4E€HHOCTHU 11 = <Eﬁ> =0In f (a,é’ )/ 04 OT TeMmmepaTypbl 7T W HANpsHKEHHOCTU TOJI,

IIOKa3aHHble Ha puc. 1 u 2. Ha 3Tux pucyHKax TEPMOJMHAMUYECKH YCTONYMBBIE YYaCTKU
KPUBBIX MPOBEACHBI KUPHBIMU JIMHUSMH, BEPTUKAJIbHBIE OTPE3KH MPSAMBIX OTBEUYAOT
CKauKaM IapaMeTpoB MOPsIKa B TOUKe (ha30BOro nepexoa.

B oTcyrcTBHe noss mpu BbICOKUX TemmepaTypax (7 > 7, ) @H Haxomurcs B M30TpONHOM

¢aze. Ilpu nonmwxenun temmneparypsl B JKK-matpuiue mpoucxoaut ¢as3oBblii mepexol B
yrnopsIoueHHyto ¢a3zy [1]. OTum nepexos0M UHIYLUPYETCsS OPUEHTALIMOHHOE YIIOPSI0UeHUE
MarHUTHBIX YaCTHUI] M TapaMeTpbl MOpsAKa MNPETepreBalOT CKAYKW, XapaKTepHbIe JUis
(a30BBIX EPEXOI0B NEPBOTO POJIA.

Ha (puc. 1) nokazano moBeneHue nmapameTpoB MOpsaKa B MarHUTHOM moJje. Ecimu mosne
IPUIOXKEHO IPU 7 >7,, OHO OPHEHTUPYET MAarHUTHBIE YAaCTHULBL, a OPHUEHTALMOHHOE

cueruienne yactuy ¢ JKK-marpuuenl nepemaer 3to ynopspoueHue wmouiekynam KK, B
pesyabTare yero ynopsounBaercs KK-matpuna. Takas BeicokoTemnepaTypHas ¢aza OH
ABJIIETCA IapaMarHUTHOM M XapakTepusyeTcs napaMmerpom nopsaka S. C NOHMKEHHEM
TEMIIEPATYpbl  MPOUCXOJUT  NEPEXOJ  IEPBOIO  pola B  BBICOKOYIOPSJOYEHHYIO
¢deppoMarauTHyo (azy. DTOT mepexoj MOKa3aH Ha PUCYHKAX BEPTUKAIBHBIM OTPE3KOM
IPSIMOM MEX 1y IByMs 4acTsAMU Z-00pa3HOi KPUBOH.

Bnusaue ynopsinouenus XKXKK-marpuisl Ha ¢eppouactuiibl okazano Ha (puc. 1. 0). Ilpu
T>7, CcycleH3us BeleT cebs Kak OOblYHAs MAarHUTHAas >KUIKOCTb, IIOTOMY MarHUTHBIE

YaCTHUIIBI JIETKO OpHUeHTHpYIoTCs TosieM. Kak BumHO u3 (puc. 1. 0), 4acTUIBI OpUEHTUPOBAHBI
BJIOJIb TIOJISi IOCTAaTOYHO CHJILHO YK€ B mapaHemaTudeckoi ¢asze. [lo 3Toil mpuunHe HIDKE
Touku 7., korja JKK-maTpuma okxas3blBaeT CHJIBHOE OPUEHTUPYIOLIEE BIMSHUE, POCT
napaMmerpa nopsiaka S Opu TMOHIKEHUM TEeMIEpaTypbl CTAHOBUTCS ClIaObiM. BuaHO, 4TO B
cnabpix mossix BiusHue JKK-martpuiel Ha ymnopsiiodeHue aHcamOiasi MarHUTHBIX YacCTHUI
BEChbMa CYIIECTBEHHO.

W3 (puc. 1) u (puc. 2) BUAHO, YTO C POCTOM MArHUTHOTO TOJSI yBETUYHUBACTCS
temrieparypa ¢azosoro nepexosna. [lpu & # 031oT addexr craHoBUTCS O60nee 3ameTHBIM. C
POCTOM HAMPSHKEHHOCTH MArHUTHOTO TOJSI YMEHBIIAETCS CKAa4OK MapameTpa MOpsaKa Mpu
($a30BOM Mepexo/ie U IPU HEKOTOPOM /1 ITOT CKaYOK MCUYE3aeT U Mepexo1 pa3mbiBaeTcs. Puc.
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2 MOKa3bIBAa€T, UYTO JUAMArHUTHbIE A((HEKTHl CTAHOBSTCS CYIIECTBEHHBIMU B JOCTATOYHO
CWJIBHBIX MOJIAX (KpuBbIe 3 U 4).

0.8 - 0.9
0.8
0.6
i 0.7
0.4 .
0.6 2
02 os | |
2 ' ———
1 i
0 ——— 7 T 0.4 —r— 77
0.19 0.2 0.21 0.22 0.23 0.19 0.2 0.21 0.22 0.23
(a) (©)

Puc. 1. Temnepamypuvie 3as8ucumocmu napamempos nopsoxka KK-wampuywin(a) u
nanouacmuy S (6) npu 'y ,= 0.01, y =0.06, =2, h = 1. Kpusas 1 <=0, 2—-¢=0.01

PaGora Beimonnena mpu noanepxkke PODU
(rpanT Ne 16-02-00196).

Cnucok uteparypsl

1. 3axnesnvixA. H., JIyonun M. C., IlerpoB
J.A. OG oaHON MpOCTON MOJEKYISAPHO-
CTaTUCTHUYECKOM MOJIeNn
KHUJIKOKPHCTATITUIECKOM CYCIEH3UH
aHu3oMeTpuyHbix vactun, //  XKypH.
sKcrepuM. U Teoper. ¢puzuku. 2016. Tom
150, Bem. 5 (11). C.1041-1051.

2. Zakhlevnykh A. N., Lubnin M. S., Petrov

0.4

0.2+

0 — 71 1 T 1 T 1T
0.19 0.2 0.21 022 023 D. A. A simple model of liquid-crystalline
magnetic  suspension of anisometric
Puc. 2. Temnepamypuvie 3asucumocmu particles // J. Magn. Magn. Mater. 2017.
NPUEEOEHHOU HAMAZHUYEHHOCIMU M ApU Y = Vol. 431. P. 62-65.

0.01, y = 0.06, w= 2. lImpuxosas nunus: ¢ =
0,cnnownas munusa: & = 0.01. Kpusvie 1 u 2 —
h=0.1, kxpuevie 3u4—h=0.5
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VJIK 532.59

MonenupoBaHve HeJIMHEHHON NTUHAMUKH
CBOOOJHOM MOBEPXHOCTH KHUIKOTO
AUDIJIEKTPUKA KOHEYHOU riayOuHBbI B

INCKTPUIYCCKOM I10JI€

H. M. 3y6apes®’, E. A. Kouypuu®

& Uucturyt snexrpopusuxu YpO PAH, 620016, ExatepunOypryn AmyssiceHa, 106
b dusnueckmii uHcTuTyT BM. JlebeneBa PAH, 119991, MocksaJlenunckwuii mpocnekt, 53
emal: kochurin@iep.uran.ru

PaccmoTtpena HenmuHeliHass AMHAMUKA CBOOOTHOM TTOBEPXHOCTH JTUAJICKTPUIECCKOM
KUIKOCTH C BBICOKOU IPOHUIIAEMOCTBIO B CHJIBHOM TaHT€HIUAJIBHOM 3JIEKTpUYe-
cKoM Tmolie. B paMkax Merona IWHAMHYECKUX KOH(POPMHBIX MpeoOpa3oBaHUit
(oGacThb, 3aHUMaeMast KUIKOCThIO, OTOOPAKAETCs B TIOJIOCY) OCYIIECTBICHO MO-
JIEJTUPOBAHKME B3aWMOJICHCTBHSI BCTPEUHBIX BOJH. J[JIs C10s )KUIKOCTH KOHEYHOMN
IyOWHBI UCCIIEIOBAHO B3aUMOJIEUCTBHE IPOCTPAHCTBEHHO JIOKATM30BAHHBIX
BosH. [lokazaHo, 4yTO HeluHeHHasi CyNnepHo3UIUsl BOJIH O0ECIeurnBaeT 3aMETHOE
YBEJIMYEHNE AMIUIMTYAbl BO3MYIIEHUSI IPAHMIIBI [0 CPABHEHUIO C JUHEHHOH. B
mpeJiesie MeJIKOW BOJBI BO3HHKAET TEHICHIUS K (POPMUPOBAHUIO BEPTHKAIHLHOU

CTpYH.
KuroueBbie cjioBa: cBOOOIHAS TOBEPXHOCTh; HEJIMHEWHBIE BOJIHBI, AJIEKTPUUYECKOE I10JIe

Simulation of nonlinear dynamics of free
surface of finite depth liquid dielectric under

the action of electric field

N. M. Zubarev®® E. A.Kochurin?

% Institute of Electrophysics, UB of RAS, 620016, Ekaterinburg, Amundsen str., 106
b Lebedev Physical Institute, RAS, 119991, Moscow, Leninsky Prospekt, 53

Nonlinear dynamics of the free surface of finite depth non-conducting fluid with
high dielectric constant subjected to a strong horizontal electric field is consid-
ered. Using the conformal transformation (the region occupied by the fluid is
transformed into a strip), the process of counter-propagating waves interaction is
numerically simulated. For the case of a finite depth layer of liquid, the interaction
of spatially localized waves is investigated. It is shown that the nonlinear superpo-
sition of waves leads to a noticeable increase in the amplitude of boundary pertur-
bation in comparison with the linear one. In the shallow water limit, the tendency
to the formation of a vertical liquid jet is observed.

Keywords: free surface; nonlinear waves; electric field

PaCCMOTpI/IM JANHAMUKY CBO6OI[H0ﬁ IMOBEPXHOCTU HCHPOBOI[SIII_Ieﬁ JKUJIKOCTH KOHEUYHOM
T J'IY6I/IHBI d BO BHEIIHEM T OPU30HTAJIBHOM JJICKTPHUYCCKOM II0JIC. Mu1 6y,ueM paccMaTpuBaTb

© 3ybapes H. M., Kouypur E. A. 2017
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3aJ1a4y ¢ TUIOCKOW CMMMeTpreii. B HeBO3MyIIIEHHOM COCTOSIHUM TpaHUIIA MPEJICTABIISET COO0M
mwiockocth Y =0 (0ch X MPSIMOYroJIbHOW CHUCTEMbI KOOPJAMHAT JIS)KUT B 3TOM IJIOCKOCTH, a
OCh Y HarmpamjieHa 10 HOpMaiu K Hell). HampsokeHHOCTh BHEIIHETO 3JICKTPHUYECKOTO TOJIS
HaIpaBJjIeHa 10 OCH X ; IO aOCOJIFOTHOMY 3HAYEHHUIO oHa paBHa E. Bmombs ocu X paccmarpu-
BaeMasl CHcTeMa siBJstieTcst mepuoandeckoit, T.e. E=U /|, rme U — magenue HanpsoKeHUs Ha
npocTpaHcTBeHHOM Tiepuojie | . OTKIIOHeHHE MOBEPXHOCTH pa3jiena oT miockoctu Y =0 3a-
naercst pynkumeit 77(X,t), T.e. ypaBHeHue Y =/] ompenaeiser npoduib rpaHullsl. bynem cuu-
TaTh JKUJKOCTh HEBSI3KOW M HECKUMACMOM, a TeueHHe — Oe3BUXPEBBIM (MMOTCHIIUAIBHBIM).
[Torenmman  ckopoctd  kuakoctd P ynoBieTBopseT  ypaBHeHHro  Jlammaca
0°® =0,—-d <y <77, co cleIyIOmuM YCIOBHEM Ha JHE ®, =0,y =-d. Ha cBoGoanoi mo-
BEPXHOCTHU JIOJDKHBI BBIMOJIHATHCS KHUHEMATHYECKOE M JUHAMHUYECKOE TPaAHHYHBIC YCIIOBHS
[1], cooTBeTCTBEHHO,
2 2
n,=®,-nd,, P, +%(DCD)2 = &f (D¢; = ’ (1)
0
I7e ¢ — HOTEHIHAT JIEKTPHUECKOro MOoJsl, O — INIOTHOCTH JKUAKOCTH, &, — 3JIEKTpHUUECKas
MOCTOSIHHASA, £ >>1 — MUAJIeKTpUYecKas MPOHUIIAEMOCTh JKUIKOCTH. B crity oTCyTCTBUS 00B-
€MHOTO 3apsijia BHYTPH >KHJKOCTH ITOTCHITHA 3JIEKTPUICCKOTO TOJIs OyJIEeT YIOBJICTBOPATH
ypasrenwmto Jlammaca (%@ = 0. YciioBus HempepsIBHOCTH HOPMAIBHOM KOMIIOHEHTHI BEKTOPA
JJIEKTPUYECKOW WHIYKIIMA HAa TIOBEPXHOCTH W HA JIHE JKHJKOCTH TPHUMYT BHJI
¢,-n9,=0,y=n; ¢, =0,y ==d. llng ynoOcTBa NaipbHEUNIEr0O PacCMOTPEHHUs yI0O0HO
TepenTn K 0e3pa3sMepHBIM 0003HaYCHHSIM MTOCPEICTBOM 3aMeH
® - Acd, ¢ ~ AE@, X - AX,n - An,t - Ac’'t, Tme A — xapakTepHas JUIMHA BOJHBI,
c=(£,6E% 1 p)*?
paBHa eIMHUIIC.
Jlairee, coBepiiM KoH(OPMHOE MTPeoOpa3oBaHue 00JIACTH, 3aHIMAEeMOM KHUJIKOCTHIO, B
mapamMeTpudeckyro mojocy —D <v<0,—c <u <+, e D = D(t) —kondopmuas riryouna

— CKOPOCTh pacipoCTpaHEHUs JIMHEWHBIX BOJIH, B HOBBIX IEPEMEHHBIX OHA

xuaKocTH. CBOOOIHAS MOBEPXHOCTH MXHMIKOCTH OYIET 3al1aBaThCs IMapaMETPHUECKHMU BbI-
paxenussmu Y =Y (U,t), X=u-TY, rae T — MHTErpaibHbIiA OEpPaTop, €ro ACHCTBHE U Jei-

CcTBHE 00OpaTHOTO K HeMy omeparopa R ompenensercs B ®Dypbe-pocTpaHCTBe, Kak
fk =icothkD), R =—i tanhkD ) Koudopmuas riyOuHa cBs3aHa ¢ (pU3HYECKOM TITyOHMHOMR

CJIe YoM 00pa3oM
112

D(t) = d +% [ Y ndu.
-1/2
Kunemarudeckoe rpanudnoe yciaosue (1) B HOBBIX HepeMEHHBIX IPHMET BUJL
RW _( RW
==Y T 3 = |, (2)

re W — QyHKIys, 3a7ar011as 3HaYeHne MOTeHINala CKOPOCTH Ha rpanuie, 1 J = X2 +Y? —

Y, =[1-TY,]

AKoOMaH KOH(OPMHOro IpeoOpazoBaHHs, €r0 0OpaTHOE 3HAUEHUE ONIPEJEIIET DIEKTPOCTa-
THYECKOE JIaBJICHUE Ha rpaHule xunkoctd P. =1/J. YpaBHenue OamaHca cuia Ha cBOOOJ-

HOH TOBCPXHOCTU KUIAKOCTH MOXKHO 3alliCaTh B BUJC

wt:—i[wﬁ—ﬁwﬂ—wuf RY, |12 3)
2J J 2J
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JIIst 9UCIEHHOTO MOJEIMPOBAHUS CHCTEMBI ypaBHeHui (2)-(3) yao6HO Mmoib30BaThCS
CIIEKTPATBLHBEIME METOIAMH, T.€. ANIIPOKCHMHUPOBATh MCKOMBIE (DYHKIIMH KOHEUHBIMH DPSIAME
®ypre. MiTak, paccMOTPHUM B3aMMOJEHCTBHE ABYX BCTPEUHBIX HEIMHEHHBIX IOKATA30BAHHBIX
BOJIH creyromero Buna Y =Y +Y7, Y* =a* expE 2U+u, T ),re 3Haku + cOOTBETCTBYIOT
HOJIOKUTEIEHOMY M OTPULATENBHOMY HAIIPABIECHHSAM PACIIPOCTPAHEHHUS BOJIH BIOJIL OCH X,
a® — aMIUIATYIBI BOJH, *U, — HAyalbHbIE MOJOXKEHUS MAKCHMyMOB aMmIUIATY BojH. Ha
(puc. 1) moka3aHa 5BOJIOIMS IIOBEPXHOCTH IIPU B3aUMOJIEHCTBIHN JIOKATM30BAHHAIX BOJIH Ma-
JIOM aMILUTUTY/IBI TIPU PA3IMYHbIX 3HAYEHUSIX IITyOMHBI *kujakoctd. M3 (puc.l.a) BUgHO, YTO
IpH OTHOCUTENBHO GOJBIIOM 3HaueHUH riayounsl d =1, B3aummojeiicTBAE BOJIH MPOMCXOIUT
NPAKTHYECKU JIMHEHHO (CHUIBHOHEIMHEWHAsS IMHAMMKA BOIH IS TIyOOKOM JKHIKOCTH pac-
cmarpuBanack B pabore [2]). Ilo Mepe yMeHbIIEHHS TTyOMHLI aMILUIATYA IIOBEPXHOCTH B
MOMEHT CTOJIKHOBEHHMSI HAUMHAET BO3pACTaTh M I Majtod raybunsr d =0.07 oma mpesoc-

XOJIUT CYMMY aMILTUTY/1 cJJa0OHETMHEWHBIX BOJH (cM. puc. 1.0).

0.15
0.10
0.05

Puc. 1. Bzaumooeiicmeue 6cmpeynvix HelUHEUHbIX 80IH HA 2PAHUYE HCUOKOCHIU.

Takum 06p330M, PE3yJIbTaThl MOACIIUPOBAHUSA ITOKA3BIBAIOT, UYTO MHTCHCUBHOCTL B3au-
MOJICHCTBHSI HEJIMHEHUHBIX BOJIH YCHUIIMBACTCA IO MEPC YMCHBIIICHUS T J'IY6I/IHBI KUOKOCTH. B
apeaciic MaJIon FJIy6I/IHLI 3TO CBOMCTBO IMPpUBOJUT K (I)OpMI/IpOBaHI/IIO ¥Y3KO HalIpaBJICHHOTO
BO3MYHICHUSA, aMIINIUTYJJa KOTOPOIr'0O CTAHOBUTCA CpaBHHMOﬁ HJIM JaXC NPCBBIIACT T J'IY6I/IHy
KHUAKOCTH. I[pyFI/IMI/I CJIOBAMH BO3HHKACT TCHACHIIMA K (1)OpMI/Ip0BaHI/IIO CTPYﬁ Ha IrpaHune
JKHUJIKOCTHU IIpH B3aUMOJACUCTBUHU BCTPCYHBIX HEJIMHCHHBIX BOJIH.
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BuOpannonHasi KOHBeKIUSI TPEXKOMMOHEHTHOM
CMECH B NPSAMOYI0JbHOM MOJIOCTH B YCJOBHUAX

HEBECOMOCTH
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B nacrosimeit pabote npoBeneHO IMpsIMOE YHCIEHHOE MOJIENNpPOBaHNe BHOpaIu-
OHHOW KOHBEKIIMM TPEXKOMIIOHEHTHOM cMecH B MpPSIMOYTOJIbHOM TOJOCTH B
ycloBusiX HeBecoMocTH. [loocTh MMeeT TBepAble, HEPOHUIIAEMBIE ISl BEIlle-
CTBa IPAHUIIBI U COBEpIIAET MPOAOIbHbIE TAPMOHUYECKHE BUOpAIMK ¢ KOHEUHOU
aMIUIMTYy10i U yactoroil. KopoTkue rpaHUIBI MOJOCTH TEIIOM30JIUPOBAHEI,
JUIMHHBIE TOJJEP’KUBAIOTCS MPU MOCTOSHHBIX Pa3HbIX TemIepaTypax. Pacdersl
BBITIOJTHEHBI ISl TPEXKOMIIOHEHTHOW CMECH C OTPHIATEIbHBIMU OTHOUICHHUSIMHU
pazfeneHuss KOMIOHEHT. [lomydeHbl YuciIeHHble JaHHBIE O CTPYKTYPE CPEIHEro
TEUYEHUsI M paclpe/ieNICHUsIX KOHIIEHTpAI[MU IpUMecel MpH pa3IUYHbIX WHTEH-
cuBHOCTSIX BUOpanwmii. [lokazano, 4To ¢ pocTOM MHTEHCHBHOCTH BHOpaIuii mpo-
HCXOJUT MEepPEeCTpOKa CTPYKTYpPhl CPETHETO T€UECHHUsI, CBS3aHHASL C HEYCTOMUNBO-
CThIO KBa3WpaBHOBECHS TE€UEHMsSI B IIEHTPAIBHON YacTU MOJIOCTH U COIPOBOXKIA-
OIAsiCsl PE3KUM CKauKOM MHTEHCHUBHOCTHU TEIUIONEPEHOCA.
KuroueBblie cjioBa: KOHBEKIUS;, BUOpAIK, TPEXKOMIIOHEHTHASI CMECh; HEBECOMOCTh

Vibrational convection of ternary mixturein

rectangular cavity in zero gravity condition

N. A. Zubova? T. P. Lyubimova®®

% Institute of continuous media mechanics UB RAS, Akad. Koroleva St. 1, 614013, Perm
email: yanca@yandex.ru

b Perm State University, Bukireva St. 15, 614990, Perm

email: lubimova@psu.ru

In the present paper a direct numerical simulation of the vibrational convection of
a ternary mixture in a rectangular cavity at the zero gravity conditions is carried
out. The cavity has a rigid, impermeable boundaries and performs longitudinal
harmonic vibration with finite amplitude and frequency. The short boundaries of
the cavity are thermally insulated, the long ones are kept at constant different tem-
peratures. The calculations were performed for a ternary mixture with negative
separation ratios of the components. The numerical data on the structure of the av-
erage flow and distributions of solutes concentration for various vibration intensi-
ties is obtained. It is shown that as the intensity of vibrations increases, the struc-
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ture of the average flow is restructured, due to the instability of the quasi-
equilibrium of the flow in the central part of the cavity and accompanied by a
sharp jump in the intensity of heat transfer.

Keywords: convection; vibration; ternary mixture; zero gravity

1. ITocranoBKka 3a/1avi 1 M€TO/I pelICHUHA

PacemoTpum nnaynupyemyio s¢gpdexrom Cope KOHBEKIUIO TPEXKOMIIOHEHTHOM cMecH B
MPSIMOYTOJIBHOM TIOJIOCTH C OTHOLIEHHEM CTOPOH S:1 B ycnoBHsX HeBecOMOCTH. | paHUIIBI
MOJIOCTH CUUTAIOTCS TBEPBIMHU, HEIIPOHUIIAEMBIMHU ISl BemecTBa. KopoTkue cTOpOHBI mpsi-
MOYTOJIbHUKA TEIUIOM30JIMPOBAHbl, HA JUIMHHBIX CTOPOHAX MOJAECPKHUBAKOTCS IOCTOSIHHBIE
pa3Hble TeMmieparypsbl. [lonocTe coBepiaeT MpoJOJbHBIE FapMOHUYECKHE BHOpAIMU C aM-
IUTMTYJI0OW @ M YIJIOBOM yacToToi . Hecrarnumonapubie 6e3pa3MepHble YpaBHEHUS! UHIYIH-
pyemoit apdextom Cope KOHBEKIIMH TPEXKOMITOHEHTHOW CMecH B TpHOmKeHnn byccnHecka
B CHCTEME OTCYETa KOJICOTIOIIEHCS TTOJIOCTH, a TaKXKe I'PAHUYHBIC YCIIOBHS, IMEIOT BUJ [1]:

‘;_l:+ama=—mp+mzn+i—av cogQ }( T+I[C)7r, O =0, (1)
r
aT — 1 2 aC s 1 2 2-
—+u0T==—0T, —+uldC =—(0°C—-¢T|, 2
ot Pr ot sc:( wo°T) ?
x=0,5: =0, a—T:a—c=0, (3)
0xX 0X
o 0
y=0,1: 4=0, T=+]2, —(C-¢T)=0. (4)
Yy

. T
3mech U — BEKTOp CKOPOCTH, P — AaBieHue, | — temreparypa, C =(Cl,C2) — TPaHCIIOHU-
POBaHHBIN BEKTOp KOHIIEHTpAIMii KOMIOHEHT, | = (1,1) — JIMHUYHBIA BEKTOp, N — eAMHUY-

HBIN BEKTOP B HaIpaBJICHUH BUOpAITHiA.
Vpasuenus (1)-(4) comepxar cnenyrompe 6e3pasMepHble mapameTpsl: Pr=v/y —uuc-

no Ilpannarns, ¢ — BEKTOp OTHOIIEHUH pa3JeieHus, SC=v'BDB™ — MaTpHula 4ucel
IlImuara, Ra, =aw’ B ATH® / (V)() — BuGpanmonHoe wncio Pemest, Q = wH?/v — Gespas-

MepHas yactota BuOpanuii. K ypaBuenusm (1)-(4) nmpumeneHo mpeoOpa3oBaHue, HCKITIOYAO-
mee 3QexT mepexkpectHoi quddy3un. Ito mpeodpazoBaHue NPUBOIUT MaTpuily SC Kk jaua-
TOHAJILHOMY BHJTYy ¥ UMeeT Bu/ [2]:

C=BV(BQ)'C, ¢ =BV(BQ) ¢,
rae V — Marpuna, B cTon0uax KoTOpoH Haxonstes coGCTBEHHbIe BekTopa V, =(V, \(2)T
2
MaTpuIsl K03 unreHToB MoaeKyIsspHoi auddysuu, Q = diag{ q, Cb} , g = ,8,_12 By -
=1

3anaya (1)-(4), nepenrcanHasl B TepMUHaX (YHKIIMY TOKA M 3aBUXPEHHOCTH, peliagach
YHMCJIEHHO, METOJIOM KOHEUYHBIX pa3HocTel. HecTannoHapHblEe ypaBHEHHs pelaINCh C IO-
MOIIIBIO SBHOM KOHEUHO-PA3HOCTHOM CXeMBI ¢ MOCTOSHHBIM BpeMeHHBIM marom h? /8, rie
h — mocTostHHBIN 1mar o mpocTpaHcTBY. YpaBHeHue [lyaccoHa /Ui GyHKIUHM TOKa peria-
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JIOCh METOJIOM TOCJIEIOBATEIbHON BEpXHEH penakcanuu. 3HauYeHus 3aBUXPEHHOCTH Ha rpa-
HUIAX MOJIOCTH Tojydaiuch mo popmysae Toma [3]. HayanbHble yClIOBHS COOTBETCTBOBAIIU
YCTAaHOBHUBIIMMCS TOTIEPEUHBIM T'PaJUEHTaM TEMIIEpaTyphl U KOHIIEHTPALIUH TPUMECEH:

T=12-y, C=¢(l/2-y).

Brrauciienust mpoBOMIIACH JIUTSI TPEXKOMITOHEHTHOW CMECH CO CIIEYIOIUME Oe3pas-
MepHbIMH napaMerpamu: yucio [Ipanarna Pr=10, wucna HImuara S¢ = 10C, Sc, = 100(,
otHomeHus paszenenus (Y, =—-0.3, ¢, =—0.]. 3naueHne Ge3pazmMepHON 4acTOTHI BUOpAIUii
ObUI0 Takke pukcupoBaHHBEIM Q =445, DT0 3HaYeHWE B cliydyae IMOJIOCTH BBICOTOH 1 cM, 3a-

IIOJTHEHHOM TPEXKOMIIOHEHTHON JKHIKOM CMEChI0 C BA3KOCTBIO V ~107°, cooTBEeTCTBYeET
pasMepHoii yactote, mpuMepHo paBHOH 1 I'm. CpenHue BeNIWYMHBI HOMYYAIUCh ITyTEM
OCpEHEHUSI MTHOBEHHBIX BEJIMYMH 110 IEPUOY BHOpaIuii.

2. YucjeHHble pe3yJbTAThl

CpeaHssa pyHKumMs Toka Cpep,Hﬂﬂ dyHKUMS TOKa Cpep,Hﬂﬂ cbyHKu,vm TOKa
S ' ' ' N
S CS 7 {
CpeaHsist KOHUeHTpauus Cpe,qH;m KOHLeHTpauus CpegnHsist KOHU,eHTpaLI,VIﬂ
nepBov NpuMecH nepBov NpuMecH nepBom npvwlecm
CpeaHsas kKoHUeHTpaums CpeaHsas kKoHUeHTpaums CpenH;m KOHLleHTpaLl,VISI
BTOPOW MpUMECH BTOPOW MpUMECH BTOPOW MpUMECH

————  ————— |
-

(a) (6)

Puc. 1. Hzonunuu cpeonux pynxyuu moxa u konyenmpayuii komnonennt: (a) — Ra, = 5710 ;

(6) — Ra, = Y0 ; (6) — Ra, = 2710

Ipu MasibIx 3HaYeHusX BUOpanuonHoro uncna Penes (Ra, = 5010, puc. 1. a)B moJto-

cTH HaOJIro/MaeTcs CIAOOMHTEHCUBHOE CpellHee TeueHue, nMeromiee popMy deThipex BUXpeid,
pacIOJIOKEHHBIX MOMAPHO BO3JIeé OOKOBBIX I'PAHMUIL MOJIOCTH, a B EHTPAJIHLHOM YacTH IMOJIO-
CTH TEeUeHUE NpaKTHUecKu OTCyTCTByeT. [loisi KoHIeHTpaluii mpuMecedl MpaKTHUUECKU He
UCKa)KeHbl TeUCHHEM. YBenndeHne Ra, NMpUBOAUT K POCTy MHTEHCUBHOCTH TE€YEHHs, BO3-

pactaeT mepeMelMBaHUEe CMECH, YTO YCHJIMBaeT NeGOopManuio M3OJUHUA KOHIICHTPAIAU
npuMeceii Bosjie GokoBBIX rpanuil nosoctu (puc 1. 6, Ra, = 110). [Tpu gocTukeHUn BUG-
panroHHbIM unciioM Penes 3nauenus Ra, = 1.9110 npowcxoaut kayecTBeHHas MepPeCTpoii-

Ka CTPYKTYphl TEUEHHs, CBSI3aHHAs C HEYCTOMYMBOCTHIO KBAa3UPABHOBECUSI CMECH B IICH-
TPaJIbHOM YacTH MOJIOCTU U CONPOBOXKAAeMas CUJIbHBIM YBEJIMYEHWEM MHTEHCHUBHOCTHU Tell-
gonepenoca (puc. 2). B pe3ynbrate HEyCTOWUMBOCTH (HOPMUPYETCS Cpe/lHEee TeUeHUE, UMe-
I0lllee MHOTOBUXPEBYIO (POpMY ¢ BUXPSIMHU, 3aHHUMAIOIIUMHE BeCh 00beM moJiocTr (puc. 1. B).
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Nu/L |
7 1
|
1.8 !
|
1
|
1.6 !
|
1
|
1.4 !
|
1
|
1.2 !
> I
< |
|
14 = L ‘
5.0x10* 10° 1.5x10° Ra,

Puc. 2. bespazmepuwviii meniogoii NOmox uepes HUMICHIO 2panuyy noI0Cmu HA eOu-
HUYY ONUHBL 8 3A6UCUMOCIU OM 6UOPAYUOHHO20 Yucia Penes

PaGora BeimonmHena mpu QuHAHCOBOM moaAepxkke Poccuiickoro HaywHoro ¢onaa
(rpant Ne 14-21-00090).
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YucaeHHoe MoJeINPOBaAHME IBOJIIOMH
rPABUTANMOHHBIX M KANMUJIJSPHBIX BOJIH
B CHCTEME ABYX CJAa00CMEIMBAIMIAXCS

KHUIAKOCTEH
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[IpoBeieHO YMCIIEHHOE MOJICIMPOBAHUE SBOJIIOIMU I'PABUTAIIMOHHBIX U KaIlWJI-
JSIPHBIX BOJIH Ha IJIOCKOW Mek(a3HOl rpaHuIle B CHCTEME JIBYX ClIabOCMeInBa-
OLIMXCS JKUJIKOCTEH. MoieIMpoBaHue MPOBOIMIOCH Ha OCHOBE Mojie (ha30Bo-
ro mosist. J{yist onmcanus mporecca quddy3ur UCIoIb30BalIcs 0000IIEHHbIH 3aKOH
®uka, B paMKaX KOTOPOTO CKOPOCTh UGB (HY3HOHHOTO MACCONEPEHOCa OMpeIeis-
eTcsl 4Yepe3 TPaJeHT XUMHYECKOTO MOTeHIUANa. BBIUMCICHUS MOKa3aid, 4TO
T Qy3us SIBISETCS JOTOJTHUTEIIBHBIM MEXaHU3MOM JIMCCUTIAIIMY TPABUTAIIMOH-
HBIX U KaWUISIPHBIX BOJH. AHAJIOTUYHO BS3KOHM JMCCUNAIUK B3auMHas aupdy-
3Msl KHUJKOCTEH MPUBOJUT K OTPAaHMUCHHIO CBEPXY 3HAYCHHUI BOJIHOBOTO YHCIIA
HaOJTFOTAaeMBIX BOJIH, 00Jiee KOPOTKHE BOJHBI MOJHOCTHIO TOJABIISIFOTCS TIPH He-
KOTOPOH TOJIIIMHE MEPEXOJHOTr0 Clios Mexay (asamu. B mmpokom jauanasone
MapamMeTpoB MOCTPOEHBI 3aBHCUMOCTH YacCTOThI T'PABUTAIIMOHHO-KAHUIIPHBIX
BOJIH OT BOJIHOBOTO YHCJIa. 3aKOHBI TUCIICPCHH, MTOJIyUeHHBIC I Majoi quddy-
3WM U MAJIOW TOJIIMHBI TPAHUIBI pa3jieia Cpell, KaueCTBEHHO COBIAIAIOT C U3-
BECTHBIM JIMCIIEPCUOHHBIM COOTHOIIICHUEM JIJII BOJIH Ha TPaHUIE pa3jieia He-
CMEIINBAIOMINXCS KUIKOCTEMN.

KiroueBblie ciioBa: c1a00CMEITMBAIOIIUECS JKUAKOCTH; TPABUTAIIHOHHO-KAITMJUISIPHBIE BOJI-

HBI, T y3us; MoIeTb (a30BOTO TOJIS
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Numerical simulation of the evolution of gravity-capillary waves on horizontal in-
terphase in a system of two slowly miscible liquids is carried out. The simulation
was performed using the phase-field model. To describe the diffusion process, the
extended Fick's law was used. According this approach the diffusion mass transfer
rate is determined through the gradient of the chemical potential. Calculations
showed that diffusion is an additional mechanism for the dissipation of gravita-
tional and capillary waves. Similarly to viscous dissipation, the mutual diffusion
of liquids leads to a restriction on of maximum values of observed wave number.
Waves with short wave number are completely suppressed for some thickness of
the transition layer between the phases. In a wide range of parameters, the de-
pendences of the frequency of gravity-capillary waves on the wave number are
obtained. The dispersion laws obtained for small diffusion and small thickness of
the interface are close to the known dispersion relation for waves at the interface
of immiscible liquids. However, for a correct transition to the limit of immiscible
liquids, it is also necessary to reduce the capillary parameter value, so that the ra-

tio of the capillary number to the thickness of the transition layer remains finite.
Keywords: slowly miscible liquids; gravity-capillary waves; diffusion; phase field mod-
el

B pabote mpoBe/ieHO YHCIIEHHOE UCCIIEIOBAaHUE BOJIIOIMY I'PABUTAIMOHHBIX U KaIUII-
JSPHBIX BOJIH Ha MJIOCKOH Mex(da3HOW TpaHHIE B CHCTEME JABYX CIA0OCMEITMBAIOIINXCS
KHJKOCTeH. MoenrpoBaHue TPOBeIeHO Ha OCHOBE MeTo/a a30BoTo 1MOJIsl. B cooTBeTCTBHM
C TJaHHBIM METOJIOM Mek(azHas TpaHHIla TPECTABISIETCS B BUIE CJIOS KOHEUHOW TOJIIIHHEI,
MOJIOXKEHUE W CBOMCTBA TPAHUIIBI OMPECIISIFOTCS Ha OCHOBE NoJIst KoHIeHTparmu C (koTopoe
B CBOIO OYepE/Ib OIPEJIeNIIeTCs, KaKk MaccoBast J0JIsl OJTHOTO M3 KOMIIOHEHT cMecu). HoBu3zHa
[0/IX0J1a COCTOUT B MCIIOJIb30BaHUM 00001eHHOro 3akoHa ®duka, B paMKax KOTOPOIrO CKO-
pocTh AudgGy3nOHHOTO MaccolepeHoca OmpeieNsieTcs yepe3 rpalueHT XUMUYECKOTo MOTeH-
nuana. Y ienpHas cBOOOHAsI SHEPTHs onpeernseTcss Kak GYHKIHsS KOHIICHTPAIUU U TpajIu-
€HTa KOHIICHTPAIIH:

f(c,0c)= fO(C)+§(D ). (L)

Bropoe rpamuenTHOe ciaraeMoe B BbIpaxkeHHH (1) yuuThiBaeT 3()(eKThI MOBEPXHOCTHOTO
HaTspkeHus. [Ipeamonaraercsi, 9YT0 KamWUIIpHAs TMOCTOSIHHAS € JOCTATOYHO Majyia, TaK 4YTo
BJIMSIHUE BTOPOTO CIIAraéMoOro MPEHEOPEIKUMO MaJio Be3je, 3a HMCKIIOUCHHEM oOyacTedl ¢
OOJIBIIUM TPATUEHTOM KOHIICHTpAIIUH, T.€. IpaHuIl pa3zena ¢as. [y onpeesieHus Kiiaccu-
yecKoi gacTi GyHKIMU cBOOOIHOM 3Heprun f, mcnons3oBaHo BeIpakeHue Jlanmay miis oko-

JOKPUTHUYECKUX CHCTEM.

C ucnonp3oBanreM QyHKIMK cBoOoaHOM 3Hepruu (1), ypaBHenust HaBbe-Ctokca MoryT
OBITH IepenucaHbl B BUJE TaK Ha3blBaeMbIX ypaBHeHui Kana-I'mmnapna-Hasee-Ctokca, ko-
TOpBIE JAIOT ONIMCAHUE SBOJIIOIMM I'eTepOreHHOW OMHapHOW cmecH. B pamkax mpuOmmkeHus
Byccunecka, crpaBeyIuBOro AJsl ONMMCAHUS CPABHUTEIIBHO MEJUIEHHBIX IPOIECCOB HA KOH-
BEKTHBHBIX 1 () ()y3HOHHBIX BpeMEHHBIX MaciTabax, ypaBHEHHs 3anuinyTes B Buje [1, 2]:

ou 1
—+(ul)u=-0"N+—A~Au-COu+2GrCy, 2
ot ( ) Re a v @)
oC 1
—+(uM)C=—Au, 0OD=0, 3
ot ( ) Pe H ®)
U=Gr(r)+2AC+4C°-Ca\C (4)
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B 1aHHBIX ypaBHEHHSX WCIOJB30BaHbl CTaHIAPTHBIE O0O3HAYCHUS IS TIEPEMEHHBIX;
Y - €AMHUYHBIA BEKTOp, HAMPABICHHBIA BBEPX, [/ - XUMHUYCCKHI TOTCHIHAT. YpaBHEHUS
(2)-(4) 3amucanbl B Oe3pa3MepHOM BHJIC W BKJIFOYAIOT B ceOs clieayromume Oe3pa3mMepHbIe Ta-
pamerpsr: ancio 'pacroda, Gr=g@gl / j1, uncio Peitnonbaca, Re= ,b[.lyZL 17} , aucro Ileke,
Pe=¢gl /1 , kammmsproe umcio, Ca=¢& /fiL . 3necy L - xapakrepHsrii pasmep, [ - xa-
paKTepHOE 3HAUCHWE XWMHYECKOTo TIOTeHIMalda, /] — XapakKTepHas BS3KOCTh U
g= ( P, — ,01) | p,,Tne P, 1 P, —IIOTHOCTH COOTBETCTBeHHO 11 2 (a3.

1-

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
(8) (r)
Puc. 1. I pasumayuonno-kanuiisiprvie oaHbL @ cucmeme 08YX ClAOOCMeUUBAIOUWUXCI HCUO-
kocmeti. Ha pucynkax cneea nokasamo pacnpedelienue ¢az, cnpasa — QyHKyus moxa npu
Pe = 5000, Re = 200@ pazruynvie momenmor epemenu: (a)-(6) t = 16, @)-(c) t = 24

Boruucnenus nokasanu, uro qudQysus sSBIseTCs TOMOTHUTEIBHBIM MEXaHU3MOM JHC-
CHUITALIMU TPABUTALMOHHBIX M KAMJUIIPHBIX BOJH. AHAJIOTMYHO BSI3KOH JMCCHUIIALIMU B3aUM-
Hast U Qy3ust KUIKOCTEH NMPUBOIUT K OTPAaHUUYEHHUIO CBEPXY 3HAYEHHUU BOJIHOBOTO YHCIA
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Ha0JII01aeMBIX BOJIH, 00JI€€ KOPOTKUE BOJHBI MOJTHOCTHIO MOJABIISIFOTCS TP HEKOTOPOU TOJI-
IIMHE TIEPEXOHOTO CII0S MEKIY (hazamu.

TounuHa rpaHuilbl pa3jienna cpell 3aMEeTHO MEHSIETCS TOJIbKO Ha HayalbHOU cTaauu. B
JabHEUINEM TOJIIUHA TPAHULIBI pa3fiena cpell, T.€. 00JacTH B KOTOPOH IrpaueHThl KOHIICH-
Tpaluu BEJIMKH, BO3PACTAET 3HAUUTENIbHO MeilieHHee. [Ipu 3ToM mpoliecc cMemmnBaHus KH/I-
KOCTeW He mpeKparmaeTcsi, TuPPy3usi IPUBOIUT K YMEHBIICHUIO Pa3HUIIBI KOHIIEHTPAIMH B
BepxHe# 1 HUXKHeH JacTsax cios (cm. puc. 1). [Ipu goctarouHo HHTEHCUBHOM TU(PY3Un CKO-
pOCTb 3aTyXaHus I'PaBUTAI[MOHHO-KAIMJUISIPHBIX BOJIH BO3pAacTaeT, B pe3ysibTare, K MOMEHTY
BpEMEHH, KOI'/Ia KUIAKOCTH B 3HAUUTEIIbHON CTENEHH MEePEMEIINBAIOTCSI, BOJIHBI BCEI/a 3aTy-
XaroT. Pe3ynbTarsl 4uCIEHHOrO0 MOJEIMPOBAHUS XOPOIIO COTJIACYIOTCS C aHAJIM30M, MPOBE-
JICHHBIM paHee B paMKaX JJMHEHHON TEOpUU yCTOHUUBOCTH.

05 —

(&)

1 15 2 25 3 35

K
Puc. 2. 3axon oucnepcuu epasumayuOHHO-KANULISAPHBIX BOJIH NPU PA3IUYHBIX NAPAMEMPAX:
(1) —npeoen nessazxux scuoxocmetr; (2) Re = 2000, Pe = 105; (3) Re = 2000, Pe = 5000

[TosydeHbl 3aBUCUMOCTH YacTOTHI TPABUTAI[MOHHO-KAIMILUISIPHBIX BOJIH OT BOJHOBOI'O
yrciia B IAPOKOM Juara3oHe napameTpoB (puc. 2). [ToyydeHHBbIC 3aKOHBI JUCIIEPCUU TIPH
Mayioi MU Gy3ur U MaIol TOJIMUHE TPaHUIIBl pa3jesia cpe/i KaYeCTBEHHO COBIAIAIOT C W3-
BECTHBIM JIMCIIEPCUOHHBIM COOTHOIIIEHUEM /IS BOJIH Ha TPaHUIlE pa3jieia HeCMEeIuBaIOIINX-
cs xunakocteid. C pocTOM MHTEHCHUBHOCTH (D (Y3UH 4acTOTa IpaBUTAIIMOHHO-KATHIUISIPHBIX
BOJIH IIPY 33JJaHHOM BOJIHOBOM YHCJI€ YMEHBIIAETCS, @ CKOPOCTh 3aTyXaHUsl BOJH BO3PacTaeT.

Pabota BemosHeHa pu GpuHaHCOBOM moaaepkke POOU (rpant Ne 16-51-1007KO0O_a)
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MoaenupoBanue ITMHAMUKH JepopMupyemMou
HMJUHAPUYECKON KalJu B
CTPATU(PUIHUPOBAHHOU KUJAKOCTH

noja AeiicTBUeM BUOpan U

A. O. UBanuos™®, T. II. JIrooumoa™®

a NHctutyt MexaHuku CIUIOMIHBIX cpef] Ypanbckoro Otaenenus Poccuiickoit Akagemun
Hayxk, 614013, Ilepms, yn. Akanemuka Kopouiesa, 1
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b IIepMcKHil TOCYIapCTBEHHBIN HALIMOHAIBHBIN UCCIEA0BATEIbLCKUM YHUBEPCUTET
614990, Ilepms, yn. bykupesa, 15

HccnenoBaHo MoBeieHUE UITUHAPHYECKON KUAKON KaIlIk, B CTpaTu(GuuupoBaH-
HOM KUJIKOCTH, 3aMOTHSIONICH KOJCOMIOMUNCS COCYl, B YCIOBUSAX HEBECOMOCTH.
PaccmoTpen ciydaii, Korja och BUOpalyii COHANpaBiIeHa ¢ TPAJUEHTOM IIOTHO-
CTH BHEIIHEH XUAKOCTH. MoJenupoBaHue NMpOBOAWIOCH B HEOCPEIHEHHOU IIO-
CTAHOBKE JUIS COCY/a KBaJpPAaTHOIO ceueHus. B HayaibHBIM MOMEHT KaIlld Haxo-
auTcst B eHTpe obmactu. OOHApyXEeHO, YTO KaIuisi CMENIAeTCsl B HalpaBJICHUU
0oJiee MIOTHOW XKUAKOCTH, B TO BpPEeMsl Kak B OTCYTCTBHE CTpaTU(UKAIUH, TPU
TeX e MapaMeTpax BHOpauui, cpeaHee MOoJOoXKeHnue Karm He meHsercs. [lomy-
YEHBI 3aBUCUMOCTH CPEIHEU CHUIIBI, NEUCTBYIOLIEH HAa LIMJIMHIPUYECKYIO KAILIIO,
OT BEJTUYMHBI TPAJUEHTA MJIOTHOCTH BHEIIHEH >KUIKOCTH U MapaMeTpoB BHUOpa-
umil. HaliieHo, 4To Ha HayaJbHBIX 3Tanax Mpolecca, KOraa noJie IIOTHOCTH JIU-
HEITHO MeHseTcs B HalpaBJICHMH BUOpalMii, yKa3aHHas CUja MPOMOPLUOHAIbHA
I'PAJAMEHTY IJIOTHOCTH BHELIHEW >KUKOCTH U BUOPALIMOHHOMY YCKOpeHHIo. [[BH-
’KEHHE KaIllld K CTEHKE coCy/ia 00YCIIOBIMBAET CYIIECTBEHHYIO MEPECTPOIKY MO-
JI1 IUIOTHOCTH BHEIIHEW KUAKOCTH. M3ydeHbl cpelHHME TEUYEeHMs, TEHEPUPYEMBIE
BOJIHM3M KarlIu.

KaroueBble cjioBa: BUOpaluy; reHepais CpeIHIX TeUCHU; CTpaTH(GUIIUPOBAHHAS KU/~

KOCTb

Modeling of the dynamics of a deformable
cylindrical drop in a density-stratified liquid
under vibrations

A. O. Ivantsov®®, T. P. Lyubimova®"

* Perm State University, Bukireva St. 15, 614990, Perm
email: lyubimovat@mail.ru
® Institute of Continuous Media Mechanics UB RAS, Akad. Koroleva str., 614013, Perm

The behavior of a cylindrical liquid drop in a stratified liquid filling an oscillating
container in zero gravity conditions is studied. It is supposed that the axis of vi-
brations and the density gradient of the external fluid are co-directed. The simula-
tion is carried out for square container using non-averaged approach based on

© Hsannos A. O., JTrooumonsa T. I1., 2017
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complete set of equations for incompressible fluid. At the initial time moment, the
drop is in the center of the container. The calculations show that the drop moves
in the direction to more dense liquid, while in the absence of stratification of ex-
ternal liquid, the average position of the drop is not changed. The dependences of
the average force acting to the drop on the external fluid density gradient and the
vibration parameters are obtained. It is found that at the earlier stages of the pro-
cess, when the density field varies linearly in the direction of vibrations, this force
is proportional to the density gradient in the external fluid and to the vibration ac-
celeration. The motion of a drop to the wall of the container causes a substantial
modification of the density field. The average flows generated near the drop are
studied.
Keywords: vibrations; average flow generation; stratified liquid

Bubpanuu SBisioTcs OJHUM U3 NEPCHEKTUBHBIX CIIOCOOOB YIPABJICHUS HEOHOPOIHBI-
MU TUApouHaAMIUYeckuMu cucteMami [1]. C moMombio BUOPAITMOHHOTO BO3ACHCTBHSI MOYKHO
3HAUUTENIBHO YCOBEPIIEHCTBOBATh MHOTHE TEXHOJIOIMYECKHUE MIPOLIECCHI, C APYrOol CTOPOHBI,
BUOpAIMK YacTO SIBISIOTCS TPYIHOYCTPAHUMBIM COIYTCTBYIOIIUM SIBIICHMEM TEXHOJOTHMYe-
CKHUX MPOIIECCOB, U BO3HHKAET HEOOXOIUMOCTh HCCIE0BATh 3(P(EKThI, KOTOPHIE OHU BBI3bI-
BaioT. [loBezieHne THAPOIMHAMUYECKHX CHCTEM B BHOPALIMOHHBIX MOJSAX U3y4daercss B 0OJb-
IIIOM KOJIMYECTBE paboT: IBM)KEHUE TBEPJAOTO Tejla B BUOPHPYIOLICH KUAKOCTH U3YydaeTcs B
[2-3], BnusHME BUOpanuii Ha MOBEJCHUE MOBEPXHOCTU pas3zeia JBYX HECMEIIUBAIOIIMXCS
KUJKOCTEN uccnenyercs B [4-5], nMHaMKa my3bIpel U Kamneib paccMOTpeHa B [6-7].

B Hacrosieit pabore paccmMaTpuBaeTcs MOBEACHUE IUTUHAPUICCKOM KUIKON Karuiu, B
CTpaTU(PUIUPOBAHHON KUAKOCTH, 3aIOJIHSAIONICH KOJICOMIOMMNACA COCYl, B YCIOBUAX HEBe-
comoctu. Ochb BHOparuil mapajuienabHa T'PaAUEHTY IUIOTHOCTH BHeUIHel xwujakoctu. Cocyn

COBEpILAET KOJeOaHUs TI0 TAPMOHUYECKOMY 3aKOHY: 7 = aj COS ! , T/Ie ¥ — KOOpJAUHATa LEH-
Tpa Macc cocy/a, a — aMIUIMTyJa BUOpalMid, @ — 4acToTa BUOpaluid, j; — eJMHUYHBINA BEK-
TOP, HaNpaBJIEHHbII BJI0JIb OCH BUOpALIUH.

ypaBHCHI/IH, OMUCBIBAKOINNEC NUHAMUKY CUCTCMbI B CUCTCMC OTUYCTA, CBSI3aHHOM C KO-
J'IC6J'IIOH_[I/IMCH COCyAOM, UMCIOT BU:

1 -
L +v -VVv. =—Vp +—AV_+Ajcost, 1
at N N pS Q N .] ( )

divw, =0. (2)
3aech UHAEKC s = 1,2 HyMepYyeT KUAKOCTH.
[Tycte popma karum 3amaercs ypaBHeHueM ¢ (x, v,z) =0, Ha rpaHulle pa3jaena Tpedyem
BBITIOJTHEHUS] OOBIYHBIX YCIOBUN HEMPEPHIBHOCTH HOPMAaJIbHBIX U KacaTelbHBIX HANPSHKEHUN
U CKOPOCTH U KHHEMATHYECKOTO YCIOBHUS

1 1 -
(p,—p)n; = 5 (o ,~(kl) - Gf,f))nk + %nldlvn , (3)

.. 04
V1=V2,E+V1'V§=O, 4)
rl€ 7i — €IMHUYHBIA BEKTOP HOPMalld K INOBEPXHOCTU Pa3fieia, HAIPABIEHHBIA B CTOPOHY
JETKOH JKUJKOCTH; O, =1], (GVS Jox, +ov,, [ 8x}.) — TEH30D BA3KUX HanpsbkeHuil. Ha TBep-
JBIX CTEHKaX MOJIOCTH BBIIOJIHSIIOTCS YCIOBUS IPUIUIIAHUS.

VpaBHeHUs U rpaHuyHble ycnoBHs (1-4) 3amucaHbl B Oe3pa3sMEpHBIX IEPEMEHHBIX, B
KauecTBE €AMHMI] M3MEPEHHMs JUIMHBI BEIOpaH paanyc Kami R , BpeMeHH’ — oOpaTHas 4acToTa
BHOparmii 1/, WIOTHOCTH — CpeHsIs INIOTHOCTh CTPATH(OUIMPOBAHHON JKUIKOCTH BOIH3H
Kallll O , AMHAMUYECKOH BA3KOCTH — BSI3KOCTh BHELIHEH JKUIKOCTU 77 , CPEAHETO YCKOPEHUS
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Kau — 77° / ( PR’ ) 3ajaua coepKar cleayromue 6e3pasMepHble napaMeTpbl: A =a /R —
aMIUTHTyia BUOparmii, Q= pwR’/n — 6e3pasmepHas yacToTa BuGpanuii, We = pR’ o’ / a —
yucino Bebepa (o - ko3¢ dHuLKeHT NOBEPXHOCTHOTO HaTskeHus), P = p, / p — 6e3pa3mepHas
IUIOTHOCTh Kamuu, N =7,/n — Ba3kocTh Kamu, [ =RVp,/p - Ge3pa3MepHbIil rpaueHT
TUIOTHOCTH BHEIIHEH KUAKOCTH.

YucneHHoe UCCle0BaHUE AUHAMHUKHN Je(POpPMHUPYEMON IMIMHAPUUYECKOW KaIUuld IMpo-
BOJIIIOCH B HEOCPEIHEHHOM MOCTAaHOBKE C MCTOIb30BaHUEM MeToaa Volume of Fluid, peanu-
30BaHHOTO B nakere Ansys Fluent. [[ns moBbIIeHHs] TOUHOCTH pelIeHUs] BOJM3HM TPaHUILIBI
paszena cpej, MCIOJIb30BAIACh HEOTHOPOAHAs CeTKa, JAMHAMHUYECKH aJalTUPYIOILAscs B
npolecce UTepUpoBaHus ypaBHeHHH. CTpaTudUKalMs BHEIIHEH XUAKOCTH 3ajaBajach J0-
MOJIHUTETbHON CKaJsipHOM (hyHKLMEH, /Ui KOTOpOH pelanoch ypaBHeHue mepenoca. [Ipo-
CTPaHCTBEHHAs JUCKpPETH3alMsl YpaBHEHUI MPOU3BOIMIACHE METOJIOM TPETHEro MopsiKa TOY-
HOCTH, JJIsl amnmpoKCUMAallMd BPEMEHHOM IMPOM3BOJHON HCHOJB30BaJlaCh CXEMa BTOPOTO
nopsiaka. Illar mo Bpemenu coctasnsi 0,02 ot nepuona Budpauuit. CpegHue 3HaUCHUS PyHK-
LU BBIYUCISUTMCH OCPEAHEHUEM 10 MATH MEepHoaM BUOpaIUi.

12 ‘ 12 ‘
-
101 — 101 —
8- - 8- -
1
6 1 1 o -
4 - 4 -
» 1.1 \/—\
2 - 2 -
——”—\_/-’_\
0 I I I I I 0 I I I I I
0 2 4 6 8 10 12 0 2 4 6 8 10 12
(@) (©)

Puc. 1. Pacnpeoenenue nnomnocmu npu We=40, 1 =0.2, Q=63, P=2, f=0.03
8 pa3nuyHble MOMEeHmMbl 8pemenu: (a) - t=6, (6) - t = 60

MoienupoBaHie IMOKa3ano, YTO CTPATU(UKAIMS BHEUTHEH YXUIAKOCTH CYIICCTBEHHO
BIIMSICT HA OCPETHCHHYIO TUHAMUKY KaIlIk. BhIUUCIICHHS MTOKA3aJM, YTO MPU HAIUYHH CTpa-
TU(DUKAIUE OKPYXKAFOIIEH KUJIKOCTH Ha KaIlIF0 B BUOPAIMOHHOM IOJIC JCUCTBYET CPEIHSIS
cuia. B pesynbraTe HaOMOgaeTCs CMEIICHUE KAIUTd BOJIb TPAIUCHTA IIOTHOCTH BHEIIHEH
KUAKOCTHU. (puc. 1)

BuOparuu mpuBoIsAT K TEHEPALMU CPEIHUX TEUCHUH BOJIU3M MOBEPXHOCTH pasnena. Ha
(puc. 2. a) moka3aHO BEKTOPHOE I0JIe CKOPOCTH CPETHETO TCUCHUS, MOJIYYCHHOE B PE3yJIbTaTe
OCpEIHEHHsI YMCICHHBIX JIaHHBIX 0 MEePHOy BHOpanuii. B HampaBieHUsIX MEepPHCHIUKYJISP-
HBIX OCH BUOpaluii, HaOJIOIAaeTCsl TEUCHUE, HAMIPABJICHHOE OT Karlld, BJOJIb OCH BHOpaIuit
KHUJIKOCTh MOJTEKAeT K Karuie. M3-3a Hamuums cTpaTH(UKAUM WHTEHCHUBHOCTH BHUXPEH CO
CTOPOHBI 00Jiee TUIOTHOM HUAKOCTH HIDKE, YeM CO CTOPOHBI MeHee mioTHOoM. [lo Bcelt Buu-
MOCTH, TIOTEPSI CHMMETPUYHOCTHA CPEITHETO TCUCHUS U SBIISACTCS MPUYUHOW BO3HUKHOBCHHS
cpenHed cwibl. J[BUXKEHHME KaIUIM K CTEHKE COCyAa OOYCIIOBJIMBAET CYIICCTBEHHYIO Iepe-
CTPOMKY IOJIsI IJIOTHOCTH BHEITHEH )XHUIKOCTH. JKUKOCTh yBJICKAeTCs BCIIE 3a Karlie, B pe-
3ysbTaTe 00pasyercs 00J1acTh, B KOTOPOM TJIOTHOCTh JKUIAKOCTH HUXKE, YeM BIAJIH OT Karllu.
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[Tpu 3TOM CpefiHUE TeUeHUs, TCHEPUPYEMbIe BOIM3H KaIlld, TAaKXKe CYIIIECTBEHHO N3MEHSIOT-
cs (puc. 2. 0).
12—~ —
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(a)
Puc. 2. Ilone cpeoneui ckopocmu u ocpeonennasn gpopma kanau npu We =40,
A =02 Q=63, P=2, f=0.03:(a)-t=6, (6)-t=200

[TosmydeHbl 3aBUCUMOCTH BEIMYUHBI CpPEeIHEH CHUJIbI, NEMCTBYIOMIEH Ha IWJIMHApUYE-
CKYIO KaIUTIO KPYTOBOTO CEUEHHs], OT 3HAYCHUI IpaJMeHTa BHEIIHEH UIOTHOCTH KUKOCTU U
napameTpoB BuOparnuii. HalieHo, 4To Ha HayalbHBIX dTanax mpolecca, Korjaa mnoJe mioTHo-
CTHU elle HE MEepecTPOMSIOCh, YKa3aHHAs CHJIAa JIMHEHHO PacTeT ¢ yBEJIMYEHHEM TIpaJueHTa
IUIOTHOCTH BHELIHEH JKUKOCTH. 3aBUCUMOCTh CpeIHEll CHIIBI OT YacTOTHI BUOpAIHii KBaapa-
TUYHA, a €€ 3aBHCUMOCTh OT aMIUTUTY/Abl BUOpaiuii nuHeitHa. Takum oOpa3oMm, B HCCIEN0-
BaHHOM JMana3oHe MapaMmeTpoB (MPH KOHEUHBIX aMIUTUTYAAaX M 4acToTax BHOpauui U Ko-
HEYHBIX BSI3KOCTSX JKUIKOCTEH) CpeqHsisl cuila, AeUCTBYIOLIas Ha Karllio, MPONOpLHUOHATIbHA
I'PaJUEHTY TUIOTHOCTH BHEIIHEH KUAKOCTH U BUOPALIMOHHOMY YCKOPEHHUIO.

Pabota BeinonHeHna npu ¢puHancoBoit noanepxke PH® (rpant Ne 14-21-00090)
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VJIK 539

UccaenoBanune Gu3nKo-MeXaHNIECKHX CBOMCTB
moaupuuuposanHoro CBMIID

H.A. Wibun?, B.B. Pamenmen”

Tam6oBckumii rocynapcTBeHHbIN TexHuueckuit yausepeutet, 392000, Poccusr. Tam60B, yi1.
Muuypunckas. 1.112,

demail: ilinnikit@yandex.ru

® email: ryashentsev.slava@mail.ru

[{enpro HACTOSIIIEH PaOOTHI ABIISIETCS MOTyUYeHHe MaTepraioB Ha ocHoe CBMIID
C BBICOKMMH (PU3MKO-MEXaHMUECKUMH U TPUOOJOrMYECKMMH CBOMCTBaMH, B TOM
YHClie MPEBBIIAIONIMI MUPOBOH YpOBEHB, C HCIOJIb30BAHUEM HETPEPHIBHOTO
mpoliecca 3KCTpy3uoHHoro ¢popmoBanus nopomka CBMIID, a takke BHeapeHUE
HOBBIX MAaTEpUANOB B TPOMBIIIICHHOCTH B3aMeH MeHee J(PQeKTHBHBIX,
TPaJULMOHHBIX M MMIOPTHBIX MarepuanoB. KomrektuBom HOL[ Tam6I'TV-
NCMAH «IBepmodasnbie TEXHOJOTHW» pa3paboTaH psii  KOMIIO3UTOB
KOHCTPYKIIMOHHOTO Ha3HAYeHMsI JUIsl PAa3NIMYHBIX OTpacieldl MalmMHOCTpoeHus. B
HacTosmIel paboTe MpeICTaBIsLI0O MHTEPEC HCCIIEOBATh (PH3UKO-MEXaHUIECKUE
cBoiictBa monumepHod cuctembl CBMIID + riaykoHuT, nOJIyYeHHOU
KOMITPECCHOHHBIM (DOpMOBaHWEM TIO TeXHOJOTHH, paspadoranHoit B HOI]
Tam6I' TY-UCMAH «IBepnodazusie Texnonoruu». llpum omnenHke TBepAoCTH
ucciexyeMbix kommno3utos 1o [lopy D ciienyer oTMETHTD, UTO BHECEHHUE MaJIOro
(mo 2 macc.dact.) KoJMYecTBa MOJM(HKAaTOpa MO3BOJSIET MOBBICHTH TBEPIOCTH
kommo3uta Ha 8-10%, mpu »>TOM HaOMIOZAeTCs BBICOKAs CTAOMIBLHOCTH
pe3yibraroB. KoHIEHTpallMOHHBIE 3aBUCHMOCTH IIOJIHOCTBIO KOPPEIHUPYIOT C
XapaKTEePUCTHKaMH (PU3UKO-MEXaHWUYECKHX CBOMCTB B OOJIACTH MAaJbIX J00OaBOK
HaHOHAIOJHUTEJEH.
KimoueBbie ciaoBa: CBMIID; rimaykoHHT; (QH3MKO-MEXaHUUIECKHE CBOWCTBA ITOJIMMEPHOU
CHCTEMBI

The study of physical and mechanical properties
modified UHMWPE

N. A. Ilyin? V. V. Ryashentsev”

Tambov state technical University 392000, Russia, Tambov, Michurinskaya. D. 112,
&email: ilinnikit@yandex.ru
®email: ryashentsev.slava@mail.ru

The aim of this work is to obtain materials based on UHMWPE with high
physical-mechanical and tribological properties, including exceeding international
standards, with the use of a continuous process of extrusion molding of the
powder of UHMWPE, as well as the introduction of new materials in the industry
to replace less efficient, traditional and imported materials. Team REC
TambSTU-ISMAN "Solid phase technologies" developed a number of composites
structural assignments for the various branches of engineering. In the present
work was of interest to investigate the physico-mechanical properties of polymer
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system UHMWPE + glauconite, obtained by the compression molding technology
developed by the RECs TambSTU-ISMAN "Solid-phase technologies". When
assessing the hardness of the investigated composites shore D it should be noted
that the introduction of small (up to 2 mass.often.) the amount of modifier allows
to increase the hardness of the composite is at 8-10%, while the observed high
stability of the results. Concentration dependence are fully correlated with the
characteristics of physical and mechanical properties in the region of small
additions of nanofillers.

Keywords: UHMWPE; glauconite; physico-mechanical properties of polymer system

B nacrosmee  Bpems  ypoBeHb — motrpebiienuss CBMIID  oreuecTBeHHOMU
MPOMBIIIICHHOCTRIO cocTaBisieT okosto 7000Teic. Toru/TOA. 10 chiphto (opornku CBMIID
Pa3MMYHBIX MapoK) M MO W3AENHsM (JIHCT, CTep)KeHb, BOJOKHO, TKaHH) IPAKTHYECKH BECh
yKa3aHHbI 00bEM MPOJYKIUHU SIBISIETCS UMIOPTHBIM. KoimuecTBo nepepabaThiBaeMoro B
u3nenust nopomka CBMIID oredecTBeHHBIME Tpou3BoauTeNsIMH cocTaBisieT 15-20% ot
ypoBHS TOTpeOJieHusl. DTO MNPUBOAUT K CHIIBHOM 3aBHCHUMOCTH MHOTHX POCCHHCKUX
HNpEeANpUATHI OT 3apyOe’KHBIX MOCTaBUIMKOB, npexje Bcero CIIA u I'epmanuun. IToatomy
pa3BuUTHE COOCTBEHHBIX MpPOW3BOACTB To Tnepepadbotke CBMIID mnpencraBnsercs Ha
CEerOIHSIIHNMN IeHb aKTYaJIbHOM 3a1a4eil.

[lenpto HacTOsIIIEN pabOTHI SABISETCS IMOJdydeHHe MarepuaioB Ha ocHoBe CBMIID ¢
BBICOKUMH (PU3UKO-MEXAaHUYECKMMU U TPHOOJOTHUYECKUMH CBOWCTBAMH, B TOM YHCIe
MPEBBIIAIONIMMI  MUPOBOH  ypOBEHb, C HCIIOJIB30BAaHHMEM HEIPEPHIBHOTO Ipoliecca
sKCTpy3uoHHOTO (hopmoBanus nmopoimka CBMIID, a takke BHeApeHHE HOBBIX MaTepUAIOB B
MPOMBIIIICHHOCTH B3aMeH MeHee AP PEeKTHBHBIX, TPATUIIHOHHBIX 1 IMIIOPTHBIX MaTEPUAIIOB.
Komnektusom HOILL Tam6I TY-UCMAH «TIBepnodaznpie TeXHOIOTUU» pa3padoTaH psi
KOMITO3UTOB KOHCTPYKIIMOHHOTO HAa3HAYEHWUs JJISl Pa3IMYHBIX OTpaciieil MallMHOCTPOEHUS
[1-4].

B Hacrosmie#t paboTe NpencTaBIsTI0O WHTEPEC HCCIENOBaTh (PH3MKO-MEXaHUYECKHE
cBoiicTBa monumepHoi cuctembl CBMIID + riaykoHUT, NOJydyeHHOW KOMIIPECCHOHHBIM
(dhopMoBanueM 10 TexHONOTHH, pazpadotanHoir B HOLL TamoI TY-UCMAH «I'Bepnogazubie
TEXHOJIOTHI».

Ou3nKo-MexaHn4ecknue CcBoiicTBa  HaHokommo3uToB CBMIID +  rmaykoHut
uccuenoBad Ha wcnbiTarensHod mammHe YTC-101-5 QaHOOCHOE pacTsikeHHe, cpe3) H
tBepaomepe UT-5069 Beprocts mo Ilopy, D).

IIpu oneHke TBepaOCTH HccieryeMbIX koMo3uToB 1o Hlopy D ciegyer oTMeTuTh, 4TO
BHECEHHE Mayoro (1o 2 Macc.4acT.) KoJH4YecTBa MOIM(UKATOpa MO3BOJISET IOBBICHTH
TBepAOCTh Kommo3uta Ha 8-10%, mpu »ToM HabmOMaeTcsl BBICOKAs CTaOUIBLHOCTH
pe3ynbraroB.  KoOHIIEHTpallMOHHBIE  3aBUCHUMOCTH  TOJHOCTBIO  KOPPEJIHUPYIOT ¢
XapaKTEepUCTHUKaMHU  (U3MKO-MEXaHMYECKUX CBOHCTB B  00JacTH MalbIX J00aBOK
HaHOHAITOJIHUTEIIEH.

WHTepecHO OTMETHTD, YTO JaHHBIE TEIIO(PU3NUECKUX cBOICTB kommo3uToB CBMIID +
TJIAYKOHUT, MTOJTyYSHHBIX AKCIPECC — METOJIOM CHATHUS K03()(PUIIMEHTOB TEIIIOMPOBOTHOCTH H
TEMIIepaTypOIPOBOIHOCTH, TAK)KE KOPPEIUPYIOT ¢ JTAaHHBIMH (PU3UKO-MEXAaHUYECKUX CBOWCTB
U TpUOOTEXHWUYECKHMX IIOKa3aTelel B TMEpBYIO odepenb B OOJACTH MaJbIX J00aBOK
HaToJHUTENIeH HaHOTpaduTa U IIIayKOHUTA.
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[ToMmuMoO cka3zaHHOTO, CIEIYET OTMETUTH, UYTO WCIIOIH30BAHUE MPHUPOIHBIX COPOCHTOB

(FJIaYKOHI/IT) " APYTUX HAHOCWUJIMKATOB B JICJIC OpPraHU3allui HYXXHBIX CTPYKTYP U CO3JaHUA
HGO6XOI[I/IMBIX TEXHOJIOTHYCCKHUX M OKCILTyaTallMOHHBIX CBOMCTB TOTOBEIX IpOAYKTOB
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HE3aCJIy)KEHHO Majl0 B TEXHOJIOTHH TOJYYCHHUS COBPEMEHHBIX MMOJIMMEPHBIX KOMIIO3UTHBIX
MaTepHaJoB.

PaGoTa BBIMONHEHa MOJ PYKOBOJACTBOM K.T.H., JOIEHTa Kadeapbl «Marepruanbl U
texHojorus» ®I'bOY BO «ITTY»3aspaxun /1.0.
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VJIK 536.423.1

IKCINEPUMEHTAJbHOE UCCJIeI0OBAHUE UCTIAPEHUS
KamneJb COJIEBbIX PACTBOPOB HA MOJMPOBAHHOHU
AJTIOMUHUEBOW MOBEPXHOCTH

A.T. Heaamosa®, E. . Opaosa®, I. B. ®eoktucros?

4Tomckuit monurexundeckuii ynusepcurer, 634050, Poccusr. Tomck, np. Jlenuna, 30
emal: agi2@tpu.ru

[TpoBeseHO  OKCIIEPUMEHTATBHOE  HCCAEIOBAHWE  WCIAPCHUS  Karejb
JMCTHIUTMPOBAHHONW BOJBI M PACTBOPOB COJIell Ha HarpeToil TOPHU3OHTAIBHOM
AIFOMUHUEBON MOBEPXHOCTH. [10 pe3ysbraraM aHaIn3a W3MEHEHHs KOHTAKTHOTO
JMaMeTpa BBIIEIEHBI PEKUMBI HCTIAPEHHsI Karelb KHIKOCTEH. Y CTaHOBIEHO, UTO
npu jgecopbimu Boasl u3 pactBopoB cojeit LiBr, LIClI (mpu t=80 °C) ma
MOBEPXHOCTH Karjik oOpasyeTcss TOHKas IJIEHKAa KPUCTAIOTHIApaToB. B ciyuae
comu NaCl obpasyrorcss 00bEMHBIE KpHCTALIBI coyd (0€3 KpUCTAIOTUIAPATOB).
[Ipy TOKPBITHM MOBEPXHOCTH KaIlId KPUCTAIMYECKOM TUIEHKON, mepen
KOHTAKTHOM JIMHUEHN 3aperuCTPUPOBaHa 00IaCTh KPUCTAILTA3AIIHH.
KiaoueBble cjioBa: qecopOIus Karesb, KOHTAKTHBIA JHaMETp; THAPAThl KPUCTAIIIOB COJTH

Experimental study of the salt solutions droplets
evapor ation on polished aluminum surface

A.G. Islamova? E.G. Orlova® D.V. Feoktistov®
#National Research Tomsk Polytechnic University, Lenin Ave., 30, 634050, Tomsk
email: agi2@tpu.ru

An experimental study of distilled water and salt solutions droplets evaporation
on a heated horizontal aluminum surface is carried out. According to the
analysis of contact diameter change, the evaporation regimes of liquid droplets
were identified. A thin film of crystalline hydrates is found to form on the
surface of droplet while water desorption from solutions of LiBr, LiCl salts
(at t=80 °C). The bulk crystals of salt (without hydrates of salt crystals) form in
the case of NaCl solution. When the drop surface is covered with a crystalline
film, a crystallization region is registered in front of the contact line.

Keywords. desorption of droplets; edge angle; hydrates of salt crystals

Ha mporiecc ucniapeHust Kamnelb )XUAKOCTH OKa3bIBaeT BIUSHUE MHOTO (PakTOpOB, CpeIu
KOTOPBIX MOXHO BBIJICIIHTH COCTAB JKUAKOCTH (YUCTas KUAKOCTH [1], KOJUIOMIHBIE pacTBOPHI
[2], pactBOpbl ¢ TBEpmBIMEH uacTHmamu [3]), mOTOKKa (CBOMCTBA IMOBEPXHOCTH OT
IIEPOXOBATOCTH M cMauwBaHus [4], 10 Temnodu3uuecKux CBOMCTB MOBEpXHOCTH [5]),
YCIIOBHUS OKpY’KaroIeit cpesibl (P HOPMAaTIbHBIX YCIOBUAX [1], TIpH HArpeBaHUH TOJIOKKH
[4,5], oO6ayBanum oTOKOM Bo3ayxa [6]). boiee rimybokoe moHMMaHKMe mpoliecca UCTapeHHsI
MPEICTABIIACT MHTEPEC C TOUKU 3PSHUS MPAKTHUSCKUX MPUIIOKCHUM, HATPUMED, TEXHOIOTHH
MeYaTd ¥ HAHECCHMs IMOKPBITHM, OXJIaXJICHHE paclbUleHHEeM, aO0COpOIIMOHHBIC TEIJIOBhIC
HACOCHI W MPOM3BOJCTBO HOBBIX MATEPUAIOB JUIS ONTHYECKOTO U AIIEKTPOHHOI'O
0o0opyI0BaHUs.

© Ucnamosa A. I'., OpnosaE. I'., ®eoktucros/[. B., 2017
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[enpro HacTOAIIEH pabOTHI SIBISIETCS SKCIIEPUMEHTALHOE HCCIeIOBAaHUE M3MEHEHUS
KOHTAKTHOTO JHaMeTpa B YCIIOBHSX HCIapeHus Kareis pactBopoB coseit LiBr, LICI u NaCl
Ha aJIOMHHUEBOW TOBEpXHOCTH. VccreoBaHMs TPOBOAWINCH Ha AKCHEPUMEHTATBHOU
YCTaHOBKE, TOPOOHO ONMMCaHHOM B [5].

[To pe3ynpTaTaM aHain3a WU3MEHEHUS KOHTAKTHOTO guamerpa (puc. 1) BbIIEICHBI TpU
peXuMa HCHapeHus Kalluld JUCTUUIMPOBAHHOMW BOJBI HA TOJIWPOBAHHOW AIFOMHHUEBOMN
MOBEPXHOCTU:1 — yBEJIMYCHHUE IUIOMIA KOHTaKTa, 2 — ‘muHHHMHT" [5] kammu (ruromaib
KOHTaKTa MOoCTOsiHHA); 3 — “menuHHUHT” [5] Karmmu (yMeHbIIeHHe KOHTAKTHOTO JTHAMETPa).

i’—'i-lIddddqiddidiﬂi‘ﬂqqqq
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Puc. 1. H3menenue konmaxmuozo ouamempa 60 6pemeHu 8 YCloGUsX UCNAPeHUsl Kaniu
OUCMUNLIUPOBAHHOTU 800bL HA AlIOMUHUEB0U nosepxHocmu, Hazpemot 00 80 °C. Obvem
kannu, wxr. 1 —10; 2 — 20; 3 - 30; 3 -30; 4 — 40; 5 - 50; 6 —60

[Tpu ucmapenun 10% Boanbix pactBopoB couneit LICIl, NaCl, a taxxe 30% LiBr u
COOTBETCTBYIOIIEM H3MEHEHHH KOHTAaKTHOTO JUaMeTpa MO aHAIOTHH ¢ [5] MOXHO yCIOBHO
BBIICTUTh TPH peXuMa ucmapeHus: 1 — yBenudeHue MIOMAAM KOHTAKTa; 2 — “MUHHUHT’
Karmk  ([UTOINaah KOHTAKTa IOCTOSHHA); 3 — ‘OOpa3oBaHHe KpPUCTAUIOB COJH  HJIH
KPUCTAJUIOTUAPATOB” KaIUIH.

MexaHu3M HcIapeHus: BOAHBIX PACTBOPOB COJEH B pexXHMMax “‘yBEIMYEHUs ILIOLIAIU
KOHTaKkTa” ¥ “MHMHHUHTA" aHAJIOTHYCH PeXMMaM HMCIapeHUs IUCTH/UIMPOBAHHON BOJBI [5].

Ha pucyHke 2 mpuBeAeHBI THIHYHBIE (DOTOM300paKEHUS Kalelb HaYaIbHBIM O0BEMOM
Vo = 60“'

I: yBENM4YeHne gnamerTpa ==
NMUHHWHT AENNHHWUHI

t=1c t=16¢ t=316¢ t=321c t=326¢ t=334c
a
L. YBENMYeHue auametpa ( )‘l
< ol obpasoBaHue
- MUHHWH | KpUCTanoB, |
1
t=1c t=21c t=201c t=700c
(6)
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l¢ yBENMYeHne gnamerpa » obpasoBaHne
L NUHHWUHT - Kpucrtannos
t=1c t=21c t=261c t=544c
()
I‘ yBenuyeHue auametpa obpa3soBaHie
P NMUHHUHT |, Kpuctannos
<t > <
M
t=1c t=21c t=81c t=291¢c
(r)

Puc. 2. @omoxaopwr kanau obwvemom Vo = 60 ul, ucnapsioweiica na anomunuesoi
nogepxnocmu, nazpemoti 0o 80 °C. Kuoxkocmu: @) oucmunnuposannas éooa; 6) 30%
eoonwtit pacmeop LiBr. 10% eoonvie pacmeopwi:. 6) LiCl; 2) NaCl. 1 —o6racme
Kpucmaniuzayuu nepeo KOHMaKxmuou JuHuetl

W3BectHO [5], 9TO mpM MOJIHOM HCHAPEHUHW JAUCTHILIMPOBAHHOW BOIBI 0OpazyeTcs
“cyxoe” maTHO. B mpoBeneHHBIX SKCIIEPUMEHTAX YCTAHOBIICHO, YTO MPH JIECOPOITUU BOIBI U3
pactBopoB coneit LiBr, LiCl, (mpu t = 80 °C) Ha moBepXHOCTH Karid 0Opa3yeTcsl TOHKas
mieHka KpucramroruaparoB. Jlius pacrBopoB LiBr, LICl ma omHy MOJEKyIy BOJIBI
IPUXOAUTCS OJJHA MoJieKyJa coir. B ciydae comu NaCl o6pasyrorcs 00bEMHBIE KPUCTAILTBI
comu (0e3 KPHCTAUIOTHUAPATOB). Y CTAHOBIICHO, YTO MPU HOKPBHITHH MOBEPXHOCTH KaIlIA
KpPUCTAIUTMYECKON TUIEHKOM T1epe] KOHTAKTHOM JIMHUEH 3aperucrpupoBaHa 00JacTh
kpuctaumsaiun  (puc. 2. 6). IlepBoHauanbHO  00pasyroTcs  KPHCTALIOTHAPATHl B
npeKkypcuoHHo#t Tui€HKe. [Ipm ATOM oOcyImecTBiIseTCS JBUKEHHE MOJIEKYJT BOJBI B
HampaBJIeHUd O0Opa30BaBIIMXCS KPUCTAJIOB, YTO TMOBBINACT TONIIUHY MPEKYPCHOHHOU
IUIEHKH, W OHA CTAHOBHTCS BU3yalbHO BHIUMOM (mMoka3aHo Ha puc. 2 0, 1). Juamerp
00pa30oBaHHOW KPUCTAIOTHApPATHONW IJIEHKU OoJbllle HadadbHOro auamerpa karmmm. Co
BpEMEHEM JUaMETP KPUCTAIOTHAPATHOrO MSTHA HAa HArpeTOl MOBEPXHOCTH YBEIMUMBAETCS
B HeCKoJIbKO pa3. IlocienHee oOyclioBIIEHO MOTOKOM MOJIEKYJI BOJABI K KpasiM Kallld, TJe
HUKE KOHIIEHTpalus BoAbl. JlaHHbIE 0COOEHHOCTH BaXKHBI JUISI psiJia TEXHOJIOTMUECKUX 3a]1ay,
CBSI3aHHBIX C BBIMTAPUBAHUEM COJIM U3 Karellb pacTBopa

Pabora monmnmepxana rpantom Ilpesmmenta  Poccuiickoit  ®emepamuu s
TOCYJTApCTBCHHON MOJIZICPIKKH MOJIOJIBIX POCCHUICKUX YUeHBIX - KauauaatoB Hayk (MK-
6810.2016.8)

Chnucok Jureparypsl

1. Hu H., Larson R. G. Evaporation of a Sessile Droplet on a Substrate // The Journal of
Physical Chemistry B. 2002. Vol. 106, P. 1334-1344.

2. Deegan R., Bakajin O., Dupont T., Huber G., Nagel S., Witten T. Contact line deposits in
an evaporating drop // Physical Review E. 2000. Vol. 62, P. 756-765.

3. Pauchard L., Parisse F., Allain Mfluence of salt content on crack patterns formed through
colloidal suspension desiccation // Physical Review E. 1999. Vol. 59, P. 3737-3740.

4. Sobac B., Brutin DTriple-line behavior and wettability controlled by nanocoated substrates:
influence on sessile drop evaporation // Langmuir. 2011. Vol. 27, P. 14999-15007.

5. Kysuneyos I'.B., Deokmucmos J[.B., Opnosa E.I'., bamuweea K.A. Pexxumpl ucapeHust
KaIlIk BOJIbI Ha MeIHBIX moaioxkax // Kommouausrit xypraain. 2016. T. 78. Ne 3. C. 17-22.

6. Bin L., Bennacer R., Bouvet Bvaporation of methanol droplet on the Teflon surface under
different air velocities // Applied Thermal Engineering. 2011. Vol. 31, P. 3792-3798.

208



VJIK 532.51

Oco0eHHOCTH MOJCJUMPOBAHNUS Pacmaaa
IJIEHKU HA KAIJIK B Pe3yJbTaTe PAa3BUTHUA
HeycTonuuBoCcTH KeabBuna-I'eabmroabna
METOAO0M 00beMa KUAKOCTH
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OO6cyxaaroTcsi 0COOCHHOCTH MOJICTMPOBAHUSI CPhIBA KaIleb C JKHUJIKOW TIJICHKH B
pe3ynbTaTe pa3BUTHS HeycToWunBocTH KenbBuHA-I eIbMIoibiia ¢ MOMOIIBIO0 Me-
Tosa o0BeMa kuAKocTH. [loka3aHo, 4To mocienoBaTeNlbHOE YCpeAHEHUE 0 aH-
camOJII0 Kamejibh W 10 BPEMEHHU IMO3BOJSET MOJYYUTh TIaJKHe 3aBHUCHMOCTH Xa-
PaKTepUCTHK aHCaMOJIsI Kamelb OT KoopauHathl. [lpu sToM 3HaueHwme Hambolee
BKHOW JJIi WH)KCHEPHBIX MPHIOKEHUH BEIWYWHBI, CPEIHEr0 3ayTePOBCKOTO
JaMeTpa, OKa3bIBaeTCsl OJIM3KUM K TOMY, KOTOPOE MOYKHO ITOJIyYUTh U3 TOJTyIM-
MAPUIECKON TEOPHH.

KuroueBbie ciioBa: HeycToitunBocTh KenmbBiuHa-1 eIbMIOJIbIIa; TByXMEpHBIC TCUCHHSI; pac-

TBUT KUJAKOCTH

The simulation of primary atomization dueto
Kelvin-Helmholtz instability by volume of fluid
method

M. G. Kazimardanov®®, S. V. Mingalev®, T. P. Lubimova®® L. Y. Gomzikov®
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email: SMingaliov@gmail.com
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The application of volume of fluid method to the atomization due to Kelvin-
Helmholtz instability is studied. The consistent implementation of droplet ensem-
ble average and the averaging over the time allow to get smooth dependence of
droplet ensemble characteristic on coordinate. Moreover, the sauter mean diame-
ter which was found by volume of fluid method is close to the theoretical value of
this quantity.

Keywords: Kelvin-Helmholtz instability; 2d flow; atomization
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1. BBeaenue

K Hacrosiiiiemy MOMEHTY UMeeTcsl OOJIbIIOe KOJUYECTBO CTaTel, Kacaromuxcs mpooie-
MBI MOJICTTUPOBaHUSI BTOPUYHOTO JIPOOJICHHs Kamedh B TypOyJdeHTHOM moToke. [lomxosr k
MOJICIMPOBAHUAIO BTOPUYHOTO pacliajia Kamesb, npeaioxkennbie A. Jlyo u A. ®@. CeeHucen
[1], a Take @. Jlexp u ap. [2], MHOTO NeT ucnonb3ytoTes B ANSYS CFXu ANSYS Fluents
pamMKax CIUIONIHOCPEIHOTO MOJX0Ja K ONMUCaHUIO aHcamOns kamenb. [lpu ommcanum muc-
mepcHoi (as3pl B paMKax JIArpaHKEBOro MoAXoaa ucmob3yiores Metoasl TAB [3] u KHRT
[4]. Bee 3T 1OAXO/BI MO3BOJISIIOT C JOCTATOYHOW JUIS MHXKCHEPHBIX PAaCUYeTOB TOYHOCTHIO
OTHCHIBATh BTOPUYHOE JpobiieHue Karnenb. OIHAKO UX HENb3sl IPUMEHUTH JIJIST MOJEIUpPOBa-
HUS NEPBUYHOTO pacnaja CTPyd Ha Karuid, KOTOpoe, Ha JaHHBIH MOMEHT, IPEeJCTaBIIsIeT OT-
KphITyI0 mpoOiemy. Hambosnee mpocThiM CHocoOOM pemuTh 3Ty 3aJady MpeAcTaBIsSeTCs
MpsIMOE YHCIIEHHOE MOJIEJIMPOBAaHUE CpPhIBA Kallellb C MOBEPXHOCTH CTPYH WJIU IUIEHKH C IO-
MOIIBIO MeToAa 00beMa KHUAKOCTU. B HacTosIei paboTe B ABYXMEPHOIN MOCTaHOBKE METO-
JIOM 00BbeMa >KUJKOCTH HCCIIEYeTCsl CPhIB Kalelb ¢ MOBEPXHOCTU KUAKOCTU HaOeraromum
MMOTOKOM BO3AyXa. B kauecTBe 00OBEKTa /ISl MCCIEAOBAHUS OCOOCHHOCTEH MOJETUPOBAHUS
CpbIBa Kallellb ¢ MOBEPXHOCTH XKUJIKOCTH METOJIOM 00BheMOB ObUI BHIOpAH JABYXMEpHBIH Ka-
HaJ, ¢ OJHOH U3 CTOPOH KOTOPOTO PACTOJOXKEHBI BA MPUMBIKAIOIMUX APYT K JIPYTy OTBEP-
ctust. B o1HO M3 HUX mMomaeTcs BO3AyX co ckopocThio 50-70m/c, a B 1pyroe — )KHAKOCTH CO
ckopocThio 1-2 M/c. DTa 3a/1aua MHTEHCUBHO HCCIIEIOBAIACh HA MPOTSDKEHUU MHOTHUX JIET B
KauecTBe HamOoJiee MPOCTOro MpHUMepa CUCTEMBI, B KOTOPOH pean3yeTcsi HeyCTOHUMBOCTh
Kenwuna-I'eapmrosia [5].

2. Cucrema ypaBHeHHH

B pamkax monenu oobemoB xuakocti B ANSYS Fluentpemnraercs cucrema ypaBHeHU#
B YACTHBIX IIPOU3BOJHBIX, COCTOSIIAS U3 YPABHEHUS Ul UMITYJIbCa CMECH, €€ SHEPIHH U 00b-
€MHOM JI0JIN JKUJKOCTH.

2 2
%pvi +;Dj(pvj v)=0 p+;[|j,7(|]i v+, v+ F
0 2 0 2
apE+;Dj\/j(pE+ p=0«0T, aapw+;Djapw =0,
rae p - IIJIOTHOCTH CMECH, VI - CKOpPOCTE CMECH, p - JABJICHUC, /7 - IHHaAaMHUYECKasd BA3KOCTH
CMECH, F| - CHJIa MOBECPXHOCTHOI'O HATAKCHUS, K - KOB(b(bHHHeHT TCILJIOITPOBOJHOCTH CME-
cu, T - Temmeparypa, O, - INIOTHOCTH KHIKOCTH, @ - OOBEMHAs JOJS JKHIKOCTH, KOTOpas

npuaumaet 3HaueHus oT O 1o 1. Ecnmu @ =0, TO XHAKOCTh B BBIJICIICHHOM O0OBEME OTCYT-
CTBYET; €CJIM J)Ke @ =1, TO BBIICJICHHBI 00bEM MOJIHOCTBIO 3alIOJHEH KHIKOCTHIO.
VYpaBHeHUs, CBS3bIBAIOININE (HU3NUCCKUE MMAapaMETPhl CMeCH ¢ (PU3MUCCKUMH TTapaMer-
paMu, COCTaBISIOIUX €€ KOMIIOHEHT, UMEIOT Bun p =ap, +(1-a)p,, Kk =ak,+(1-a)k,,
n=an,+@A-ay,, ¢, =a(p,! p)c" +1-a)(p, /o), rae c,- yaenbHas TEMI0EMKOCTD
MIpH TIOCTOSTHHOM 00BeMe, MHIEKCOM W 0003Ha4YeHBI TIOTHOCTh, KO3 QHUIIMEHT TerIonpo-
BOJIHOCTH W JMHAMHUYECKas BS3KOCTh JKHJIKOCTH, a WHJAEGKCOM a- raza (Bo3ayxa). Bozmyx
CUMTAeTCs WACATHHBIM Ta30oM, JUII KOTOPOTO BBINONHSETCS ypaBHeHme KiamelipoHa-
Menpneneesa, p, = pM / RT, rae R - yHuBepcaibHas ra3oBas MOCTOsiHHas, M - MoJspHas

Macca Bozjayxa. JKuakocth cuntaercsi Hec:kumaeMoi. 1noTHOCT BHYTpeHHEH sHepruu cMe-
cu onpegenseTcs Belpakenuem E =¢ T.
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Cuiia IOBEpXHOCTHOTO HATSKEHUSI MOJICIIUPYETCS B paMKaX MOJICITH HEMPEPhIBHBIX T0-
BepXHOCTHBIX cmi1 (continuum surface force) [6, 7Bbipaxenue mias HeE UMeeT BUJ

2

F =2pkod.al(p, +p,) K ZZGHj 10%, n = Dia/|Da|, rae O - Kod(GQHUIHUEHT MOBEPX-
=1

HOCTHOTO HATSKEHHUS.

3. TI'eomerpus 3axaun
Uccnenyemast obmacTe mpescTaBiseT coOoi AByMepHBIA KaHal. Yepe3 oTrBepctue BA
(puc. 1.) momaetcs Bo3ayx co ckopocthio V, =50-70m/c u Temneparypoit T,= 300K, a gepes
otBepcTre AO — KUAKOCTH co cKopocThio V, =1-2 m/c u temmnepatypoii T, = 300K. ['pannu-

el DB 1 CO mpencraBnstor coboii TBepasie cteHku. Ha rpanune CD 3amaercs naBrneHue
P, = 1013291 1a.

5 y YA
B
BO3AYyX 60 m/c
A 1 2 3 4 5. <=
X Boga - Y1
C O Yo
.

X Xo

Puc. 2. 3onbt, 6 KOmopwix 6bIYUCTIATUCL YCPEOHeH-
Puc. 1. 'eomempus 3aoauu P Yep
Hble XAPAKmMepucmuku ancamois Kkaneib

4. 3aBHCHMOCTH YCPEAHEHHBIX XaPaAKTEePUCTUK aHcaMO0Jis1 KameJib oT KOOpAUHATBI

Jlnst Toro 9TOOBI OMPEIETUTh 3aBUCUMOCTh OT KOOPAWHATH YCPETHEHHBIX XapaKTepH-
CTHK aHCcaMOJIs YaCTHII, IPOCTPAHCTBO HaJ[ JKHIKOM IUIEHKON OBLIO pa3dbHUTO Ha MepeKphIBa-
FOIIHECs 30HBI, KaK 9TO TMOKa3aHo Ha (puc. 2). JIns KakIod W3 3THX 30H OBLTH BBIYHCIICHBI
MoKa3aHHbIe Ha puc. 3 - 5 XapaKTepHCTUKH, yCpPeIHEHHBIC CHayajia M0 aHCcaMOJIo0 Karelb
BHYTPH 30HBI, @ 3aT€M II0 BPEMEHHU. DTH 3aBUCHMOCTH BBIYUCIISUTUCH JUIS TPEX pa3MepoB OT-
BEPCTHS, Yepe3 KOTOpoe mojaBajiack Boaa: 1 MM (0603HaYeHO Ha TpaduKax IITPUXOBOM JIH-
uueit), 1.5mm (crutormHo#M muamMeit) 1 2 MM (INTPUXITYHKTUPHOM). 13 (prc. 3) MOXKHO cenarh
BBIBOJI, UYTO B CPEHEM KaIUIA CPHIBAIOTCS C MOBEPXHOCTH JKUIAKOCTH IO HEOOIBIIUM YIIIOM
U TIpU TPUOJIMIKEHAN K BBIXOY M3 KaHajla CTPEMSTCS JIBUTATHCS MapalIebHO BEKTOPY CKO-
pocTu HaberarIIero MoToka Bo3ayxa.

V, mfc

—_—
- — -
—

X, MM

4 9 14 19 24 L 9 14 19 24

Puc. 3. 3asucumocmv om koopounamer Puc. 4. 3asucumocmv om Koopounamoi
cpeoHez2o yena omopoca Kaneb cpeone20 MOOYJisl CKOPOCMU KaneJb
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27 D3y, Mkm .-

4 9 14 19 24

Puc. 5. 3asucumocms om koopounamel cpeone2o 3aymeposckoeo ouamempa

Kak cnenyer u3 (puc. 4), mociie cpbiBa KaIlJIi Pa3srOHSIOTCS W K BBIXOJY W3 KaHaja
HAYMHAIOT JIBUTATBCS CO CKOPOCTHIO, OJM3KOW K CKOPOCTH BO3IyXa. MOXXHO OTMETHTH, YTO
CKOpPOCTh Karelb 3aBUCUT OT TOJIIMHBI CJIOS KUJAKOCTH. UeM Toue ciioif, TeM OoJblle oKa-
3BIBACTCS CPEIHSISI CKOPOCTh Karleb.

N3 (puc. 5.) MOXKHO cienaTh BBIBOJ, UTO YCPEIHEHHBIC pa3Mephbl Kalleilb PacTyT MpH
MpUOIMKEHUH K BBIXOY M3 KaHana. Ha BeIxoje 3 kanaima onn nmpuHuUMaioT 3Hadenne 20-30
MKM. DTOT pe3yJbTaT MOXHO CPaBHHUTH CO 3HAYEHWEM, HAWJCHHBIM MO (QopMyle, Mpeao-

KeHHoM D. Maiiep [8]: D,,=(9/2FA ., A = 27T§/l_6( U~ 1p, 1 (BoN? ))2/3 L€ TIOJIrOHOY-
Hble mapameTpsl F =0.14, $=0.3. [loacTaBmnss B 9TO BbIpa)keHUE 3HAUECHUS TapaMeTPOB IS
BOJIBI M BO3]lyXa (IUIOTHOCTBH BO3JyXa OyJeM CUuTaTh O, = 1.29KF/M3), MTOJTYIMM OIIEHKY ISt
CPEeHETro 3ayTepOBCKOro auaMerpa D,, ~ 33 MKM, 4TO JIOCTaTOYHO OJU3KO K MOJYYEHHOMY B
pacueTax 3HaueHHIO.

M3 cka3zaHHOTO BBIIIE MOYKHO CJIeIaTh BBIBOJI, YTO YCPEIHEHHE IO BPEMEHH ITO3BOJISIET
[OJIy4yaTh IJIaBHBIE 3aBUCUMOCTH XapaKTepUCTHK aHcaMOIs Kameidb OT KoopauHaTel. I[lpu

3TOM 3HAUEHHs CPEJIHEr0 3ayTEPOBCKOIO JAMAaMETpa OKAa3bIBAIOTCS OJM3KU K TeM, KOTOpbIE
MO>KHO IMOJTIyYUTh Ha OCHOBE HOJTYIMIIMPHIECKOH (HOPMYIIBL.

5. 3akiarouenue

B nacrosmeit pabote B AByXMEpHOI OCTaHOBKE METOJOM 00beMa JKUIKOCTU UCCIIEN0-
BaH CPBIB KalleJIb ¢ MOBEPXHOCTH XHUIKOCTH HAOETaIOIIMM MOTOKOM Bo3ayxa. OmpeneneHs!
3aBUCUMOCTH yCpeIHEHHBIX XapaKTepUCTUK Kamellb OT KOOPAMHATHI JJIsl Pa3HBIX Pa3MepoB
OTBEPCTHS, Yepe3 KOTOPOe IMoIaeTes KUIKOCTh. [lomydenHoe B pacdyeTax 3HaUCHHE CPEIHETO0
3ayTEPOBCKOT0 JMaMeTpa 0Ka3ajJoch OJIM3KUM K HaliJICHHOMY Ha OCHOBE HOJYIMIIMPHYECKOM
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[IpencraBiensl pe3yabTaThl MPSIMOTO YHUCIEHHOTO MOJETUPOBAHUS TE€USHHS B Ka-
Haje IpSIMOYTOJbHOTO CEYEHHUS C MONEPEYHBIM IMPEISITCTBUEM B BUJIE PacIoo-
’KEHHOT'O Ha HIKHEH CTEeHKe MOJYIMJIMHIPA, a TAKKe MPUIIOTHATOTO HaJl HUXKHEH
CTeHKOU mosiHoro muinHapa. [IpoBeieHo cpaBHEHNE YHUCICHHBIX PACYETOB C IKC-
MepUMEHTAIFHBIMU JaHHBIMU. [loKa3aHo, YTO mepexo]l K JOKaIbHOU TypOyJIeHT-
HOCTH IS PAaCCMOTPEHHBIX KOH(HUTYpanuii OCyIIECTBISIETCS C TOMOIIBIO JIBYX
Pa3IUYHBIX MEXAaHU3MOB, KaXKIBIA U3 KOTOPHIX ONpPENENsieT CBOIO YHHUKAIBbHYIO
CTPYKTYpY T€UEHHUs B clieie 3a IPensITCTBUEM. BEINOIHEH aHalu3 BIUSHUS pac-
MOJIO’KEHUSI TPEMSTCTBUSA, a TaKXKe IMapaMeTpOoB BBIHYKJIECHHOW HeCcTallMOHApHO-
CTH Ha BUXPEBYIO CTPYKTYPY T€UECHHUS 32 BHICTYIIOM.

KioueBble c/jioBa: MpsiMoe YHCIEHHOE MOJICIMPOBAHKE; TEUEHUE B KaHAJIE, CIIMpaJIeBUTHBIE

BUXPH

L arge scale vortical structuresin the wake
of an obstacle in transition to turbulent
channel flow

E. . Kalinin® D. I. Okhotnikov?® A. V. Malyukov®, A. E. Goltsman®,
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In the present study the results of direct numerical simulation of flow in a square
duct roughened by a semi-circular rib and circular cylinder are presented.
Numerical simulation results were verified by comparison with experimental data.
It is shown that for two considered geometries laminar-turbulent transition occurs
using two different scenarios. The impact of obstacle location and imposed flow
oscillations are discussed.

Keywords: direct numerical simulation; channel flow; helical vortices
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1. BBexenue

HccnenoBanne OTpbIBHBIX TEYEHHWH B KaHAJaX M TpyOaxX IpH OOTEKaHWM NPENSTCTBUI
SIBJIIETCS Ba)KHOM M aKTyaJlbHOM 3ajayeil I'MIpoMEXaHWKH, TaK KaK I0JO0OHBIE TEUEHUs
HabIoat0TCs B OOJIBIIOM KOJIMUYECTBE MHXKEHEPHBIX Ipuiioxkenuit. [Ipupoaa nogobuoro po-
Jla TEYEHUI BO MHOTOM CXO3Ka — 3a IIPEITCTBUEM o0pa3yeTcs 3acToiHas 30Ha, KOTopas B 3a-
BHUCHUMOCTH OT MapaMEeTpPOB TECUEHUS] U T€OMETPHUM KaHalla MOXeT ObITh YCTOHUMBOM WM He-
ycroilunBoii. Mexanusm oOpa3oBaHUsI HEYCTOMUMBOCTH M Ilepexoja K TypOyJIEHTHOCTH, a
TaK)K€ MCCIIEJ0BAHUE CTPYKTYPhI TEUEHUS B CIE/E 3a MPENATCTBUEM NIPEACTABISAET OOJIBIION
HayuyHbIl MHTEpec. B 1aHHOM paboTe MpoBEAEHO CpaBHEHNE MEXAHU3MOB IIEpexo/ia K TypOy-
JIEHTHOCTH B JIByX KaHajlaX IPsIMOYTOJIbHOTO IOIEPEYHOr0 CEYEHMSI ¢ PA3IMYHBIMU IPETISIT-
CTBUSIMU. B nepBoMm cityuae npensrcTBre MPeACTaBIseT MMINHIP, HaXOIALINICS Ha paccTos-
HUU pajuyca OT HM)KHEHW CTEHKH, a BO BTOPOM IOJIyLMJIMHID, YCTAHOBJICHHBIA HAa HIDKHEN
creHke kanana (puc. 1). Uncna PeiiHonbca, paccUuTaHHBIE 110 TIOIEPEYHOMY pasMepy Ipe-
HATCTBUSL, BhIOMpaiuch paBHbIMH Re=165-4004T0 cCOOTBETCTBYEeT HOMHHAJIBHO JIAMHHAp-
HOMY PEKUMY TE€UEHHUS.

B = ,57_‘3:]/,-;,1 ./@I;i 05 /(,,-1 B./;;I__/ l __.,.‘_\“ , ‘
/ ’_/ r/ 77 7 '/ b 5/ 7 /

” # /‘ —
" “"‘”r/ h=us ’ ”ﬂ

L, — 16.66 L, — 35 L, A Ly

/

Puc. 1. ['eomempus pacuemnoti ooracmu

[IpuHIMTHATEHON 0COOEHHOCTHIO TEUSHHUS SIBIISICS PaBHOMEPHBIN MPOQPIIb CKOPOCTH
BO BXOJHOM ceueHUM KaHana. [IpenBapuTeNbHO MpOBEIEHHBIE YKCIEPUMEHTAIbHBIC W YHC-
JICHHBIE WCCIIEOBAaHUs MOKA3BIBAIOT, YTO B 00EUX paccMaTpUBaeMbIX KOHQUTYpALUSX MPU
3aKpUTHUYECKUX uYnciaxX PeliHomb/Ica MPOUCXOIUT JIOKAThHBIA MEpexo] K TypOyJIeHTHOCTH,
KOTOPBIH, OJHAKO, OCYIIECTBISETCS C TIOMOIIBIO JBYX Pa3IUYHBIX MEXaHU3MOB, KaXIbIi 13
KOTOPBIX OIpPEJENIIeT CBOK YHUKAJIBHYIO CTPYKTYpY TEUEHHUsS B clie/ie 3a mpensTcrBuem[l1].
Hacrosimas pabota mocpsiimeHa moapoOHOMY OIMUCAHHIO ATHX MEXaHU3MOB U M3YYCHHIO (ak-
TOPOB, BIUSIONIUX HA CTPYKTYPY TCUCHHUSI.

2. Meroauka ucc/Ief0BaHUi

Hacrosimue wnccienoBanusi NpOBOJWINCH HAa OCHOBE INPSAMOIO YHCIEHHOTO PELIEHUS
cucteMsl ypaBHeHul HaBbe-CTokca J11s1 HEC)KMMAeMOH KHUAKOCTU B HECTAIIMOHAPHOM MOCTa-
HoBKe. Ha BXojie B KaHaJ1 3a/1aBajicsi paBHOMEPHBIH MPOo(UIb CKOPOCTH HA CTEHKaX KaHaja
Ha [TOBEPXHOCTHU NPENATCTBUS CTABUIIMCH TPAHUYHBIE YCIOBUS IpUIMNIaHus. PacueTsl mpoBo-
mamch B makere ANSYS Fluent 15.0a pacueTnas ceTka Oblla TOCTpOEHA ¢ HCIOJIH30BaHH-
eM KOMIO3UIIMOHHOTO 1M0IX0/1a [2], B KoTopoM 001acTh pacyeTa MOKPBITa HAOOPOM HECKOJIb-
KHX CTPYKTYPUPOBAHHBIX JIOKAJIHbHO-OPTOTOHAJIBHBIX CETOYHBIX (PParMEHTOB, COEAMHEHHBIX
HECTPYKTYpPHPOBAHHBIMU BCTaBKaMHU.

JIOCTOBEpPHOCTH PE3yJIBTATOB pacdeTa IMOATBEPIKICHA CPABHEHHEM C JKCIEPHMEHTOM,
MPOBEJICHHBIM B JIabopaTopuu ruapoanHaMuku u teroooMena KasHI[ PAH [1]. Beimosnne-
HBI CPaBHEHHUSI KApTHHBI TeUEHHsI, KOHYUTYPAIIUH BUXPEBBIX CTYCTKOB M YaCTOTHI CX0/1a BUX-
pelt, a Tak e npoguiell cpeHed CKOpOCTH MOTOKA U aMILIMTYJ], BO BCEX CIIydasX IOJIy4eHO
BIIOJIHE Y/IOBJIETBOPUTEIILHOE COBIIAJICHUE PACUETHBIX U SKCIIEPUMEHTAIBHBIX PE3yJIbTAaTOB.
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3. Pe3yabTarthl pacueToB

B ciywae npensiTcTBUS B BUJI€ KPYTOBOTO IIUJIMHAPA HAJl HUKHEH CTEHKOW KaHaja nep-
BUYHBIA MEXaHU3M IMOTePU YCTOMYMBOCTH TEUEHHUsS aHATIOTHYeH (POPMUPOBAHHIO JOPOKKU
Kapmana npu o0TekaHn# KPyroBOTo IUIHH]Ipa 0e3rpaHNYHbIM MTOTOKOM JKUIKOCTH. TedueHne
XapaKTepu3yeTcs 00pa3oBaHUEM NEPUOINUECKON BUXPEBOI JOPOKKH B CieJIe 3a IUITUHAPOM.
B oTimmume ot oOTekaHus NUIUHAPOM Oe3TpaHHYHBIM ITOTOKOM, B JJAHHOM TEYEeHUU HaAOIIO-
JIaeTCsl aCUMMETPHUS TOPOXKKHU (puc. 2. a,0), BBUIY BIUSHUS OJM3KO PACIIOI0KESHHOM CTEHKH.
1o mepe pocta uncna PeliHonb/ca, Kak MOKa3bIBAET HKCIEPUMEHT U PACUET, B CPEAHEM CIIENE
3a MUJIMHIPOM MPOUCXOTUT JOKATBHBIN MTepeXo]] K TypOyJIeHTHOCTH.

Puc. 2. Buzyanuzayus meyenusi 0Ko10 yuiunopuiecko2o npensmemeusi, Re, =240 a)

yacmuywl (pacuem); 6) ovivsuascs npogonouxa (dxcnepumenm); 8) cnupaileguonvie
mpaexkmopuu yacmuy npu Re, =270 npu obmexanuu sblcmyna

B cimyuae nomynuiaMHAPUYECKOrO NMPENSTCTBUS, OCHOBHOM MPUYMHON JIOKAJIBHOIO IIe-
pexoza K TypOyJIEHTHOCTH SIBJISIETCS B3aUMOJICHCTBUE TIAPHBIX CIIMPAJIBHBIX YITIOBBIX BUXPEH,
oOpa3yromuxcs B OJVDKHEM cilelie 3a npersitctBueM. Havano nx B3auMoaelcTBUS IPOUCXO-
JIIT, KaK TOJIBKO IONIEPEUHBIA pa3Mep BUXPS IIPEBBICUT BEJIMYMHY, PABHYIO I10JIOBUHE IIUPU-
HBI KaHana (puc. 2. B). DTOT pa3Mep omnpeeNseTcs MUPUHONW TOTPaHUYHOTO CIIOsI, HapacTa-
IOIIEro BJIOJIb OOKOBBIX CTEHOK KaHana. [losToMy mpu mepeHoce HpEmsiTCTBHS OJMXKe K
BXOJIHOMY CEYEHHIO yAaeTcs 3aJepKaTh Ha4allo JJAMUHAPHO-TYpOYJIEHTHOTO IIEPEX0a.

OtpnenpHas cepusi SKCIIEPUMEHTOB U YUCIIEHHBIX PAcyeTOB ObLIA MOCBSIIEHA U3YYEHHIO
BIIUSIHUSL BBIHY)KJIEHHBIX ITyJIbCAIlUH CKOPOCTH HA TEUEHHE OKOJIO IIOJyKPYrOBOT'O BBICTYIIA.
[lokazaHo, 4TO IIpH TOCTATOYHO BBICOKOW YacTOTE HAJIOKEHHBIX IYJIbCALMNA CHUPAIEBUIHOE
JIBIDKEHUE JKUJIKOCTH OT OOKOBBIX CTEHOK KaHalla K €ro OCH, B CTAI[MOHAPHOM HOTOKE OIpe-
nensioriee (POPMUPOBAHUE KPYIHBIX BUXPEBBIX CTPYKTYpP 3a BBICTYIIOM, B IIyJBCHPYIOLIEM
IIOTOKE HE JOCTUTAeT INIOCKOCTH CUMMETPHUH KaHajla, a CPhIBAIOLINECS C IPENSITCTBUSI BUXPU
Ha HavyaJbHOHM cTaauu (popMUPOBAHUS UMEIOT IMIIMHAPUYEcKyo ¢popmy. Ilpu sToM cTpykTy-
pa TeueHUsl HallOMUHAET ONMCAHHOE paHee TEYEHHE 3a IUINHAPUYECKUM IPETISITCTBUEM.
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Pemenne TPEXMEPHDLBIX KOHTAKTHBIX 3aJaa4
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B paMkax KOHEYHO-3JIEMEHTHOTO IMOJX0Jla pa3padoTaH aJFOPUTM pPELIEHUs cTa-
TUYECKOW TPEeXMEPHOM KOHTAKTHOW 3a/laud MEXaHUKH JAe(OpPMUPYEMOTO TBEPJIO-
ro Teja Ha OCHOBe ajbTepHupyromero Merona [IIBapna. [IpuBenens! pe3yabrarhl
paOoTHI aIropuTMAa JUJIs CIIy4aeB HECOIVIACOBAHHOTO CETOYHOI'O pa30MeHHs], B TOM
YHCIe ¢ IEPEMEHHON 30HOM KOHTAKTA.
KuaroueBble c10Ba: MeTO/ KOHEUHBIX JIEMEHTOB; KOHTAKTHBINA allTOPUTM;
anpTepHupyromui Merox [lIBapna

Solving three-dimensional contact problems

using Schwarz method

A. S. Karavaev, S. P. Kopysov

Institute of Mechanics UB RAS, T. Baramzinoy St. 34, 426067, Izhevsk
email: karavaev-alexander@yandexs.kopysov@gmail.com

Based on finite element theory Schwarz alternating method for solving contact
problems of deformable solid mechanics in three — dimensional space is devel-
oped. The different results of algorithm for non-matching meshes including varied
contact zone is considered.

Keywords: finite element method; contact algorithm; Schwarz alternating method

1. BBenenue

[Iponieccpl KOHTAaKTHOTO B3aUMOJEHUCTBUS IIMPOKO PACIpPOCTPAHEHBI B COBPEMEHHOM
TEXHUKE, IPUPOAHBIX U OMOJIOTMYECKUX IIpolieccax, O3TOMY BBICOKA AKTYyaJIbHOCTh HCCIIe-
JIOBaHWM B JaHHON 00sacTH. B KOHEYHO-311EMEHTHOM MOJEIMPOBAHUU HU3BECTEH Pl METO-
JIOB peIIeHNs] KOHTAKTHBIX 3a7a4. mTpadHbIX QYHKINH, MHOKUTeNIeH Jlarpamka, anbTepHu-
poBanus [lIBapua [1]. B manHo# pabote cTpontcs urepanuonHsiii Meron IlIBapua s aByx
KOHTAKTHPYIOUIUX TPEXMEPHBIX Tell, IO3BOJISIOMINN paccMaTpUBaTh pelICHUE 3a/1a4M Halpsi-
KEHHOT0-71e()OPMUPYEMOTO COCTOSIHUSI B CTAHJAPTHON MOCTAaHOBKE ISl KAKJOTO M3 KOHTaK-
TUPYIOIIUX TeJ U JOIYCKAIOUINH BHICOKOYPOBHEBOE pacnapajieIiBaHUe MIPOIecca PEICHMUS.

PaccmarpuBaetcs craTMdeckas KOHTAKTHAs 3a/a4a TPEXMEPHBIX OJHOPOJHBIX M H30-
TPOIHBIX JIMHEHHO-YIIPYTMX KOHTaKTUpytonmx tena A u B. bonee neranbHo MaTemMaTHyecKast
MOCTaHOBKA JIJISI IByXMEPHOTO CIIydasi MOXeT ObITh HaizieHa [2,3]. OcraHoBUMCS Ha 0COOCH-
HOCTSIX aJITOPUTMA aJIbTEPHUPOBAHUS 110 TIOJO0JIACTSIM B TPEXMEPHOM CITydae.

2. KoHTakTHBIH anroputm Ha ocHoBe MeTona IlIBapna

B cootBercTBHE C MMPpEAJIOKCHHBIM UTCPALITMOHHBIM aJITOPUTMOM Ha KaKJI0M1 _] - OH uTe-
panuy BBIMOJHACTCA ABaA 1Iara, rac rnmoo4epeaHno yaA0BICTBOPAKOTCA YCIIOBUS COIIPSXKCHUA 10
NEpEMCIICHUAM W HAIIPSAKCHUAM UIA Y3JI0B, PACIIOJIOKCHHBIX Ha KOHTAaKTHOH TTOBEPXHOCTHU.

© Kapagaes A. C., Konsicos C. II., 2017
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B ciryqae Tena A Ha mepBOM U3 HUX JUIS KAXKIOTO y371a X Ha KOHTaKTHON ITOBEPXHOCTH 3a/1a-
eTcsi BEKTOp MepeMelnenuit k Hopmaau n’ mosepxnoctu tena B, npoekuust Ha n? kotoporo
—=a — 0 b a a b
BBIMHUCIETCS 110 popmyne Uy;_; = Uy;_1 + 052j—1(uzj_1 —Uzj_1— §), rae Upj_q, Upj_1 —
COOTBETCTBEHHO NPOCKIUH BEKTOPOB IEpEeMELICHUH y3/1a X* M ero CXOAHON TOYKU Ha I0-
BEPXHOCTH Tella B ¢ Ipe/blLylieii CHIIOBO! HTepaluy K HopMami n?, ay;_; — uTepauoHHbIH

mapameTp, § — HadadbHBIH 3a30p MeKIy KOHTAKTHBIMA TTOBEPXHOCTSMH 1o Hopmany n”. Ha
BTOPOM Imare JUis IS KakIOTO y3ma X% 3ajaeTcs MOBEPXHOCTHAS HArpyska pa; = p3; —
a2;(P5j—1 + P3j_1), TA€ PS;_1, P5;_1 — COOTBETCTBEHHO BEKTOPA HANPSIKEHHIl y371a X% 1 ero
CXO/IHO! TOUKM Ha IIOBEPXHOCTH Tela B 1o HanpasieHuo HopMamm N, @, ; — HTepannoHHsbIit
napaMeTp. Bompoc BHIMHCIEHHS UTEPAlMOHHBIX MAPaMETPOB paccMaTpHBalcs B paboTax
[2,3].

PaccMOTpuM 0COOEHHOCTH peau3allii METOA IS TPEXMEPHBIX KOHTAKTHBIX 3a/1a4 B
NPAKTUYECKH BAXKHBIX CIIyYasx.

B nmannoii paboTe B Ka4ecTBE CXOMHOW TOYKM HCIONB30BANaCh TOYKA IEPECEUCHUS
HEPIEHIMKYJIAPa, OMYIIEHHOTO M3 y3/1a X%, IeXalnero Ha KOHTAKTHOM ITOBEPXHOCTH Tena A,
Ha KOHTAaKTHYIO IIOBEPXHOCTH TeNa B, COCTOSAIIYIO U3 YETHIPEXYTOIbHBIX sueek. Ciydaii Tesa
B paccMarpuBaeTcsi aHaJIOTUYHO.

Brlunciienne TeH30pa HAPSHKEHUM B y3JIe OCYLIECTBIISAETCS TPUITMHERHOM dKCTpanoJis-
Mel MO0 3HAYEHMSAM HANPSOKEHHH B IayCCOBBIX TOYKAX MHTErPUPOBAHMS INECTUTPAHHOTO
seMeHTa. BeKTOp HalpsDKEHHH B y3ii€ [0 HAPaBIEHHIO HOPMAIU K CXOJHON TOUKE ONpPeJie-
JIeTCsl Ha J - Ol HTEpALMH B Cllydae KOHTAKTHOrO y31a X Tena A kak p3; = n’6$;, rie 63, —
TEH30Dp HaIpsDKeHHH y371a X%, Bhluucienre BEKTOpa y3JI0BBIX CHJI, CTATHYECKH DKBHBAJICHT-
HBIX JIE€HCTBHIO pacipeIe]eHHON 0 MOBEPXHOCTH HIECTUTPAHHOIO 3JIEMEHTA HATPY3KH, OCY-
IIECTBIIAETCSA C MCIOJb30BaHMeM KBaaparyp l'aycca. JIns onpenesneHUs BEIMYHH HaIpsiKe-
HUH ¥ IIEpEMENIEHHUH B CXOAHBIX TOUKax TpedyeTcs uHpopMaIus 00 UX JOKAIbHBIX KOOPIH-
HaTax MOMCK KOTOPHIX HEOOXOAMMO OCYHIECTBIATH IO W3BECTHBIM 3HAYEHHSAM TIIOOAIBHBIX
KOOP/IMHAT.

B cinyuae 3amaHus KUHEMATHYECKUX TPAHMYHBIX YCIOBHUM HA J - O UTEpaluu Ui KOH-
TAKTHOTO y3J1a HEOOXOAUMO YUHTBIBATH JIUHENHYIO 3aBUCUMOCTH MEKIY KOMIIOHEHTAMH II€-
peMeIleHns, KOTopas B cilydae mepeMelenns U? KOHTaKTHOro y3iaa X% Tema A MMeeT BUJ
n® - u® = %if;_;. Takoro Buja yC/IOBHS 3a1aBaTHCh METOOM IITpada.

I[pu peanusanuu WTepanMoHHOro mporecca IIBapia 30Ha KOHTAKTa U3MEHAETCA U BO
MHOTHMX CIIyYasx HCIIOJIb30BAIOCh JOIOIHUTENLHbIE YCIOBUS Ul MCKIIFOUEHHS U3 KOHTAKT-
HOM 00J1aCTH Y3JI0B OTHOCHTEBLHOE TIEPEMEIIEHIE KOTOPBIX OOJIBIIE 3a1aHHOTO 3HAYEHHS.

3. TecToBbIe MPpUMEPBI

IIpoBepka paboTOCIIOCOOHOCTH AITOPUTMA OCYIIECTBIIIACH MOJECIMPOBAHUEM COCTOSTHHUM
C MOCTOSIHHBIMH HamnpsbkeHusME (patChiect) Ha HecoriacoBaHHBIX ceTKax. B mepBom Tecte
paccMaTpUBaIOTCs 1Ba KyOa paclioyosKeHHBIX MapasuiesnbHo ocu 0Z onuH Ha apyrom. Ilo-
BEPXHOCTh HIDKHEro Ky0Oa 3aKkperuieHa, a Ha MOBEPXHOCTH BEPXHEro 3aJaeTcsl eIWHUYHOE
nasnenuio [4]. Koadpdurmument [lyaccona mpuHMMaeTCss paBHBIM HYIIO, YTO OOECICUHBACT
HEHYJIEBYIO KOMIIOHEHTY T€H30pa HalpsbkeHus 0,, = —1 lla. UnuclieHHOEe penieHne Ha rnep-
BOIl KOHTAKTHOW MTEpALMU COBIAJAET C AHAJIMTUYECKUM U 0OecleurBaeT TOUHOE pacipese-
JIeHWEe KOMIIOHEHT NepeMeIleHI i 1 HalpsDKEHUH KOHTaKTUPYIOUTUX Tell.

Bo BTOpOM TpexMepHOM TECTOBOM IIpUMEpPE HAa BEPXHUE IIOBEPXHOCTHU JBYX KOHTAKTHU-
PYIOIIMX TeNl TIPHIOXKEHO JaBieHue BIoib ocu 0Z [5], koTopoe TOKHO oOecriednBaTh O/1-
HOpPOAHOE T0JI€ HalpsbkeHUud o,, = —260 Ila. IlomyueHHOe pacnpeneneHue HanpsLDKEHUN
UMeeT HEOJHOPOIHOCTh CO 3HAYSHMSIM HamNpshKeHud o,,(min) = —269.5 u g,,(max) =
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—160.4 Tla, cocpenoToyeHHy0 Ha rpaHuile KoHTakTa. C YMEHBIIICHHEM Iara CeTKHU B 30HE
KOHTaKTa cpeJ/iHee 3HaYeHHe KOMIIOHEHThl HAIPSKEHUS CXO/IUTCSL K TOYHOMY PELICHHUIO.

Jlng 3apaun ['epria 00 ynpyrom KOHTakTe Iiapa ¢ HOJIyIIPOCTPAHCTBOM IIPOBEAEH Psf
YHCJIEHHBIX 3KCIIEPUMEHTOB JUISl Pa3IMYHBIX 3HAYeHWIl riyOWHBI mpoHuKHOBeHHs h (0.3 —
1.7% ot paauyca mapa) 3agaBaemMoit B1ois ocu OZ. IlorpenrHocTs BETMYMHBI MAKCUMAITBHO-
r0 KOHTAKTHOTO JABJICHHS OT T€OpPETUUYECKOro coctanisio ot 0.7 no 7.7% , a morpenHocThb
panuyca natHa koHTakTa 0.5 — 10.7%. CxoauMocTh nocTuranach 3a 3 - 6 KOHTAKTHBIX HTe-
pauui.

Pabora BrImosHEHa NpH yacTU4HOM nmoanepxke rpanta POOU Ne 17-01-00402_a, 16-
01-00129_a
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JInHaMuKa CBOOOAHOIO0 NUJHUHAPUIECKOrO TeJa
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DKCHepUMEHTAIBHO U3y4YaeTcsl JUHAMHKa I[MJIMHJPUYECKOTrO Tejla BO Bpalllaro-
eHcsl TOJIOCTU MPU MEPHEHIUKYISIPHBIX OCH BpalleHUs BUOpaIUsSX. DKCIepu-
MEHTAJIbHOE HCCJIeI0BAaHUE MPOBOJUTCS IPU BBICOKOM CKOPOCTH BpallleHus, KO-
rja moJ JeUCTBUEM LEHTPOOEKHON CHIIBI TEJIO CMELIAETCs K OCH BpalleHUusl, TO
€CTh HaXOoAWTCs B IEHTpU(yrupoBaHHOM cocTOssHUM. B orcyrcTBHe BHOparumit
Ha0JII0/1aeTCsl OTCTAKOIEE BpalllEHUE TeJa, BBI3BAHHOE €r0 paJualIbHBIM CMeEIe-
HUEM TO0JI ACHCTBUEM IOJISI CUJIBI TSKECTH. PeXuM ocpeTHEHHOTO ABM)KEHHUS Teja
3aBUCUT OT YaCTOThI BpallleHHs MOJOCTU. Bubpauuu npuBoAsST K BO30YKICHUIO
pazHoro pona auddepeHIraIbHOro BpaieHus Tejia (ormepexaromnero uik oTcTa-
IOIIET0), CBSI3aHHOTO C PE30HAHCHBIM BO30YXKJICHHEM €ro WHEPIMOHHBIX Koyeba-
Huit. OnpeneneHa 3aBHCUMOCTh CKOPOCTH U (EpEeHITHATFHOTO BpaIlIeHUs Tela
OT 4acTOTHI BUOpanwii. [[uHaMuka TBEpIoTo Tela u3ydaercs Ipu (pUKCUpOBaHHOM
YyacTOTE BpallleHUs MMOJOCTH U B 3aBUCHMOCTH OT 3a/1aBaeMOil 4acTOThl BUOpaIuit
UMeeT PA3IMYHbIA CIIOXKHBIM Xapakrep. AHAJIW3 TPAGKTOPUU TOKa3all, YTO JIBU-
KEHHE TeJla COCTOUT U3 HECKOJIbKUX KOJIe0aTeIbHBIX MO/,

Kirouesrble cioBa: muddepeHImaibHoe BpallleHue; IUIHHIPHYECKOE TeNI0; BUOpaIiuu

Dynamics of a free cylindrical body in a
rotating horizontal cavity under vibrations

|. E. Karpunin® N. V. Kozlov®

4 Perm State Humanitarian Pedagogical University, Sibirskaya St. 24, 614990, Perm
email: vankarpunin@yandex.ru

® |Institute of Continuous Media Mechanics of the Ural Branch of Russian Academy of
Saence, Academika Koroleva St. 1, 614013, Perm

email: kozlov.n@icmm.ru

Dynamics of a cylindrical body in a rotating cavity is experimentally studied un-

der vibrations perpendicular to the rotation axis. Experiments are run at high
speed, when under the action of centrifugal force the body is shifted to the rotation
axis (is centrifuged). In the absence of vibrations, lagging rotation of the body is
observed, due to the body radial shift under the action of gravity. The body aver-
age motion mode depends on the cavity rotation frequency. Vibrations lead to the
excitation of different kinds of body differential rotation (leading or lagging) as-
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sociated with the resonant excitation of its inertial oscillations. The dependence of

the differential speed of body rotation from the vibration frequency is obtained.

The body dynamics, which is studied at a fixed cavity rotation frequency, has a

different complex character depending on the vibration frequency. The trajectory

analysis revealed that the body motion consists of several oscillatory modes.
Keywords:. differential rotation; cylindrical body; vibrations

1. BBenenue

JlelicTBue BHEIIHEH CHJIBI HA BpallaloIIyrocs AByX(a3HylO0 CUCTEMY HPUBOJIUT K BO3-
OyKIICHHIO WHEPIIMOHHBIX KojeOaHwii. BeimencTBue STOro B KHIKOCTH BO3HUKAeT Iudde-
peHnanbHoe Bpamenue [1, 2]. Mexanmsm TuddepeHMaaIbHOT0 BpallleHus 3aKII0vacTcs B
TeHepalnuu CpeHeld MacCOBOW CHIIBI B BS3KUX MOTPAHUYHBIX CIIOSIX BOJIU3U KOJIEOIIOIIAXCSI
nosepxHocte#t [1, 3, 4].B cimyuae, koraa nerkas ¢asza — tBepmoe Teio, 3pPeKT okazpBaeTCs
HanboJee CHIIbHBIM [5]. DTO CBS3aHO C pa3jMyheM B TPAHUYHBIX YCIOBHSIX Ha PaHHIE pa3-
JieTia JKUAJIKOCTEe! M TPaHUIle XUAKOCTb—TBepaoe Teno [6]. [lpu Bpamenun nonepeunsie BUO-
panuu pe30oHaHCHBIM 00pa3oM BO30YIKIal0T HHTEHCHBHBIC KojiebaHus Tena (oTcTaromime Jin-
00 omepexarolnue), 4TO MPUBOJUT K TEHEPAIMH OCPETHEHHOTO TEUCHHsS B KOAKCHAILHOM
3a30pe W K BpalIeHHIO camoro Tena. HampaBieHwe OCpelHEHHOTO BpAIlIEeHHUS COBMAIAeT C
HarpaBJieHuEeM KojieOaHWil Tella W OmpelessieTcss OTHOCUTENbHOM vacToToi BuOpanmii. MH-
TEHCHBHOCTb JIBUKCHUS OTIPEIEISICTCS aMILTUTYI0H KoJleOaHui Tela U BSI3KOCTBIO JKUIKOCTH

[5].

2. IlocTaHOoBKa YKCIIEPUMEHTA

DKcrepuMeHTaTbHAS. MOJICITh MIPEICTABIISIET COO0HM MPO3pavHyIO IUJIHMHIPUYECKYIO KO-
BETY M3 OPrCTeKIIa, TEPMETHYHO 3aKPBITYIO ¢ TOPIIOB KPBIIIKAMHU, OJJHA M3 KOTOPBIX IIpO3pady-
Ha. BHYTpH mojiocTH — pabodvast KUIKOCTh (BOJA) U IMUIMHIPUYECKOE TEJIO U3 KalpoJIOHA,
JIOMTOJTHEHHOE yIIOpaMH ISl TIPEIOTBPAICHHS CABUra K OJHOMY M3 TOPIOB. IIpu momorm
IIAarOBOTO JIBUTATENsl KIOBETa MPHUBOJMTCS BO BpalieHue. J[iMHA W paauyc TOJIOCTH:
[1=28.0 cy r1=3.5 cm Jlnuna u paguyc tena: l,=24.5 cy rp=2.0 cu OtHOCHTENBHAS
mwioTHOCTH Tena: p = 0.88. Yacrorasparenus koBeThl: fr = 0 — 9.75 ofc. Ilentpudyrupona-
Hue Tena npoucxoaut npu f, = 4.88 odc, Bembitre — npu f, = 4.37 odc. DxcnepuMeHTaTb-
Hasi MOJIeJIb IMOMEIAeTCs Ha BUOPOCTEH/I, KOTOPBIM OCYIIECTBIISIET TIONEPEYHBIC OCH Bpallle-
HUS BHOpanuu ¢ 3amaHHOM dactortoir. Yacrora BuOparuu: fiip=0—7 [y 3Hauenue
(UKCUPOBAHHON YaCTOTHI BpAICHUS MOJIOCTH (B cCilydae BO3JCHCTBUS BHOpAIUH):
f, = 4.88 odc.

3. PesyabTaTthl

N3ydeHa 3aBUCHMOCTH OTHOCHTEIBHOM YacTOThI Bparnenus tena Af = fs—f; ot vactoTs
BubOpanuit fii, (pHCyHOK). AHAIN3 KCIIEPUMEHTAIBHBIX JaHHBIX MOKAa3al, YTO MPH MOBBIIIE-
HUH ¥ [TOHMKEHHUH fyjp IPOMCXOMUT CMEHA PEKMMOB JBHKEHUS IIMIMHIPHYECKOTO Teja B I10-
goctu. CpaBHEHHE pe3yNIbTaToOB MpH IpssMoM (Touku 1) U oOpaTHOM (TOYKH 2) XOJ€ IO Ya-
crore fip, OOHapyXuBaeT y3kme OOJACTH THCTEPE3MCA B IEPEXOJAX MEXKIY COCETHHMHU
pexxuMaMu JBMKeHHS. B citydae mpsiMoro xoja mpu MaioMm 3Hauexuu fyip = 0 — 2 I'yBubpa-
LMY HE OKA3bIBAIOT BIUsAHUSA Ha 3HadeHue Af. B mannHoi o0yiacTy [uHAMKKA Tella HE OTIrYa-
€TCs OT TPaBUTAIIMOHHOTO CIydas U XapaKTepU3yeTCs CTAMOHAPHBIM CMEIIEHHEM Tejla OT-
HOCHUTEIBHO OcH BpaineHus mosnoctd. Ipu fiip = 2.1 [y cCKOpocTh BpallleHHs Teja CKauKoM
yMeHbINAeTCs, a JajbHeiinee yBenuueHue fyip COMpOBOKIAaETCS MOBBIIIEHHEM CKOPOCTH Bpa-
IeHus Tena BIoTh 10 fuip = 3.9 I'y [pu fiip = 3.9 — 4.3 [yipoucxoaut ymenbinenue Af | ko-
topoe 1pu fyip > 4.3 'y cMeHsieTcs: MOHOTOHHBIM BO3pacTaHHEM YaCTOTHI BpaIlleHUS Tela.
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Xapakrtep JBWKeHHs Teia Ha ydactke fip = 2.1 — 3.9 ['yMOXKHO ONpeNenTh Kak KPYroBbie
KoJiebaHHsT OTHOCHUTENIBHO OCH MmoJjiocTd. B obmactu fip = 3.9 — 5 I'yrpaekropus Tena uMeeT
CJIOXKHBIN XapaKTep B CUIIY CYHEepPIIO3UIIUN HECKOJIBKUX KONeOATeTbHBIX ABMKCHUN C pa3iInd-
HBIMH YacTOTaMH, YTO MPUBOJUT K M3MEHEHHUIO CKOPOCTH IU(P(EpEeHITHATFHOTO BpAIICHUS.
[Tpu fyip > 5 'y TOpen Tena ABMXKETCS 1O CHHPAIH, TO MPHOIMKASICh K IIEHTPY HOJOCTH, TO
yIaIssICh K MAJIMHIpAYECKON cTeHke. HaOmoneHust B GOKOBOM MPOEKITUH MTOKA3BIBAIOT, YTO
Takasi TPaeKTOpHS CBs3aHa ¢ HyTanusMu. [Ipu obpaTHOM X0/1€ 10 YacToTe BUOpaIuit o01acTu
fyib C XapaKTEepHBIMHU PEXKUMaMHU JIBH)KCHHS TeJIa BOCIIPOU3BOIATCS B 00paTHOM MOPSIIKE, OJ1-
HAaKO MOPOTH Mepexo0B He coBmaatoT. O0 3TOM CBHIETENHCTBYIOT HEOOIbINNE pa3TuIHsl B
BEJIMYMHE CKOPOCTH AU PEpeHIINATHEHOTO BPAIICHHS.
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Pucynoxk. 3asucumocmo Af om fip: 1 — noswvruenue yacmomol subpayuu,
2 — noHudceHueyacmomsl UOpayuu
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VK 532.64

BiaunsiHue HEOJHOPOJAHOCTHU MOBEPXHOCTH
MOJJIOKKHU HA KOJIEOAHUA NUJUHAPUIECKON

KallJin B ICPEMECHHOM J3JICKTPHICCKOM IMOJIC
M.A. Kamnna

IIepMcKHil TOCYIapCTBEHHBIN HALIMOHAIBHBIN UCCIE0BATEIbLCKUM YHUBEPCUTET
614990, Ilepms, yn. bykupesa, 15
email: ya.kashina-marina@yandex.ru

HccnenyroTcs BBIHY)KICHHBIE KOJICOAHUSI KallJli HEC)KUMAEMOM  KHMJIKOCTH,
OKPYXEHHOU JPYTrOH KUIKOCTBIO I0J AEUCTBUEM IEPEMEHHOIO JIEKTPUYECKOIO
noJyii. B paBHOBECHOM COCTOSHUM Karuid HMeeT (opMy LMIMHIPA, KOTOPBIN
OTpaHMYEH B OCEBOM HAINPABICHUM [JBYMS IApaJUICIbHBIMU  TBEPABIMHU
MOBEPXHOCTAMHU. PaBHOBECHBII KpaeBOW Yroia Mexay OOKOBOW MOBEPXHOCTHIO
KaIlJId ¥ TBEPAOH IUIACTUHOM — MPSAMON. DIIEKTPUUECKOE I10JI€ CO3AET BHEIIHIOK
MIEPUOANYECKYIO CHIIY, KOTOpas ICMCTBYEeT Ha JIMHMIO KOHTaKTa TPEX Cpen:
KaIlIsA-)KUIKOCTb-TBEpAass IutacTuHa. CKOpPOCTh  JABMXKEHMSI OTOM  JIMHUM
[IPONOPLUOHAIBHA CYMME OTKJIOHEHHUS KPA€BOT'0 YIJIa OT PAaBHOBECHOTO 3HAYCHMUS
U CKOPOCTU pElaKCallMOHHBIX IPOLIECCOB, YaCTOTA KOTOPHIX paBHA YABOCHHOU
4acToTe EKTpHUUecKoro noJjs. [loxyueHs! faHHbIe 00 OTKIOHEHUH MTOBEPXHOCTH
KAaIUIA B 3aBUCHUMOCTH OT IapaMmeTrpa XOKHHIa U T€OMETPUYECKOIO IapaMerpa.
OOHapy)XeHO, YTO TPU OJHOPOJHOM II€PEMEHHOM 3JEKTPHYECKOM TIOJie
HEOJTHOPOJHOCTh IUIACTUH MPUBOAUT K BO3OYXKICHHIO a3UMMYTAIbHBIX MO/
konebanuii karmmu. [loka3aHo, YTO C yBENMYEHHUEM IOCTOSHHOM XOKHHTa
YMEHBIIAETCS B3aUMOJCHCTBUE JIMHUM KOHTAKTA C ITOUIOKKOM, YTO NPUBOJIUT K
XOPOIIO BBIPAKEHHBIM PE30HAHCHBIM 3(dekram.
KaroueBble cjioBa: IUIMHIpUYECKas KaIllsl; KOHTAKTHAS JIMHUS; BRIHYXICHHBIEC KOJIEOaHUs

Influence of the heterogeneity substrate surface
on the oscillations of a cylindrical drop in an

alternating electric field

M. A. Kashina

Perm State University, Bukireva St. 15, 614990, Perm
email: ya.kashina-marina@yandex.ru

The forced oscillations of a drop of an incompressible fluid surrounded by another
liquid under the action of an alternating electric field are studied. The drop has the
cylindrical form in the equilibrium state, which is bounded in the axial direction
by two parallel solid surfaces. The equilibrium edge angle between the side
surface of the drop and the solid plate is right. The electric field creates an
external periodic force, which acts on the contact line of three media: drop-fluid-
solid plate. The velocity of the contact line is proportional to the deviation of the
contact angle and the speed of the fast relaxation processes, which frequency is
proportional to twice the frequency of the electric field. The deviation of the

© Kammuaa M. A., 2017
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interface is as a function of the Hocking parameter and the aspect ratio. It is found
that the inhomogeneity of the plates leads to the azimuth modes excitation of the
drop oscillations under a uniform alternating electric field. It is shown that the
interaction of the contact line with the substrate decreases with increasing
Hocking constant, which leads to well-pronounced resonance effects.

Keywords: contact line; forced oscillations; cylindrical drop

N3ydeHnro noBeAeHNs IBUKEHUS U YCTOMYMBOCTH KallJId JKMJIKOCTH B 3JIEKTPUYECKOM
MoJie TOCBAIIEHO OoJipIoe KoiaudecTBO pabor [1-4]. OmHuM U3 BaXHBIX (DAKTOPOB,
BIMSIOIIMX Ha IOBEJCHHE KaIlUIM U CIIOCOOBI yNpaBJICHUS, SBISETCA AIEKTPOCMAaYMBaHHE
(electrowetting, EW) — BIusiHUE 3JIEKTPHUYECKOTO TOJII Ha CMAauMBaHHE Karuled TBepIOn
o U10KKH [4]. ToaukoMm K OypHOMY Pa3BUTHIO 3TOW TEMATUKU MOCITYKMJIO MCIOJIb30BaHUE
IMAJIEKTPUUECKUX TMPOKIAJA0K Ha MpoBojsmiel moBepxHocTH (electrowetting-on-dielectric,
EWOD) [4,5]. Ognako ycnosue FOnra-JIunmana, KOTOpo€ HCHOJB3YyeTCs B OOJBIIMHCTBE
paboT, TII0OXO OMMCHIBAET OTKJIOHEHHE KPaeBOToO yria B CPABHEHUHU C HKCIEPUMEHTATbHBIMU
JaHHBIMHU. ABTOpPaMHU JaHHOW PabOThI ObUIO MPEUIOKEHO IpPyroe rpaHuvHoe ycioBue [6],
HCI0JIb30BAHNE KOTOPOTO MTOKA3bIBAET XOPOIIEE COTIACUE C IKCIIEPUMEHTOM.

B nanHoif paboTe wHCCIENyIOTCS BBIHY)KICHHbIE KOJICOAHUS KalUIM HECKHUMAeMOU

KHMJIKOCTH C IIJIOTHOCTBIO O, , OKPYXKEHHas APYroil ;KUAKOCTBIO INIOTHOCTH L, . Bed cuctema
OrpaHUYeHa JABYMS MapaJljiebHBIMU TBEPIBIMU MOBEPXHOCTSIMU (pUC. 1), pacCTOsSHIE MEXIY
kotopeiMu paBHo h . Cocyn 3aMkHYT Ha OeckoHeuHoctH. Kamis umeer GpopMy Kpyrioro

OUIMHApa paguycom R, B oTcyrcrBue
z
BHEIIHUX CHJI. PaBHOBECHBIM KpacBOUW yroi

MEXJy OOKOBOH IOBEPXHOCTBIO KAl |
TBEPJIOM MOBEPXHOCTBIO IpsiMoil. Ha cucremy
. JNEUCTBYET [IEPEMEHHOE HEOTHOPOJIHOE

T— x(V NIEKTPUYECKOE IM0J€ C aMIUIMTyHod A u

e o YaCTOTON @ . DTO IOJIE UIPAET POIb BHEITHE
X CWJIBI,  KOTOpas  3acTaBiIIeT  JBUIaTbCs
KOHTAKTHYIO JIMHMIO. B  nuimHapudeckoin
cucTeMe KOOPAMHAT (0Ch Z COBIAJAET C OCBIO
CUMMETPHH COCY/a), OOKOBYIO IOBEPXHOCTh

Puc. 1. I'eomempus 3a0auu

KalTi MOXHO OmucaTh (QyHKIueH r :R0*+§*(z*,a,t*), rae f(z,a*,t*) - (yHKIHS,

OTIMCHIBAIOIIAS OTKIIOHEHHE OOKOBOM TTOBEPXHOCTH KAIUTH OT PABHOBECHOTO MOJIOKEHUSI.
JIBW>KeHHE JIMHUM KOHTAaKTa OMHUCHIBAETCS TPaHUYHBIM yclioBHEM [6] (B riaBHOM
MOPSJIKE Pa3JI0KEeHUS TI0 MaJIOW aMIUTUTY/Ie BUOpaIHii):

z=F1/2,r=1, ¢, =+A(a)({, +Acos2at), (1)

*

me z=z/h ., r=r'/R), (= [A A=Ab(p +p] )R [0 . b=R)/n, A -
napameTp XOKHHTa, O — KOA((HUIIMEHT TOBEPXHOCTHOIO HATSKCHMUS.

B kadectBe (yHKIMM HEOJHOPOJHOCTH TOBEPXHOCTH IOMJOXKEK BBIOpAHO
A=/1|Cos a|. OnHopoHBIE TIACTHHBI OBUIM paccMOTpeHbl B pabore [6]. Ha (puc. 2)
MOKa3aHa AaMmIUTUTya OTKJIOHEHHWS JIMHUM KOHTakTa ¢ B 3aBUCUMOCTH OT YacTOTHI

ANEKTPUYECKOTO TOJISL Ul TPEX 3HA4YCHWH NOCTOSHHOW XOKMHra A M TeOMETPUYECKOro
napamerpa b .
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W3 npencraBiieHHBIX PUCYHKOB (pucC. 2.a) BHIHO, 4YTO MpPHU MalbIX 3HAYEHHUSX
napamerpa A  pe3oHaHCHbIE d3((QEKTBl OTCYTCTBYIOT, 4YTO OOBSCHSETCS CHIBHBIM
B3aMMOJICHCTBUEM JIMHUHM KOHTAKTa C MOJIO0KKOHN. [Ipu OonbmMX 3HAYCHUSAX A JTHHHS
KOHTAaKTa CBOOOJHO CKOJB3UT IO TBEPAOH MOBEPXHOCTH, YTO MPHUBOJUT K XOPOLIO
BBIPQ)KCHHBIM PE30HAHCHBIM 3 (PEeKTaM Ui BCEX YaCTOT COOCTBEHHBIX KOJICOAHMIA.

C yBenmMYeHHEM TIEOMETPHUYECKOrO Tapamerpa b  pacTyT 3HAueHHs YacToT
COOCTBEHHBIX KOJeOaHM{, 4TO MPHUBOAUT K CABHUI'Y PE30HAHCHBIX 3HAUEHHH YacTOTHI MOJIS
(puc. 2. b). CymecTByIOT TakXe «aHTUPE30HAHCHBIC» YACTOTHI, HPU KOTOPHIX JIMHUS
KOHTAKTa HETOJBIKHA, 3 H3MEHSIETCS TOJILKO KPaeBOM yroJ.

25
\ 401
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201
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0 5 10 15 20 25 3 © 5 10 15 20 25
omega omega
(a) (b)
Puc. 2. Maxcumanvrhoe omxioneHue auHuu KOHmaxkma ¢ om yacmomsl @ (a) npu
mpex pasuvix 3uavenusx A (b=1.0, 4=10.1, , =10, 1=10.0) u (b) npu
mpex pasnvix 3Havenusx b (1=1.0, A=10.1, ,b=15,b=2.0)

PaboTa BbImosHEeHa pu pUHAHCOBOM noanepxke Poccuiickoro HayuHoro ¢onna (kox
npoekra 14-21-00090).

Cnucok auTeparypsl

1. Melcher J. R., Taylor G. I. Electrohydrodynamics: A Review of the Role of Interfacial
Shear Stresses // Ann. Rev. Fluid Mech. 1969. V. 1. P. 111-146.

2. Pelekasis N. A., Economou K., Tsamopoulos J. A. Linear oscillations and stability of a
liquid bridge in an axial electric field // Phys. of Fluids. 2001. V. 13. P. 3564-3581.

3. ILlymos A. A. Popma Kaud B MOCTOSIHHOM 3JekTpuueckoM nose // XKTd. 2002. T. 72,
Nel2. C. 15-22.

4. Mugele F., Baret J.-C. Electrowetting: from basics to applications // J. Phys.: Condens.
Matter. 2005. V. 17. P. 705-774.

5. Berge B. Electrocapillarity and Wetting of Insulator Films by Water // Comptes Rendus
Acad. Sci. II. 1993. V. 317. P. 157-163.

6. Alabuzhev A. A., Kashina M. A. The oscillations of cylindrical drop under the influence of
a nonuniform alternating electric field // J. Phys.: Conf. Ser. 2016. V. 681. 012042.

225



VK 532.5.013.4; 537.36

YucieHHoe MOJAEJTUPOBAHUE JTUHAMHUKH
JJEKTPOJIUTA IJA FJEeKTPUUECKUX MeMOpaH
C Y4E€TOM AUCCOUHUAUMH BOIbI

U MUKPOIIEPOXOBATOCTH

B. A. Kupuif, H. }O. Tanuenxo®, M. O. Penua®
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b Ky6anckuit rocynapctBennbiii yausepcutet, 350040r. Kpacnonap, yn. CraBpormoisckas,
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© 10xHEIH (enepanbHbii yauBepcutet, 344006, r. Pocromia-Jlony, yi1. b. Cagosas, 105/42

HccnenyeTcs moBeaeHHe pacTBOPA HIIEKTPOIINTA, HAXOASAIIETOCs MO IeHCTBHEM
BHEITHETO HJIEKTPHYECKOTO TI0JIsi, BOJIM3M HMOHOCEJIEKTUBHON ITOBEpXHOCTH,
UMeIoIIel reoMeTprHUecKre MUKPOHEOTHOPOJHOCTH. BriepBbie pa3paboTaH BbI-
YHUCIIATENFHBIA METO/ MPSIMOTO YHCICHHOTO pEIIeHHs IMOJHON cucTeMbl HepH-
cra-IInanka-ITyaccona-Ctokca B KpUBOJIMHEHHONW cucTeMe KOoopauHaT. BrisiBie-
HBI 3HAYEHHs M1apaMeTPOB MHUKPOHEOTHOPOJHOCTH, KOTOpPBIE CYIIECTBEHHO [e-
CTaOMIIM3UPYIOT CHUCTEMY, YMEHbINAs KPUTHUECKOE 3HAUCHHE pPa3HOCTH NOTEH-
nuagoB. B MaTeMaTHuecKyro MOJENb TAaKKe BKIIOYEH MEXAHW3M JWCCOIHAIIH
BOJIbI BHYTPU MeMOpaHBbL

KioueBble cjioBa: 3JIeKTpOKMHETHYECKass HEYCTOWYMBOCTH, ypaBHeHHs HepH-

cra-IInanka-Ilyaccona-Ctokca; uicIeHHOE MOJIETMPOBAaHHE

Numerical simulation of selective surface
microinhomoheneities' impact on electrolyte

dynamics with considering water dissociation

V. A. Kirly 2 N. Yu. Ganchenkd, M. Yu. Repina’

& Financial University under the Government of the Russian Federation, 350051, Krasnodar
emall: vladimir@Kkiriy.ru

P Kuban State University, 350040, Krasnodar

¢ Southern Federal University, 344006, Rostov-on-Don

The behavior of electrolyte solution exposed under an external electric field is in-
vestigated near an ion-selective surface with geometric inhomoheneities. It is
known that one-dimensional solution loses stability near a at surface if the potential
drop is large enough. Such a critical value is lower if inhomoheneities are present.
In the present work, a direct numerical simulation method for the full
Nernst-Planck-Poisson-Stokes system in curvilinear coordinates is presented. The
values of inhomoheneity parameters are identied that signicantly destabilize the
system, thus lowering the critical potential. The mathematical model also includes
the mechanism of water dissociation inside the membrane.

© Kupwuii B. A, I'anuenko H. 1O., Penruna M. 1O., 2017
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Keywords: electrokinetic instability; Nernst-Planck-Poisson-Stokes equations; direct
numerical simulation

MUKpOHEOJHOPOHOCTH PA3ITUIHOM MPUPOJIBI, BCETIa IPUCYTCTBYIOIE Ha MeMOpaHe,
MOTYT CYIIECTBEHHBIM 00pa30M MEHSTH IMOTOK MOHOB K MOBEPXHOCTH MEMOpPAHHI H, CIIEJ0-
BaTeNbHO, M3MEHSTH BOJBT-aMIIEPHYIO XapaKTepUCTHKY MeMOpaHbl. HeomHopomHocTH co-
3JIAIOT TEePEeMEHHBIA AIIEKTPUUYECKUH 3apsi U TaHTeHIUMAIbHOE 3JEKTPHUECKOe IMOoJIE BJOJIb
MeMOpaHbl, UX MPOU3BEJICHUE JTaeT KYJIOHOBY CHIY W BO30YXKIaeT KOHBEKTHBHBINA MEPEHOC
HWOHOB.

Oco0pbIit mHTEpEC MPEICTABIISET CITydail, KoTa XapakTepHbIe pa3Mepbl HEOTHOPOIHOCTH
— €€ JUIMHA BOJIHBI M aMIUIUTY/[a — CPABHUMBI 110 BEJIMYMHE U COOTBETCTBYIOT TOJILITMHE 30HBI
IPOCTPaHCTBEHHOTO 3apsiaa, T. €. 0.1+1wmkwm [1]. B manHo# pabote pa3spaboTaH HOBBIH METOJ
pelieHrs  yKa3aHHOW 3aJa4yl B JIBYMEpHOM  TocTaHOBKe. YpaBHeHuss HepH-
cra-ITnanka-ITyaccona-Crokca (HIIIIC) npeactaBiastoTcss B HEOPTOTOHATIBHON KPUBOJIMHEH-
HOW cucreMe KoopauHatr. PaccmarpuBaeTcsi pacTBOP CUMMETPHYHOTO OMHAPHOIO 3JIEKTPO-
JITA ¢ paBHBIMH Kod(dunuentamu auddy3un noHOB D, THHAMHYECKOH BSI3KOCTBIO fi, IH-
AJIEKTPHYECKON MPOHUIIAEMOCTEIO €, B O0JIACTH, OTpaHMYEHHON TBYMS HOHOCEIEKTHBHBIMU
noBepxHocTaME § = 0 u § = h(%) (puc. 1).

2n/k

y=h(x)

Puc. 1./ eomempus meuenus: nusicuss niockas, y=0, u eepxuss uckpusnennas, y=h(x),
NOBePXHOCMU AGNSAIOMCSL KAMUOHOOOMEHHLIMU MeMOpanamu

3ajaua 0 JBWKEHHUH DJIEKTPOJIMTa ommchiBaeTcs cucremor ypaBHeHnuit HIIIIC. s

o0e3pa3MepuBaHusl BBIOUPAIOTCS CIEAYIOINE BEIUYUHBL H — cpeHee pacCTOSHUE MEXIY
~ 1 T ol oo ~ ~ ~

noBepxHocTsmMu (H = p fo h(x)dx, rne T = 2m/k— nepunon Bosmymenus), H%/D— xa-
pakTepHoe BpeMs, fl— auHaMuuecKas Bs3KocTh, @, = RT/F — XxapakTepHbIi MOTEHIIHAI
(rme R — yHuBepcanbHas Ta30Bas OCTOsIHHAS, T — a0CoMIOTHAs TeMIeparypa, Imojaraemas
Heu3MeHHOH, FF — mocrosinaas ®apaes), C,, — KOHIICHTpAIUs 3JIEKTPOJIMTA HA TPAHMIIS
pe3epByapa.

BepxHsiss mMOBepXHOCTh (KaTHOHOOOMEHHass MeMOpaHa) BOJIHHUCTAs W OIMHUCHIBACTCS

ypaBHeHueM y=h(X), HuxHss (CpaHUIlA paccMaTpUBaeMOW O0JIACTH C pe3epByapoM) —
wiockast, y=0. Ha moBepXHOCTSAX 3a1af0TCsl CIICTYOIIHE YCIOBHUS:

ou av
=0: ¢c*=¢c"=1,V=0—+—-—=0,&= —AV,
y c c 6y+6x
=h(x):c* = ‘a(b+ac_—OCD—OU—OV—O
y = x.c-p,can o, e =0Uu=0V=40

Ha HUKHEH rpaHuile: KOHIEHTPAllud HOHOB PaBHBI KOHIIEHTPALIUU pe3epByapa, BEpTUKAIbHAS
COCTAaBJISIIOIIAsI CKOPOCTU paBHA HYJIO, OTCYTCTBYIOT KacarelibHble HanpsbkeHus. Ha Bepxueit
TpaHuIle 3a/1aH0 (PUKCHPOBAHHOE 3HAUYECHUE KOHIIEHTPAI[MN KaTHOHOB p Ha MOBEPXHOCTH, OT-
CYyTCTBHE MOTOKA aHHOHOB uUepe3 MOBEPXHOCTHU, pa3HOCTh MOTeHIUaIoB AV, ycioBue npu-

227



JIMITaHUs. n- HOpMalh K moBepxHocTH y=h(X). ITOTHOCTD 3IIEKTPUYECKOTO TOKA Yepes3 Io-
BEPXHOCTb:
oy +8<D+6c
J ] =] =C —0—T—
_ on 0On
B kadecTBe cpemHero Toka 6epercs j:

L
j=| G =i
0
yCpeIHEHHBIN 110 JynHe MeMOpanb L= 2n/K.

Jliist yrcneHHoro peleHus, BBOJUTCS KPUBOJIMHEHHAs cUcTeMa KOOPAUHAT: T = t; § =

X, n= %, B KOTOpPO# pacueTHasi 00J1acTh MPUHUMAET BHUJI MPSIMOYTOJIbHUKA.

J1nist pereHus CHCTEMBI aIalITHPOBaH KBa3UCIeKTpalibHbIi MeTon [1,2]. [TepromudnocTs
(GyHKIMN BIOJIb MEMOPAHBI ITO3BOJISIET Pa3JIoKUTh UX B TpUTOHOMETpUUeckue psiiel Oypoe. B
IIOTIEPEYHOM HalpaBJIeHUHU UCIIOJIb30BaHbl MHOTOWIEHH! UeOrleBa.

2 - - 4

0 L L L L L
10 10° 0 5 10 15 20 25 30 35 40 45 50
K nY

1

10 ?

Puc. 2. 3asucumocmov cpeoneco moxa om Puc. 3. Bonvm-amnepras xapakmepucmuxd,
8ONHOB020 HUCILA MUKDOHEOOHOPOOHOCU OISl 4 — 01,v=10"3 7:a=0; 2:a =005,k =
k=0.1,v=10"3, AV/AV*  Amnnumyoa K

MUKPOHEOOHOPOOHOCIU Qukcuposana, %
a=0.05.

Ha (puc. 2) npeacraBiena 3aBUCHMOCTh CpeJHEH 10 BPEMEHH IUIOTHOCTH TOKa (j) OT
BOJIHOBOT'O YHCJIa MHKPOHEOAHOpoaHOCTH K mpu (ukcupoBanHoii ee ammiutyae a=0.05.
3aBUCHMOCTh UMEET JIBa SIBHO BBIPAKEHHBIX MakcUMyMa, k; = 5 u k, = 57. IlepBsiii, Oonee
c1abbIii MakcuMyM, ObUT OOHapy:keH B pabote [3]. XapakrepHas JaHHA BO3MYIIECHHS IS
BTOPOT0 Makcumyma, l, = 2m/k, = 0.11, cOOTBETCTBYeT TOJIIMWHE 30HBI OOECCOJMBAHMUS,

Ym = J9VZAV2/8j ~ 0.121, e >1eKTpUYecKoe CONPOTHBIEHHE PACTBOPA MAKCHMAIBHO.
VckpuBiieHre MOBEPXHOCTH HOPSIIKA Yy, . BEPOSITHO, IPUBOJUT K Pa3pyILICHUIO 30HBI oOec-
coJMBaHUs. bputn poBeIeHbI pacueTsl Uil MOJEIH ¢ YUeTOM JIMCCOLUAIMM BObl. B oTinune
OT pacCMOTPEHUs OUIOJIIPHBIX MeMOpaH [4], B JaHHOM MOCTaHOBKE HE BO3HUKACT JOCTATOYHO
00JIbIION HAMPSKEHHOCTH AJIEKTPUYECKOTo IMOoJIs JUIs TOro, 4roObl BTopoid 3¢ ¢exkt Buna
BHOCHJI CYIIECTBEHHBIN BKJIAJ] B IIPOLIECC TUCCOIMALMN U, KaK CJIEJCTBHE, MEXaHU3M JHCCO-
[IMAIlMY HE BHOCHUT B pellleHUE KaueCTBEHHBIX M3MEHEHUH, 3aMeueHb! JIUIIb He3HAUUTEIbHbIE
KOJINYECTBEHHBIE TIOIIPABKH.

OO0o0ImeHne pe3yIbTaToOB MPHUBEJCHO B BOJIBT-aMIIEPHOM XapakTepucThke Ha (puc. 3).
Jlis rnaakoit MemMOpaHbBI Cpe/iHsAs IJIOTHOCTh TOKA PaBHA IIPEJENIbHONW BIJIOTH A0 IOTEpU
ycroiunBoctu AV=AV*. J{ns BonHUCTON MeMOpaHbl U3MEHEHHS] HAUMHAIOTCS IPAKTUYECKU
cpazy 1ocJe JOIPEeeNIbHBIX 3HAaU€HUH — TOK OTKJIOHSETCS], a 3aTe€M PE3KO HapacTaer.

[IpencraBiensl pe3yabTaThl IPSIMOTO YACICHHOTO MOETUPOBaHUS IIOBECHUS pacTBOPa
JIEKTPOJINTA, HAXOJINErocsl IMOJA JEMCTBUEM BHEIIHEro 3JEKTPUYECKOro IoJisd, BOJIU3U
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MOHOCEJIEKTUBHOW MOBEPXHOCTH, ¢ T€OMETPHYECKUMH MHKPOHEOIHOPOAHOCTsIMHU. OOHapy-
’KeHa WHTEHCH(HUKANUS JIEKTPUIECKOTO TOKA Yepe3 MOBEPXHOCTh P ONPEICTICHHBIX Mapa-
MeTpax HEOJHOPOIHOCTH, U JaHO (PU3HUECKOE OOBSICHEHHE ITOW MHTeHCU (DUKAITHH.

Pabota BrimonHeHa mpu noaaepkke rpanta; 16-48-230107% _a «MaTtematnueckoe Mo-
JIEIUPOBAHKE DJIEKTPOTHAPOIMHAMUKNA HEUJCATbHBIX OUTOJIPHBIX MeMOpaH C y4eToM JIuC-
COIIMAITIH BOIIBI»
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VJIK 532.546

Bausinue ocakaeHNs NPUMECH HA JUHENHYIO0
YyCTOMYMBOCTh B KOHHEHTPANMOHHOM 3a1a4e
Xoprona-Pomxepca -JIanByaa B paMmkax
ppakTagabHOU MOJEH

J.C. Kaumenko®®B. C. Mapbimes®"®

? UnctutyT Mexanuku crtomseix cpex YpO PAH, 614013, Ilepmpyn. Axanemuka Kopone-
Ba, 1

emal: lyudmilaklimenko@gmail.com

b [Tepmckuii rocy1apcTBEHHBINA HAIIMOHATBHBIA HCCIIEA0BATEILCKUNA YHUBEPCUTET

614990, Ilepmp yi1. bykupena, 15

email: bmaryshev@mail.ru

HccnenoBana nuHeiiHass yCTOMYMBOCTH 3a/laya KOHBEKTUBHOTO TEUEHHSI CMECH B
TOPU3OHTAIBHOM CJIO€ TMTOPUCTOM CpeJibl PU 33JTAHHOM BEPTUKAILHOM T'PAJIUCHTE
KOHIICHTpAIMK. 3ajaua pelragach ¢ y4eTOM OCaKICHHS (MMMOOWMIH3AINK) [IPH-
MECH B ITOPHUCTOM cpejie, OMMCHIBAEMOM B paMKax ()pakTaJbHON Mojenn. BHem-
HUW TOPU30HTATBHBIA (GUIBTPAITAOHHBIN ITOTOK CYMTAJICS CTAalMOHApHBIM. [lomy-
YEHBI YPaBHEHUS, ONPEICIISIFOIINE YaCTOTY HEUTPAIbHBIX KOJIEOAHUH U KpUTHYE-
ckoe 3HaueHue uncia Penes-Jlapcu. MccnienoBanbl 3aBUCUMOCTH KPUTUYECKH Ta-
paMeTpoB OT MapaMeTPOB OCAXKIAEHUS. UUCIIEHHO MOJIyYeHbI KapThl YCTOMUYUBOCTH
B IMIAPOKOM JHaIa3oHe mapaMeTpoB cucteMbl. OOHAPYKEHO, YTO yUeT OCaKICHUS
MPUBOJIUT K YBEIIMUYECHUIO KPUTUUECKOTO 3HAaYeHHs uucia Penes-/lapcu ¢ yBenu-
YeHHEeM HWHTEHCHUBHOCTH BHEIITHETO IMOTOKA.
KuroueBblie c10Ba: KOHBEKIIHS B IOPUCTOM CpeJie; ocakIeHue; ppaKTaabHas MOICIb

Impact of the solute immobilization
on stability within the solute analog

of Horton—Rogers—Lapwood

L. S. Klimenko®®, B. S. Maryshe#"

% Perm State University, Bukireva St. 15, 614990, Perm
email: bmaryshev@psu.ru
® Institute of Continuous Media Mechanics UB RAS, Ak. Koroleva str. 1, 617013, Perm

Linear stability analysis within the solute analog of Horton—Rogers—Lapwood
(HRL) problem has been carried out. Solute immobilization (the sorption of solute
particles) by the porous medium is taken into account within the fractal MIM ap-
proach. The solute concentration difference between the layer boundaries and the
external filtration flux are assumed as constant. The system of equations that de-
termine the frequency of neutral oscillations and the critical value of the Rayleigh-
Darcy number is obtained. Neutral curves of the critical parameters on the govern-
ing parameters are plotted. Stability maps are obtained numerically in a wide
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range of parameters of the system. It was found that taking immobilization into
account leads to an increase in the critical value of the Rayleigh-Darcy number
with an increase in the intensity of the external filtration flux.

Keywords: convection in porous media; immobilization; fractal model

1. BBenenue

Hacrosimass pabota mocBsilieHa H3y4YeHHIO BO3HHUKHOBEHHUSI KOHBEKTHBHOTO TEUEHUS
CMECH B TFOPH3OHTAIBHOM CJIO€ MOPHUCTOM Cpelbl MPH 3aJlaHHOM BEPTHKAILHOM TpajueHTe
KOHIICHTpAllU{, B HAaBI3aHHOM BHEIIHEM TOPH30HTAIBHOM (UIHTPAIIMOHHOM CTAIllHOHAPHOM
MOTOKE IPU yUeTe OCaKICHUS TPUMECH.

3amaua B aHAJOTMYHON MOCTaHOBKE, HO 03 ydeTa OCaKJeHMs YacTHUIl U B OTCYTCTBHHU
BHEIITHETO MOTOKa BIiepBbIe ObuIa perieHa B [1]. bputo moka3zaHo, 4TO BO3HUKAIOUIHN KOHBEK-
TUBHBIA PEXKUM TIpEJICTaBIsIeT cOO0M HAOOp KOHBEKTHBHBIX SYEEK, NIMPHUHA KOTOPBIX paBHA
TOJIIIMHE CIIosl. BiuMsiHME BHEIIHEro ropu30HTAIBHOIO MOTOKAa Ha KOHBEKTHBHBIE PEKHUMBI
ObLTO MccaenoBano B [2]. bbuto mokazaHo, YTO XOTh M HAJMYWE BHEITHEW MPOKAYKH MPUBO-
JUT K KojebaTeIbHOMY XapaKTepy HEyCTOWYMBOCTH, HO CKOPOCTh BHEIITHETO MOTOKA BIUSET
TOJIbKO Ha YacToTy KoseOaHuid. J[JMHA BOJTHBI KPUTHUYECKHX BO3MYIIEHUH M KPUTHUECKOE
3HayeHue uucia Penes-Jlapcu ocTaroTcsi HEM3MEHHBIMH. YUeT OCa)XJE€HHUsl NPUMECH B pac-
CMaTpUBaeMoi 3a1ave ObUT mpou3BesieH B pabore [3]. bpum mosydeHbl KapThl HaOMIOIat0-
HIUXCS PEKUMOB KOHBEKIIUU. BbIII0 00HAPY)KEHO, YTO yUYeT OCaKJICHUS MPUMECH MPUBOJUT K
TOMY, YTO KPUTHYECKUE 3HAUEHUS NMapaMeTPOB CTAHOBSTCS 3aBUCSIIUMHU OT MHTEHCHUBHOCTH
BHEIITHETO IMOTOKAa. Y4YeT BIMSHUS TpuMecH ObLT mpousBereH B pamkax MIM (mobile-
immobile medum)monenu ¢ nuHelHO# KuHeTHKON copOumu [4]. OmHaKo, Kak MMOKa3aHO B
pabote [5] MoxenrpoBaHHe Mpoliecca OCaKACHUS IpUMecH OyneT Ooliee peaTMCTUYHBIM, €C-
JIM UCTIOJIh30BaTh (PpaKTAIbHYIO JTMHEHHYIO MOeIh MOOMIbHO/HeMoOMIBHOU cpenbl (fMIM)
[6]. Takomy MoIeNMMpOBaHUIO M TOCBSIIEHA HacTosmas padota. OCHOBHON WHTEpecC IMpe-
cTaBisieT popma Haubosee ONMacHBIX BOMYIIEHH, U 3aBUCUMOCTh KPUTHYECKUX TTapaMeTpOB
OT MapaMeTpOB 3a/IaUH.

2. OcHoOBHbBIE YpaBHEHHSA

.HI/IHeapI/BOBaHHaSI CHUCTEMA ypaBHeHI/Iﬁ JJIL MaJIbIX BOSMymeHI/Iﬁ COCTOSIHUA OJHOPOI-
HOI'0O TOPU3OHTAJILHOTO MPOCAYHMBAHUA CMECH YUCPE3 clon HOpHCTOﬁ CpCAbl MOKET OFITH 3a-
nrcaHa B TCpMUHAX BO3MyH.[€HHﬁ KOHIICHTpAaluu 1 d)yHKI_II/II/I TOKa CJICAYIOIIHUM 06pa30M:

0,(c+q)+Ped,c+ay =0%¢

0% =-R,9,¢, (2.1)

A Jt-c(r,t')dt,

M(1-a),(t-t)"

q:

rje C — KOHIIEHTpAIUs IpUMECH B MOOMJIBHOM dasze (mpeiidyrommeit ¢ moTokoM), ( — KOH-
HEHTpAIMs IpUMECH B HeMOOMIbHOU (aze (oceBineil Ha CTeHKH 1MOp), A — Oe3pa3MepHBbIii
napamMeTp MOOWJIBHOCTH, @ — TOPSIOK (paKkTaIbHOCTH. 3ajada XapaKTEepPU3yeTCs JBYyMs
yIpaBJsFOIUMHE napamerpamu Pe —gucno [lekie wmu O6e3pa3MepHas CKOpocTh GUITbTpaIHH
u Rp —uaucno Penes-Jlapcu, onuceiBarolnee BAMSHUE [1TaByYECTH.
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3amaua (2.1) mpencraBiseT co0oit 3a1ady Ha COOCTBEHHBIE 3HAYEHUS, UCTIOB3YsI Tpeodpa3o-
Banue Oyppe-Jlamiaca, MoIy4uM ypaBHEHHUs ONPEEIISIONINE YacTOTy HeHTpalbHbIX Kojeba-
HUHI ¥ KpUTHYECKoe 3HadeHue uncia Penes-/lapeu:

w+AIm(i*)of -k Pe= 0,

UL N Uindly 2
T %

ARe(i")af .

3. Pe3yabTarbi

PesynbraThl pemienus 3anaun (2.2) Ui 3HAYCHUH mopsiika GppaKTaabHOCTH, peatn3ye-
MBIX B OKCIIEpUMEHTAX, MpejcTaBieHbl Ha PucyHke.

3.35— 160
3.3
120
3.25- T
. 80_
3.2 i
| 40
3.15-
1 | Pe
Al O 71 T 1 T
0 20 40 60 80 100 0 20 40 60 80 100
(a) (6)
200
4 W
160 a=0.8
120 0=0.85
80 a=0.9
40
1 Pe
0 T T T T T T T T T ]

0 20 40 60 80 100

()
Pucynok. 3aBucumocTs JutuHbl BoJHBI (puc 1.a), uucina Penes-lapcu (puc 1.6) u 4acToTHI
(puc 1. B) ot uncia Ilekie

W3 Pucynka BHAHO, YTO 3aBUCUMOCTH MMEIOT HEJIMHEWHBIN XapakTep W yBEIHUYEHUEM
yucna [lekse pacrer kak KpuTHYECKOe 3HaueHue yncia Pernes-J/lapcu, Tak U BOJHOBOE YHCIIO.
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Takum O6p330M, B CJIydac CTAllMOHAPHOTI'O0 BHCHIHETO ITOTOKA, YUYCT I/IMMO6I/IJ'II/ISEII_[I/II/I IIpHUBO-
AUT K YBCJIMYCHUIO KPUTUUCCKOT'O 3HAYCHUH YIIPpABJEOIUX MTAPaMETPOB € YBEJIMYCHHUEM HH-
TEHCHBHOCTH BHEIIHETO MOTOKA. bBIIN Takke nccjacaoBalnbl aCUMIITOTUKH 0OJBIIKMX U MaJIBIX
HMHTCHCUBHOCTEH MOTOKA, MOKA3aHO, YTO pu OOJIBIION WHTCHCHBHOCTH IIOTOKA BIIMSHHUE
OCAXJICHUA IMPUMECHU CBOAUTHCA JIMIIL K MOBBIMICHUIO YCTOﬁqHBOCTH 3a CUYCT UCKIIOYCHUS
JaCTu NpuMeECu U3 IOTOKA. HpI/I MaJIbIX MHTCHCHUBHOCTAIX IIOTOKa HaGJIIO,Z[aeTCH HU3MCHCHUC
KPUTHUYCCKUX 3HAYCHUN JJIMHBI BOJIHBI U YHCJIA PCJ'ICSI-I[&I)CI/I HanOoJIee OMACHBIX BO3MYIIC-
Huii. YucmenHo TOJIYYCHBI KapThl yCTOﬁ‘lHBOCTH B IMPOKOM JUalla30HC IMapaMEeTpOB CUCTC-
MBI.

Pabota BemonHeHa npu puHaHCOBOM Nojiepxke Poccuiickoro Haygnoro donma (ko
npoekra 14-21-00090).
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I'eHepauusa cpeaHero Te4eHUs 0KOJO
HCKPUBJIEHHOW CBOOOJHOM MOBEPXHOCTH
npu Haauuuu ITAB

J. C. Knumenko®?, . B. Iwooumos®

* TIepMCKMIi TOCYIAPCTBEHHbIN HAIIMOHAILHBIA UCCIIEN0BATENLCKUN YHUBEPCUTET
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email: lyudmilaklimenko@gmail.com

b HNuctutyt mexanuku cromHbix cpen YpO PAH, 614013, Ilepms, yia. Ak. Koposnena, 1

Pabora mocBsiiieHa U3y4eHHIo TeHepali CPEeJHEro TeUEeHUsl OKOJIO MCKPUBJICH-
HOM cBOOOJIHOI MOBEPXHOCTHU MPHU HAIMYUH TOBEPXHOCTHO-aKTUBHOI'O BEIIECTBA.
HccnenoBanue npoBeeHO HA IPUMEPE Ta30BOT0 My3bIpbKa, B3BEIIEHHOTO B KU/~
KocTH. TedeHune KUAKOCTU OKOJIO My3bIpbKa BO3HUKAET MOJ JACHCTBHEM MPUIIO-
JKEHHBIX BUOpaIuii MaJIOW aMIUTMTYABI M BBICOKOM 4acTOThl. OOMEH MOBEPXHOCT-
HO-aKTHBHBIM BEILIECTBOM MEX]y MOBEPXHOCTHIO IMY3bIpbKa U OKpYXaromien
KUAKOCTU JIMMUTUPYETCSI TIPOLECCOM afcopOuuu-aecopounu. TonmmHa mIeHKH
ancopoupoBanHbeix [TAB cumTaercs mpeneOpexxumMo Mallol. 3amada pelieHa B
MpUOIMKEHNH, 9TO (popMa Mmy3bIpbKa B MPUCYTCTBUH afcopOupoBaHHbix [IAB He
Tepsier chepuueckoit cummeTpun. C MOMOIIBI0 METO/Ia CPALTUBAEMBIX ACUMIITO-
TUYECKUX Pa3JI0KEHHUH MOITy4eHO BbIpa)KEHUE JJISl KacaTeNbHbIX HANpsOKEHUN Ha
BHEIIHEH IpaHulle MOTPAHUYHOTO CJIOSl, KOTOPOE MOXKET OBITh HCIOJIb30BAaHO B
KayecTBe 3PPEKTUBHOTO TPAHUYHOIO YCIOBHSI JIJIsl TEUEHUSI BO BHEIIHUX IO OT-
HOILIEHUIO K MOIPAaHUYHBIM CIIOSIM 00JIACTSM.
KuroueBble cioBa: cpeinee TeueHue; mysoipek; [IAB

Surfactant effect an average flow generation
near curved free surface

L. S. Klimenko®®, D. V. Lyubimov®

* Perm State University, Bukireva St. 15, 614990, Perm
email: lyudmilaklimenko@gmail.com
® Institute of Continuous Media Mechanics Ub RAS, Koroleva St. 1, 614013, Perm

The present work is devoted to the average flow generation near curved free sur-
face with a surfactant adsorbed on the surface layer. The investigation was carried
out for a gas bubble embedded in a viscous uncompressible liquid. The liquid flow
is generated by small amplitude and high frequency vibrations. Surfactant ex-
change between the bubble surface and the surrounding liquid is limited by the
process of adsorption-desorption. The film thickness of the adsorbed surfactant is
negligible. The problem is solved under assumption that the shape of the bubble in
the presence of adsorbed surfactant remains spherical symmetry.

The effective boundary conditions for the shear stress, describing the above gener-
ation have been obtained by matched asymptotic expansions method. The condi-
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tions under which the bubble surface can be considered as a quasi-solid are deter-
mined. It is shown that in the case of the significant effect of surfactants on the
surface tension, the dominant mechanism for the generation is the Schlichting
mechanism.

Keywords: average flow; bubble; surfactant

Kak u3BecTHO, OTHUM U3 UHTEPECHBIX MPOSBICHHUNA JACHCTBHS BUOPAIMiA SBISIETCS BO3-
HUKHOBEHHE CpeIHUX TeueHUU. BriepBble Takue TeueHus: ObUIM OOHAPYKEHBI OKOJIO TBEPIOH
CTEHKH, 00TeKaeMOi HEOJHOPOAHBIM MyJIbcUpyIomuM notokoM [1,2]. Ilpu 3TomM Ha BHeHIHEH
IpaHULIE TOTPAaHUYHOTO CJIOSl CPEHss KacaTelbHas CKOPOCTh OTJIMYHA OT HYJIS U €€ 3Haue-
HUE MOXXET OBbITh HCHOJB30BAHO B KauecTBe 3()(HEKTUBHOTO TI'PAaHUYHOTO YCIOBUS MpHU
HAXO0XJICHUH CPEIHEr0 TEYCHUS B OCHOBHOW obOnacTw nBukeHus [3]. Jlms miiockoit moBepx-
HOCTHU pa3ziena ABYX KUIAKOCTEW KpOME aHAJIOTMYHOIO0 MEXaHMU3Ma reHepainuu [4] cylecTBy-
et emie u mexauu3M [lopa [5], onpenenstonuii 3¢ peKTUBHBIC KacaTelbHbIE HATPSKCHUS.

st cimydast CBOOOHOM IMIIOCKOM MOBEPXHOCTH 00a yKa3aHHBIX MEXaHHM3Ma He pabora-
10T, U JIMIIb NIPU HATWYUU AedopMalfii MOBEPXHOCTU TMOSBISIETCS €lle OJUH MEXaHU3M —
MexaHu3M reHepanuu Jlonre-Xurrunca [6], 3akiato4aroliuiics B TOM, YTO CPEAHHUE TEUEHUS
dbopMuUpyIOTCS OETYITMMHE 110 CBOOOTHOM OBEPXHOCTH BOJTHAMMU.

B pabote [7] Obu1 onricaH HOBBIM MEXaHU3M T'€HEPAINH, CBI3aHHBIA UCKITIOYUTEIHEHO CO
CpeAHel KPUBU3HON MOBEPXHOCTH, HEUYBCTBUTENBHBIM K IMYyJIbCALMOHHBIM Je(OpMAaIIHsIM.
HccnenoBanue ObU10 TPOBEAECHO NPUMEHHUTENBHO K CBOOOTHOW MOBEPXHOCTH U K MOBEPXHO-
CTH pa3zznena. B kauecTBe CBOOOIHON IOBEPXHOCTH PACCMATPUBAJICS Ta30BBIN ITy3BIPEK,
B3BELICHHBIM B )KMIKOCTU. 3agada ObUIa pemieHa s cepudeckoil [7] u uuauHIpuyecKon
reoMerpud [8]. Ilpyu n3yueHun MCKpUBIEHHON MMOBEPXHOCTH pa3jieiia pacCMaTpUBaiIach Kar-
JIM KUJKOCTH, B3BELIEHHOMN B JKMJIKOCTH OTJIMYHOMN MIOTHOCTH [9]. ITokazaHo, 4To mpu cpas-
HUMBIX IJIOTHOCTSIX U BS3KOCTSX JKMJIKOCTEN OCHOBHBIE MEXAHNU3MbI F€HEPALUN aHAJIOTMYHbI
MexaHusmam Jlopa u IllnuxTuHra, B TO BpeMsl Kak BIMSHUE KPUBU3HBI SIBJISETCS BTOPUUYHBIM
daxTopom.

KoHkypeHys OnMCaHHBIX BBIIIE MEXAaHU3MOB I'€HEepaIli CTAHOBUTCS OCOOEHHO aKTy-
albHa, KOrja Mccleayemass IOBEPXHOCTb IIOKphITa TOHKOM IUIEHKOW ITOBEPXHOCTHO-
aKTHUBHOTO BemiecTBa. /st ciydas moBepXHOCTH paszzaena (karum) Obuto mokazano [10], uro B
ciydae, koraa BiausHuEe [IAB Ha MoBEpXHOCTHOE HATSKEHUE 3HAUUTENBHO (ITapameTp H30-
TepMbl agcopOimu ['n66ca HaMHOTO OOJIBIIIE TOIIIUHEI BI3KOTO MOTPaHUYHOTO ciiosi CTokca),
MeXaHMU3M reHepauui lnuxTuHra 1oMuHUpPYET.

Lenp Hacrosmeidt paboThl HM3Yy4nTh, KAKME MEXaHU3MbI FeHepaluu OyleT urpaTb pojb
JUIS CiTy4asi CBOOOIHOM MOBEPXHOCTH MTPU HAIMYMH TOBEPXHOCTHO-aKTHBHOT'O BEIIECTBA.

Jli1g 3TOrO0 paccCMOTPUM MOBEJEHUH I'a30BOr0 MMy3bIpbKa, B3BEILIEHHOTO B HEC)KMMAEMOI
KUAKOCTH (pUCYHOK). TedueHne >KMIKOCTH BO3HMKAET MOJA AEMCTBUEM IPHIIOKEHHBIX TapMo-
HUYECKUX BHUOpaIuil ¢ aMrmiauTyno b u yactotoit w . OOMEH MOBEPXHOCTHO-aKTUBHBIM Be-
IIECTBOM MEKIY MMOBEPXHOCTBIO Iy3bIpbKa U OKPYXKAIOLIEH XUAKOCTU JIMMUTUPYETCS MPO-
neccom azacopOuu-aecopoumu. Ilpeamnonaraercs, 4To MOBEPXHOCTHO-aKTUBHBIC BEIECTBA
PacTBOPUMBI B OKpYKarouiei xuakoctu. OKpyskaromas KUIKOCTh U KUJIKOCTh B KaIlJIe CUH-
TAIOTCSl HEC)KUMAEMBIMH.
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Pucynok. Kondurypanus 3agaun. 1- okpysKaro1ast >KuJIKOCTb, 2- Ta30BbIN My3bIPEK.

Cucrtema ypaBHEHHI B 0€3pa3MEepHOM BHJIC€ B CHCTEME OTYETa, CBSI3aHHOW C IICHTPOM

IMy3bIpbKa, OTACIIBHO AJId CPEAHECTO U MYJIbCAIIMOHHOTO ABUKCHUA UMECT

2
a.vm(i—ﬁ.wz—vwm,

%%+&WLV6+6Nmy+dhva:—Vﬁ+¥AB—%%,

divy = 0, divu = 0,

TJIe YepTa CBepXy O3HA4YaeT OCPEIHCHHE 10 BPEMEHH, a 3HAK TUJIbJA — B3STHE ITyJIbCa-
[IMOHHOM YacTH.

[Tepeitnem Kk 0OCYXICHHUIO TPAaHUYHBIX YCIOBUU. Bramum OT my3bIpbKa A CpeIHEH U
MyJIbCAIIMOHHON CKOPOCTH NMEEM

r—oo:u—0;v—kcost—U

Ha nosepxHocty my3bIpbKa, IpU 7 = 1, I MyJILCALIMIOHHONW CKOPOCTH

v =0,
0
po2 L 9k p_y,
or We
9v, | _k or _
or '] &eWedd
or ov
— 4 el —+vctgd|=0.
ot o T
Jns cpenHen CKOpOCTH U AaBJICHUS
_ ou ou
u =0, p—2—L-=0, —L—u, =0
" or or !

3ajaua xapakTepU3yeTcsl YeThIpbMs Oe3pa3MEpHBIMHU NapaMeTpamMH: & = b/ a — OTHO-
[IEHUE aMIUIUTYAbl BUOpalUi K paguycy Kari, 6 = 1/ a ,/1// w — Oe3pa3mepHasi TOJIIMHA

TNorpaHM4Horo cios, k =~/ L, / v — ko3¢ unuent snactuanoct I'u66ca We = pw’a’ / v -
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gyncno Bebepa. bynem cunrtath, 4TO mapaMeTpbl € U 0 MalbIMH M MCKAaTh PEIICHHE B BHJIE
pasnoxeHus 1o napamerpy €. OTMETUM, 4TO paBHOMEPHO MPUTOJIHOE PA3I0KEHUE yIaeTCs
MOCTPOUTH TOJBKO TOTJA, KOT/Ia YKa3aHHBIE IMapaMeTphbl OJHOTO Mopsiika Manoctu. Ocraib-
HBIC TTapaMeTPhl OyIeM CUUTATh KOHEYHBIMHU.

C nmomomip0 METola CPAIUBAEMBIX ACUMIITOTHYECKHUX Pa3lIoKeHui [8] moydeHsl d¢-
(eKTHUBHBIC TPAHUYHBIC YCIIOBUS JIJIS KacaTeIbHBIX HAMPSHKCHUN, OMUCHIBAIOIINE TEHEPALIUIO
CPEIHEro TeUCHHUS.

Pabora BeimosnHena npu ¢puHancoBoit nojaepxxke PODU (rpant 15-01-09069).

Cnucok Juteparypbl

1. HInuxmumne I'. Teopus norpannyHoro cios. M., 1969.

2. Hubope B. Axyctuueckue TedeHus // @usmdeckas akyCTHKaA IMOJ penakiuend Y. Ma3oHa.
Towm Il wacte b. M.: Mup, 1969. C. 364-367.

3. Jlanoay JI. J[., Jlugpwuy E. M. Teopernueckass ¢usuxa, Tom VI, I'maponunammka, M.:
®duzmaraur, 2001. C. 735.

4. Dore D. On mass transport induced by interfacial oscillations at a single frequency // Proc.
Camb. Phil. Soc. 1973. V. 74. P. 333-347.

5. Jlwoumos JI. B., Jlnoumosa T. I1., Yepenanos A. A. IlnunaMuka OBEpXHOCTEH pasjenia B
BUOpaInmoHHbIX nossix. M.: @usmatiur, 2003. C. 216.

6. Longuet-Higgins M. S. Mass transport in water waves // Philosophical Transactions A.
1953. V. 245. P. 353-581.

7. Gershuni G. Z., Lyubimov D. V. Thermal Vibrational Convection. — Wiley: N.Y. et al.,
1998, 358 p.

8. Knumenko JI. C., JIobumos /I. B. I'eHepanus cpeaHEro TEYCHHS MyIbCAllHOHHBIM TTOTOKOM
OKOJIO UCKPUBJICHHOU cBOOOaHOM moBepxHocTH // M3B. PAH. MKT'. 2012. Ne 1. C. 33-43.

9. Knumenxo JI. C., Jlooumos /]. B. I'eHepanus cpeHero TeYeHus MyJIbCallHOHHBIM TOTOKOM
OKOJIO ITMJIMHAPUYECKOTO Ta30BOTO IMy3bipbka // BecTtHuk IlepmMckoro rocymapcTBEHHOTO
Yuusepcurera, Cepus: @usuka, [lepms, 2011, Beim. 1, C. 9-13.

10. Jlwoumos JI. B., Knumenxo JI. C. I'eHepanus CpeJHEro TeUEeHUs B MyJIbCAIIHOHHOM TOTO-
K€ OKOJIO MCKPHMBJICHHOM MOBEPXHOCTH pasnena // BectHuk Huxeropoackoro yHHBEpCH-
teta uMm. H.M. JIobaueBckoro, Ne4, 2011, C. 951-953.

11. Jlesuu B. I'. ®u3uko-xuMudeckasi ruipoguHamMuka. — 1959.

12. Bau [{avix M. MeTtoabl BO3MYIIIEHUI B MeXaHUKe xuakoct. M.:Mup, 1967. 310 c.

237



VJIK 532.51

IloBeneHne KOHEYHO-AMIJINTY AHBIX BO3MYILIEHHH B
€J1200 BPAIIAKOINEMCH CJI0€ KUAKOCTH B YCJIOBHSAX

MHUKPOIrPaBUTALMH

H.C. Knyropa®, K.I'. lllapu®

& TlepMmcKwmit ToCyIapCcTBEHHBIH HAIIMOHATLHEIN HCCIIeI0BATeNbCKII YHHBEPCHTET
614990, Ilepmp yi. Bykupesa, 15

emal: natalie@knutov.com

B pabote uccrnemyercs moBeeHHE MPOCTPAHCTBEHHBIX KOHEUHO-aMIUIUTYIHBIX
BO3MYIIEHUH aJIBEKTMBHOIO TEPMOKANMJUIIPHOIO TEUYEHMs, BO3HUKAIOIIETO B
ci1abo BpalaroLIeMCsl CJIO€ KHUJAKOCTU B YCIOBUSX MUKpOTpaBUTalMH. | paHUIIbI
CJIOS. CBOOOJHBIE M CUMTAIOTCS IUIOCKMMH, HA HHMX JIEHCTBYET KacaTellbHas
TepMOKANWUIsIpHasl cuja MapaHroHu, TeMiieparypa cpeibl BOJIM3U T'paHUIL CIIOS
SBISICTCS JIMHEHHON ¢yHKuued koopaumHaT. MccienoBanue mTpOBOJIUTCS Ha
OCHOBE HENMHEHHOW 3a7auu METOJIOM CETOK IpH 3HAUeHUsX 4ucia MapaHroHu
BBIIIE KPUTHUYECKOTO MPHU MaybIX uyuciax ['pacroda. PacueTsr mokasanu, 4ro B
cilydae MOHOTOHHOW HEYCTOWYMBOCTH (DOPMHUPYIOTCS CTallMOHAPHBIE KOHEYHO-
aMIUIUTYy/IHBIE  BO3MYIIEHUS CKOPOCTM M  TeMIeparypsl, a B ciydae
KojeOaTelbHOH  HEYCTOMYMBOCTM  —  HECTAllMOHApHBIE  MEPUOJIUYECKHE
BO3MYIIIEHUSI, B BUJIE YEPEAYIOIIUXCS XOJOIHBIX U TEIUIbIX IMSTEH, 00pa3yroIux
CHUCTEMY BHUXpeH, BpallaloMXcs B IMPOTHUBOIOJIOKHBIX  HaIllpaBIICHUSX.
Pesynaprarel  WccnenoBaHMS — MMEIOT  3HAYEHME UL KOCMHUYECKOTO
MaTepUaJIoBeICHUS.

KiroueBblie cj10Ba: aBEKTUBHOE TEUEHUE; YCTOMUNBOCTH; BpallleHUE; KOHEYHO-

aAMIUIUTYIHbIE BO3MYIIEHUS; TOPU3OHTANIbHAS KOHBEKIIUS

Behavior of finite-amplitude perturbationsin a slow

rotating liquid layer under microgravity conditions

N.S. Knutova?, K.G. Shvarts?

@ Perm State University, Bukireva St. 15, 614990, Perm
emalil: natalie@knutov.com

The behavior of spatial finite-amplitude perturbations of the advective
thermocapillary flow arising in a slow rotating liquid layer under microgravity
conditions is investigated. The boundaries of the layer are free and are assumed to
be plane, the tangential thermocapillary force of Marangoni operates on them, the
temperature near the boundaries of the layer is a linear function of the coordinates.
The investigation is carried out on the basis of a nonlinear problem by the grid
method for values of the Marangoni number above the critical value for small
Grashof numbers. Calculations showed that in the case of monotonic instability,
stationary finite-amplitude perturbations of velocity and temperature are formed,
and in the case of oscillatory instability, nonstationary periodic perturbations are
formed in the form of alternating cold and warm spots forming a system of
vortices rotating in opposite directions. The results of the study are important for
space materials science.
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AJIBEKTHBHbBIE TEUEHHS] BO3HHMKAIOT B IJIOCKOM TOPHU30HTAJIBHOM CJIOE KUIAKOCTHU O[T
JISWCTBHEM MPOJOJILHOTO TpajueHTa Temrmeparypsl [1]. B mocraTtouno ToHKOM cioe mpu
HaJWMYM{ TpaBUTAllMU, KOrJa Ha CBOOOJHOW TrpaHMIle TMOJJAEpPKUBAETCS JIMHEHHOe
pacnpesielieHie TeMIepaTypbl, BOSHHKAET YCTOHUMBOE TepMoKanmuisipHoe Teuenue [2]. [lpu
HaJM4YUU TEIJIOOTAAaYd ¢ MOBEPXHOCTH MO 3aKoHY HbioTOHA BO3MyIlEHUs TeMIlepaTrypbl Ha
MOBEPXHOCTH OTJIUYHBI OT HYJS, MOJ JEHCTBUEM CHJIbl MapaHroHM MOXET BO3HUKHYTh
HEYCTOWYMBOCTH TeueHHs. Hannume BpammeHus MeHseT TPOQHIA CKOPOCTH U TEMIIepaTyphI
TEUYEHUSsI, UTO TAK K€ MOXET MIPUBECTH K BOBHUKHOBEHUIO HEYCTOMUYMBOCTH TEUCHUSI.

Bo Bpamarommemcs ciioe XuaKocTu (OpMUPYETCsl OTHOPOIHOE CTAIlHOHAPHOE TEUEHUE,
OIMCaHHOE aHaMuTHYeckdu [3] B BHJE TOYHOTO pemieHus: ypaBHenmit HaBbe-Crokca; Obuia
vccieloBaHa JIMHEeWHas yCTOWYMBOCTh TEUEHHUS! Ha HOPMAaJIbHBIE BO3MYIIEHUS, ONpPEAeICHBI
KpUTHUeCKHe 3HaueHHs uucia Mapanronn npu umcnax Teitnopa 0<Ta<10 u ['pacroda
0<Gr<8. B gannoit pabote, sBIsIOmIeHcs TpomonkeHneM [4] wuccrmemayercs MOBEICHHE
KOHEUHO-aMIUTUTYJIHbIX BO3MYIIEHHUM, BO3HUKAIOMIMX B CJIO€ >KUJIKOCTH IPU 3HAUYECHUSIX
yrciia MapaHroHu 3a HOpOroM YCTOWYHUBOCTH B YCIIOBUSIX MUKPOTPABUTALIUU.

IHocranoBka 3agauun. PaccMoTpuM Bo Bpainaroieiicsi 1eKapToBoil cucTeMe KOOpAnHAT
XYZ nnockuii 0eCKOHEUHBIN CIIONH HEC)KMMAEMOW KUIKOCTH, BPAIIAIOIIUNACS C MOCTOSTHHOMN
YIJIOBOM CKOpPOCTBIO B YCIOBHSIX MHKporpaButanuu. Och BpallleHHs COBIAJaeT ¢
BEPTUKAJILHOM OCBIO KoOpAMHAT Z, BpalleHHe cjaboe U TMO3BOJIIET IpeHeOperarb
IEHTPOOEIKHON CHIJIOW Ha JOCTAaTOYHO OOJIBIIIOM PACCTOSHHUHM OT BepTHKaIbHOW ocu. O0e
IPaHULBI CJI0SI CBOOOJHBIE M CUMTAIOTCS IUIOCKMMM, HAa HHX JEHCTBYET KacaTelbHas
TEpPMOKAIMMUIIpHasl cujia MapaHroHu, K03()(QHUIIMEHT MOBEPXHOCTHOTO HATSKEHHS JTHHEHHO
3aBUCHT OT TeMmmeparypsl | [5], Ha rpaHHMIaX OCYIIECTBISETCS TEIUIOOT/AAda IO 3aKOHY
Hrrotona. TemmepaTtypa cpensl BOJMW3HM TpaHUIl CIOS SBISICTCS JIMHEHHOW (QyHKIHMeH
KOOpJUHAT.

Koneuno-ammiuryansle  Bo3mMymieHusi. [ uccienoBaHus — yCTOMYMBOCTH
CTAllMOHAPHOTO TEPMOKAMUJUIIPHOTO TEYCHHUS IPUMEHUM METOJI MaJIbIX BO3MYIIICHUH [1]

VEvp+V, Vo =(Up v, 0), V=(uvw), T=TF+6, p= p+ p. (1)

3mece V, 6, p° — Majple BO3MYIIEHUS CKOPOCTH, TEeMIEpaTypbl W AaBieHus. lloBemeHue
BO3MYIICHUN KOHEYHOW aMIUIATYIbl B HAJIKpUTHYECKOW oOmacTu OyJaeM MTpOBOJAMUTH Ha
OCHOBE HEJIMHEHHOU 0e3pa3MepHON CUCTEMBI.

. Gr
S M[(VO)V +(VO)vo + (vD)V ]+ Ta(i,xv) =-OP +Av +|v|_:1€'z' 2)

divw =0. 3)
9, Mn[(VO)@+(VO)T, +(v D)@]:iw (4)
ot P Pr—

[Ipu 3TOM rpaHNYHBIE YCIIOBUS TaKUe:

z=+1: a_u:—ﬁ, @:—%, w=0, %:¢Big_ (5)
0z ox 0z 0y 0z
rae Mn — gyncno Mapanronu, Gr — uucno I'pacroda, Ta — uucno Teinopa, Pr — uucio
[pauars, Bi —auciao buo.
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bynem paccmarpuBarth JBa ciiydas — clydail IpPOCTPAHCTBEHHBIX BHUHTOBBIX
MEePUOJUYECKNX MO0 X BO3MYIIEHUH B BHJIE€ BAJIOB C OCHbIO, NapajieNbHON ocu X, u
MPOCTPAHCTBEHHBIX CHHPAIBHBIX NEPUOJUUYECKUX 10 Y BO3MYIIECHUH B BHUJE BaJOB C OCHIO,
napaienbHoi ocu Y. JIsi BUHTOBBIX BO3MYIICHHH BBEIEM (DYHKIHIO TOKA BO3MYINECHUIN
w(t, X, Z) BUXpb Bo3MmyIIeHus ckopocTH ¢(t, X, z)u Temneparypsl 6(t, X, z) Bce BenmmuuHb
MIPEIIOIIAraroTCsl TIEPHOMUECKUME (QYHKITUSIMHI TOPU30HTATBHON KOOPIUHATHI Y € TIEPHOIOM
L, rae L — navHa BOJHBI BO3MYIIEHUH, COOTBETCTBYIOIIAs KPUTUYECKOMY 4nciTy MapaHroHH
JUTsT (PUKCUPOBAHHBIX 3HAUCHWH JPYTUX MapamMeTpoB. Y CIOBUS TEPUOJUYHOCTH 3a/laHbl Ha
O0okoBbIX rpanunax. @yakmuu Toka W(t, X, z) u Buxps ckopoctu ¢(f, X, Z) OMUCHIBAIOT
MPOEKIINIO JBUKEHHUS] KOHEYHO-aMIUIUTYJIHBIX BO3MYIIEHHH Ha MmiockocTh XZ. Bropas
KOMITOHEHTa cKopocTH V({, X, Z)OnHMChIBaeT MPOEKIHIO JIBIKEHHS KOHEYHO-aMILIHTYTHBIX
BO3MYIICHHH Ha TUIOCKOCTh YZ mwim XY. AHAJOTHYHBIM 00pa3oM BBeJeM (YHKITHIO TOKa
w(t, ¥, z)u Buxps ckopoctd ¢(t, Y, Z)UIst CHUPATBHBIX BO3MYIICHU.

Henunelinast aBymepHas 3a/iada pemaeTcsi METOJoM ceTokK [6] mpu ¢ukcupoBaHHBIX
sHaueHusx Pr=6.7, Bi=0.1, u pasmuunbix 3HadeHusix Ta u Gr. B pamkax JIBYXIOJIE€BOTO
METOJla HUCIOJIb30Bajach sIBHAS KOHEUHO-pa3HOCTHas cxema. YpaBHeHHe Ilyaccona s
(GYHKIMK TOKa pelraeTcss METOAOM IocjeloBaTelbHONH BepxHel penakcanuu. Pacuersr
nposoauiiich Ha cetke 100x 401 y310B 10 AOCTHIKEHHS MAKCUMYMOB IIPOU3BOAHBIX IIO

BPEMEHH BEJIMYUHBI MEHBIIICH, YeM 10°. D10 moctHranock He MeHee ueM 3a 15 eMHUIL
MOJIETTHHOTO BPEMEHHU.

PacueTsl mokasanu, 4TO W JJI BUHTOBBIX, U JJISl CIIUPAIBHBIX BO3MYIICHHUI B cllydae
MOHOTOHHOW  JMHEWHONH HEYCTOWYMBOCTH (OPMUPYIOTCS  CTal[MOHAPHBIE KOHEYHO-
aAMIUTHTYIHBIE BO3MYINEHUS CKOPOCTH W TEMIIEpaTypbl, a B cjlydae KoyieOaTeIbHON
HEYCTONYMBOCTH — HECTAIMOHAPHBIC MEPUOINIECKUE BO3MYIIICHUSI.

B ciydae BUHTOBBIX BO3MYIIEHUH BOJIM3M MUHUMYMOB HEUTPAIBHBIX KPHUBBIX
BO3MYIIICHHE TeMIepaTyphl MPEACTaBIseT COO0OW CHUCTeMY YepeayIoIuXcsl TeIblX U
XOJIOJHBIX IIATEH, PACIOJIONKECHHBIX BIOIbL OCH X. KOHEYHO-aMIUTMTYJHBIC BO3MYINCHUS
00pa3yloT CHCTeMY IMpOCTPaHCTBEHHBIX Buxpei. [lpu yBenmuenun uymcia MapaHroHU
JIBHKCHHE YCIIOKHSICTCS, MaKCUMaJIbHbIC 3HAYCHUS BO3MYIIICHHUS TeMIIepaTyphl BO3pacTaroT,
XOJIOJTHOE TISITHO B IIEHTPE CJIOSl CMENIaeTcs K BepXHel rpaHuile, a TeIuible MsaTHaA Mo OoKaM —
K HWOKHEH rpaHurie cios. IIpoexnust ABUKEHHS, ONMCAHHAS BO3MYIICHHEM (YHKIUU TOKa,
MpeacTaBIsieT coOOl CHUCTeMy YepeayloluXcsl Map BHUXpeH, JKCTpeMallbHbIE 3HAYCHUS
JOCTUTAIOTCS BOJIM3M BEpXHEW W HWXKHEW TrpaHdIl. Bropas KOMIIOHEHTa CKOPOCTH
BO3MYIIIEHUN 00pa3yeT CUCTEMY W3 YeThIpEX BHUXpPEH, B IIEHTPE CJIOS UMEET OTpHIlaTeIbHbIC
3HAYEHUS U IOJIOKUATEIIBHBIE IO OOKaM.

[Ipu yBenmmuennu yucia ['pacroda B c1abo BpalmaromeMcs ¢lioe )KHJIKOCTH U B cliydae
BHHTOBBIX, U B ClTydae CIIUPAITBHBIX BO3MYIICHHUH, BOHUKACT MEPHOTUICCKH H3MEHSIOIIASCS
KapTUHA KOHEYHO-aMIUIUTYAHBIX BO3MYIICHHH B BHJE MPOCTPAHCTBEHHBIX BHUXpEH U
TEMIIEPATyPHBIX ISATEH, KOTOPBIE ¢ TEYCHHEM BPEMEHH pPa3BOPAUMBAIOTCS IOIEPEK CIIOS U
JIBUTAIOTCS BJOJb €r0 TPAHHIL.
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Moaeauposanue GOpMUPOBAHUSA pPeJibePHOMN
CTEKJSHHOM MJEHKH B HCIAPHAOIICUCSH

KoJu1ouaAHOM xuakoctu npu UK-narpese
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Kacrmiickuit ”HCTHTYT MOpcKoro U peunoro tpancnopta puman ®I'50Y BO «BI'YBT»,
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email: konstantin.kolegov@asu.edu.ru

B pabote Teopernyecku mzydaetcs MOAM(HUKAINAS METO/Ia HCTIAPUTEIBHOM JINTO-
rpadun, xoraa B cuctemy no6asneH MK-ucrounuk. [locie pazmerienus Hax KO-
JOUJHOM TUICHKOW MAacKd C OTBEPCTHSIMH KHJIKOCTh HAYMHAET HCIAPATHCS He-
paBHOMepHO. B pe3ynbraTe BO3HHUKAIOT TEUSHHS JKUIKOCTH, HAIPaBJICHHBIC B
CTOPOHY 00JIacTe# 1Mo OTKPHITHIMHU Y4acTKamMu B Macke. [Ipomcxomut maccorre-
peHoc vactull B 3tu ydactku. ComytcTBytommii MIK-HarpeB mpuBoAuT K Crieka-
HUIO YacTull. B utore oOpa3syeTcs CTeKJsIHHAs IJIEHKA TpeOyeMOoW CTPYKTYpHI,
KOTOpasi 3aBHCUT OT mrabiona (Macku). IIpennoxkena maremaTndeckas MOJIEIb,
OTIMCHIBAIOIAS JTAaHHBIA Tporiecc. lloydeHHBIe YMCIIEHHBIE PE3yJIbTaThl Kade-
CTBEHHO COTJIACYIOTCSI C pe3yJIbTaTaMH SKCIEPUMEHTOB JIPYTUX aBTOpPOB. Temire-
parypa B cECTeMe ¢ TeYeHHEM BPEMEHHU BO3pacTaeT MpaKTW4YecKH JnHeitHo. To-
muHa c(OPMHUPOBAHHON TBEpAOH TUIEHKH MOJI OTBEPCTHEM MACKH Ha TOPSIOK
OOJIbIIIe TOJIIUHBI MOKPBITHS, KOTOpPOe 00pa30BajlOCh TOJI 3aKPBITON 00JACTHIO
mabJoHa.
KimroueBble ciioBa: ncraputensHas autorpadus; MK-uznydenue; crekiioodpa3oBanme

Simulation of relief glass film formation in the

evaporating colloidal liquid under IR heating

K. S. Kolegov

Caspian Institute of Sea & River Transport the branch of the Volga State University of Water
Transport, Nikolskaya St. 6, 414000, Astrakhan

Astrakhan State University, Tatishchev St. 20a, 414056, Astrakhan

emal: konstantin.kolegov@asu.edu.ru

This work is devoted to a theoretical studying of IR radiation-assisted evaporative
lithography. After placing the mask with holes over a colloidal film the liquid be-
gins to evaporate nonuniformly. As a result, fluid flows are directed toward the ar-
eas under the open areas in the mask. There is a mass transfer of particles to these
areas. The accompanying infrared heating leads to sintering of the particles. As a
result the glass film of required structure which depends on a template (mask) is
formed. A mathematical model describing this process is proposed. The obtained
numerical results are in qualitative agreement with the results of other authors’
experiments. The temperature in the system increases practically linearly over
time. The thickness of the formed solid film under the hole of the mask is an order
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of magnitude greater than the thickness of the coating that formed under the
closed area of the template.
Keywords: evaporative lithography; infrared radiation; glass formation

1. BBexenue

OO6pa3oBaHre MUKPO- M HAHOCTPYKTYP B pe3yJibTaTe BBICHIXaHUS Kallelb U IJICHOK pa3-
JMYHBIX PACTBOPOB IMPHBIIEKAET BHUMAHUE M3-32 MHOXECTBA MPUJIOKEHUH, HAUMHAS OT HO-
BBIX METOJIOB TMAarHOCTHKH B MeAMIUHE [1] U 3aKaHuYMBas CO3JaHUEM [HCILICEB, 3apsDKaro-
IIMX OJIEKTPOHHBIE YCTPOWCTBa OT coyHeuHoro cBera [2]. OO0 ympaBneHun Qopmoit
MOJy4aeMbIX CTPYKTYP 3@ CUeT UCIapeHUs KaK KIII0YeBOro 3¢ QpeKTa roBOPHIOCH emie B [3].
[To3xe aTa uaes ObUTa MPUMEHEHA B METOJIe UcTiapuTenbHoi utorpaduu [4]. [Tocne pazme-
LICHUs] HaJl KOJUIOMJHOM IJIEHKOH MacKH ¢ OTBEPCTHUSIMH KHJIKOCTh HAUMHAET UCHApSATHCS
HEpaBHOMEPHO. B pe3ynbraTe BO3HUKAIOT T€UEHUS, HAIIPABJICHHbIE B CTOPOHY O0JIacTel MO
OTKPBITBIMU y4JacTKaMu B Macke. [IporcxoauT mMacconepeHoc 4acTul] B 3T Y4acTKu. Y Me-
TOJIa €CTh JIBa OrpaHuyeHus. Bo-nepBrIX, o0liee BpeMsl Ipolecca UCIapeHusl 3HaYuTeIbHO
BO3pacTaeT u3-3a TOro, 4YTo Macka OJOKHPYeT OOJIBIIYIO YaCTh MOBEPXHOCTH JKUAKON MJICHKH.
Bo-BTOpBIX, YacTUIBl CTEKJIOBUIHBIX MOJUMEPOB, TeMIEpaTypa IJIaBJICHUS KOTOPHIX BBIIIE
KOMHATHOM, He ()OPMHUPYIOT IJICHKY, a JIMIIb — XPYIKHUE MOKPHITHsI. UTOOBI UCKITIOUUTH ITH
Henoctatku B [5] mpomyckaror MK-m3mydeHune uepe3 oTBepcTUsl B Macke. JTO MPHBOAUT K
HarpeBy KOJUIOMJIHBIX YacTHUI[ B JOKaJIbHBIX oOnacTsax. YacTuipl HaunHAOT crekarbes. [1o
Mepe BBICBIXaHMsI KHUJIKOH IIEHKH (OpMUpYETCs TBEPJOe MOKPHITUE TpeOyeMolt penbedHoM
¢opmbl. TonmuHa CTEKISIHHOM IJIEHKA MOXET BapbHUpOBAaTh OT HECKOJIBKUX COTEH HAaHOMET-
POB 110 cOTeH MUKpoMeTpoB. B [6] mocTpoena Mozenb, KOTOpasi OMUCHIBACT TEIIO- U MACCO-
IIEPEHOC B TaKOW CHCTEME JIMIIb Ha I'MAPOJMHAMUYECKOM 3Talle, KOIJa pacTBOp CIAOBIH.
Lenp naHHON pabOTHI 3aKIIOYACTCS B MaTEMAaTUYECKOM OINKCAHUM M IMOCIEAYIOIIEro 3Tara,
(azoBoro nepexoja 30551 B CTEKJIO.

2. YpaBHeHHSI MATEeMATHYECKOI Moe/ N

Cucrema BKIIOYACT YpaBHCHUEC HCPA3PLIBHOCTU, YPABHCHUC KOHBCKIMU, YPABHCHUC
TCIUIOIIPOBOJHOCTH IJIA XKUJAKOCTH U IS IIOJJIOKKH.

oh a(hu) _ . aC  aC _CJ

—+—=—==], —+u—=—1,

ot  ox ot ox h
LA Foli(hka—TJ+iTs Tt expl-a,h.) H(X, -x)- 2 (Bu-T),
ot ox h ax ox) Gz h h

O, _ oo O( 0T, 1T-T, exd—a,hl_) H
ot *ox\ *ax ) Gz h, °
Tommumua mieHku h, CKOpocTh morepevyHoro TeueHus U, IIIOTHOCTh TIOTOKa mapa J, MaccoBas
JI0JIsE KOJUTOMIHBIX yacTuil C, TeMIiepaTypa KUAKOCTH T, KOAQPHUIUEHT TeIIOMPOBOIHOCTH K
U TeMIeparypa MoJUI0KKU s ecTh PYHKIIMH, 3aBHUCAIINE OT KOOPAUHATHI X U BpeMeHH t. Yuc-
10 ®ypee FO,uncio I'petiia Gz, yncio CtontoHa Stu yucio bymeiruaa Bu — 3to 6e3pas-
MepHbIe TTapaMeTpsl 3a7aun. [10cTpoUHBIi 3HAK S yKa3bIBaeT HA OTHOIICHUE MapamMeTpa Win
Gbyukiun k moaoxke. [lpoussenenue aylc — Oe3pa3MepHas BeTMUUHA, TIe &, — M0Ka3aTellb
nornamenns (M), | — xapakrepHsiit MaciuTa6 umas! (M). Oyukus Xesucaiina H nemoss-
3yeTcst IS ONIMCAHMs BIMSIHUAS MAacKH Ha cucTeMy. Bennunna 2Xp, paBHSIETCS IMUPUHE OTBEP-
CTHs B Macke. Bce ypaBHEHHUs MOJIydeHBI TIPH PACCMOTPEHHMHU OajiaHca MacChl M TEIUIOBOM
SHEPrHH B BBIICICHHOM 3JeMeHTapHOM o0beme [6]. [lonepeunast CKOPOCTh TEYCHHUS JKHIKO-
CTH HaXOJIMTCS C UCIOIB30BAHUEM TIPUOJIMIKCHUST CMa3KK

(Xh —x).

S
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1 h?d°h

Ca3y ox®’
rae Ca —kanuuisipHoe urciao. s onpeiesieH s BA3KOCTH 4 MCIIOIB3YETCs SMITMpPHYUECKast
3aBUCHMOCTD, TOJTyYCHHAS! U3 HKCIEPUMEHTATIBHBIX AaHHBIX [7]. TlmoTHOCTH moToka mapa J
OITHCHIBAETCS] MOJICIIBHBIM 3aKOHOM, KOTOPBIN YUUTHIBAET KOHIICHTPAIIUIO B TEMIIEPATYPY.

HauansHyro ¢popMy MOBEpXHOCTH IUICHKH cunTaeM miockoi, h(X, 0) =hy. Temmepatypa

M MaccoBasl JOJI1 YacTHI[ PaBHOMEPHO pachpe/elieHbl B HadalbHBI MOMEHT BpEMEHH,
T(x, 0) =T«Xx, 0) = 1,C(x, 0) =Co. Ha rpanumax 0C/ox = 0T/0x = 0TJOx = 0 B cuity cUMMeT-
pun. B Toukax X = Ou X = X HOTOK MEHsIeT HamnpasiieHue, mostomy U(0, t) = u(X, t) = 0.

3. Pe3y.]ILTaTLI YUCJICHHBIX PACY€TOB

3agaya pemaeTcsi METOJOM KOHEYHBIX pa3HocTeil (HesiBHAs pa3HOCTHas cxema). Pe-
3yIBTHPYIOIIAsl CHCTEMa alreOpandyeckux ypaBHeHHI pemaercss MeTogoMm Hprortona. [lpm
pacdeTax HCHojb3yercs ceTka co 125y31aMu 1Mo mpocTpaHCTBEHHON KOOPAWHATE.

Pe3ynpraThl pac4eToB MOKa3bIBAIOT MIPAKTUYECKH JTHHEHHOE TIOBBIIIEHUE TEMIIEpaTyphl
JKHUJIKOCTH ¢ TeYCHUEM BpeMeHH (PHCYHOK (a)). DTO XOPOIIO COTIacyeTcs ¢ SKCIEPUMEHTAITb-
HbIMH JTaHHBIMU [5]. Ha npyrom rpaduke (pucynok (0)) mpejicTaBieHa TONIMHA IUICHKU Ha
pa3IMYHBIX BPEMEHHBIX dTanax. B Hadase mporecca TOMIIUHA KUAKON TNICHKH PaBHOMEpPHAsI.
A Ha QpUHATBHOM cTaauu HaOII01aeM ChOPMUPOBABIIYIOCS CTEKISIHHYIO TUICHKY ITEPEMEHHON
toimuHEL [To mpope3pto B Macke 3Ha4YeHHe N mprMepHO Ha MOPsIOK OOJIbINe, YeM B paioHe
3aKpBITON 00IacTH. ABTOPHI [5] SKCIIEPUMEHTATBHO TOIYUYHIN CXOKHE Pe3yIbTaThl. DBOJIIO-
YISl MAacCOBOW JIOJIM YacCTHIl MOKa3aHa Ha pucyHKe. (B). Ha ¢uuanpHON cragmm mpomecca
XKHJIKOCTh B 00beMe MPAKTUIECKH MOTHOCTHIO OTCYTCTBYET.
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Pucynok. Pezyiomamor pacuemos. Ha pucynke npusedensvt (a) Ounamuxa memnepanmypol

acuoxocmu (K) 6o epemenu (c¢) 6 mouxe X = 0, (6) npopunv nuenxu (mm) u (6) maccosas
00JI5L Hacmuy HA HeCKONbKUX NOCLe008AMETbHBIX 8PEMEHHbIX OMPe3KaAX
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4. 3axiaoueHue

B HpeI[HOX(eHHOﬁ MOJIC/IM paCcCMATPUBACTCA JIMIIIb KOMIICHCAIIMOHHOC TCUCHUC. OI[Ha-
KO IMOJIYYCHHBIC YU CJICHHBIC PE3YJIbTATHI COTJIACYIOTCH € SKCIICPUMCHTAIILHBIMU JaAHHBIMU [5]
DTO MO3BOJIAET CAC/IaTh MPCAIIOJIOKCHUE, YTO KOHBCKTHUBHBIC IIOTOKH, BO3ZHHUKAIOIIUEC B PC-
3YJbTATC IICpeNala KOHICHTpAllu U TCMIICPATYPhI Ha TIOBEPXHOCTU U B O6’BCM€, OKa3bIBaroT
Ha CUCTEMY HC3HAUUTCIIbHOC BJIMSHUC. YToOKl OKOHYATSIHLHO HNOATBCPAUTL 3TO HJIK OIIPO-

BEPrHYTh, HEOOXOIUMO TIOCTPOUTH JBYMEPHYIO MOJIeJh, YUUTHIBAIONIYIO TeueHus: MapaHToHu
u Penes—benapa.
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YJIK 534413

Pa3pa®doTka YHCIEHHON METOAUKH OLEHKH
XAPAKTEPUCTHK AKYCTHYECKUX PEe30HAHCHBIX
NMPOUECcCOB B NPOTOYHOU YAaCTH

ra3oTypOMHHOIO ABUTaTEJs
P. H. Koxeros®® T. II. Iio6umoBa®®, A. A. Cunep®*©

8 TlepMmcKuit ToCyIapCTBEHHBIH HAIIMOHATLHEIH HCCIIeI0BATEIbCKHil YHUBEPCHUTET,
614990, Ilepmp yi1. bykupena, 15

b HNuctutyT Mmexanuku crutomubix cpen YpO PAH, 614013, Tlepmpyn. Akagemuka
Koponéra, 1

¢ AO «OJIK-ABuagBHTaTEND, 614990]Iepms, yi1. Komcomonbckuii mip., 93

[IpoBeeHo YmCICHHOE MOJENIUPOBAHNE COOCTBEHHBIX PE30HAHCHBIX YACTOT Ka-
HaJia TieperrycKa Bo3/yXa aBHAllMOHHOTO JBYXKOHTYPHOTO JBUTates. [lomydeHsr
pe3yIbTaThl YUCIEHHBIX PACYETOB COOCTBEHHBIX YACTOT MOJIOCTH TEpenycKa B
ANSYS CFX. B pacderax mis BO30YXXIeHHUs IOJIOCTH KaHAlla MEpernmycka Ha
BXOJIHOU TpaHHMIle 3aaaBajcs mupokonogocHsi myM (120 1b) u moTok co cko-
poctrio 60 M/¢, YTO MPUBOJKUT K MPOSIBJICHUIO pE30HAHCA Ha COOCTBEHHOU 4acTo-
Te TOJOCTH. B pacdere BIOJb Beelt TPOTOYHOM YacTH OBLUTH YCTaHOBJIEHBI MUK-
podoHBI, B KOTOPBIX 3aUCHIBAIIOCH CTAaTHYECKOE JaBjieHne. Ha ocHOBaHWM TOITy-
YEHHBIX CUTHAJIOB OBUTO crienano Dyphe nmpeodpazoBaHue U IOCTPOCHBI CIIEKTPHI.
Pesynbrarer uncnenHpix pacuetoB B ANSYS CFXcoOcTBeHHOM 9acTOTHI XOPOIIO
COTJIACYIOTCSI C AaHATUTUISCKUMH U DKCIIEPUMEHTAIHHBIMY JTAHHBIMH.

KiroueBble cjioBa: aKyCTHUECKHUiIT pe30HAHC, COOCTBEHHAs YacTOTa; ypaBHEeHUs HaBbe-

Crokca; @ypre nmpeobpasoBaHue

Development of numerical method for prediction
of acoustic resonance phenomena characteristics

In aircraft engine ducts

R. N. Kolegov®® T. P. Lyubimova®® A. A. Siner®®¢

& Perm State University, Bukireva St. 15, 614990, Perm

P Institute of Continuous Media Mechanics UB RAS, Akademika Korolyova st. 1, 614013,
Pam

¢ JSC«ODK-Aviadvigatel », Komsomolsky pr. 93, 614990, Perm

In present paper the numerical simulation of the resonance eigen frequencies of
the double-flow aircraft engine bleed valve was conducted. The simulation was
performed with ANSYS CFX commercial solver. The broadband excitation of
120 dB level was added to the main flow of 60 m/s at the inlet in the simulation.
Such an excitation brings the resonance at the eigen frequencies of the valve.
Several monitor points for static pressure were located inside the computational
domain and the Fourier transform was applied to the obtained monitor signals.

© Koneros P. H., JlrooumoraT. I1., Cunep A. A., 2017
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Numerical results for the eigen frequency obtained with ANSYS CFX was in a
good agreement with the analytical and the experimental data.
Keywords. acoustic resonance; eigen frequency; Navier-Stokes equations; Fourier trans-
form

1. BBeaenue

B aBuanmoHHOM JIByXKOHTYpHOM JIBUTATelie JJIsSi MOBBIIIEHHUS JaBJICHUS Ha BXOJE B
Komrpeccop Beicokoro naenenus (KBJI) ycranapnuBaror moanopueie crynenu. J{is obecne-
YEeHHUs] YCTOMUMBOM pabOThI MOMOPHBIX CTYIEHEH Ha HEpaCUETHBIX PEXXUMaX OCYIIECTBIISIOT
MeperycK BO3yXa 3a BEHTHJIATOPOM IIPU MOMOIIH 3aclIOHOK neperrycka [1]. OOmwuit Bua ka-
HAJIOB IIeperrycKa ¢ 3acIOHKON n3o0paxkeH Ha (puc. 1). B pesynbprate oceBble CKOPOCTH BO3-
JTyXa yBEJIMUUBAIOTCSI, @ YTJIbI aTaK! MPUOIMKAIOTCS K PacYeTHBIM, UTO oOecreunBaeT padoTy
cTyneHell 6e3 cpblBa.

ANSYS
wso

Kanan nepemycka

- S
o =
///f . - — =
e —
| o
~ ] -
////
L

Puc.1. Iloonopuvie cmynenu u xaunan nepe- Puc. 2. Obwuii 610 ucxooHou paciemuoi
nycka obracmu
O06001mast Bce paHee MPOBEJCHHBIC HCCIIEIOBAHMS, MOXHO 3aKIIOYHUTh, YTO IMOJIOCTH
KaHaJla Mepenycka MpH 3aKpHITHIX 3aclIOHKaX 00pa3yroT 00beM ¢ cOOCTBEHHOU pe30HaHCHON
YacTOTOW HHU3KHUX MOPSIKOB. Bo Bpems sKCIUTyaTaly aBHAIIMOHHOTO JBUTATENS B MPOTOY-
HOM yacTu Komrpeccopa Huskoro jaasienus (KHJI) MoryT Bo3HUKHYTH KoJieOaHUs, CIIOCO0-
HbIe BO30OYIUTH MOJIOCTh KaHasa Mepenycka Ha COOCTBEHHOM 4acToTe, B pe3yabTaTe Yero Bo3-
HUKHET PE30HAHC, KOTOPHIA MOXET MPUBECTH K BO3HUKHOBEHHIO CIBIITUMOTO TOHAIBHOTO
ITyMa WM JJa)Ke BBI3BATh MOJIOMKY JIOTIATOYHOM MAaIllWHEI.

2. IMocranoBka 3agauu

PaccmarpuBaercss OJMHOYHBIN KaHal Hepemycka BO3/JyXa aBHAIlMOHHOIO JBHUTraTels
COBMECTHO ¢ TIpoTo4HO# yacthio 3a KHJI (puc. 2). Jlns o60cHOBaHUS JOCTOBEPHOCTHU TOJIY-
YEHHBIX PE3yJIbTATOB IIPOBEIEHBI pacyeThl ra3oBo3ayimHoro tpakra 3a KHJ[ 0e3 nomoctu ne-
perycka BO3/lyXa U pacueThl IpU pa3HOi TeMIiepaType Ha BXOJHOM rpaHule.

B kauecTBe rpaHUYHBIX YCIOBHUIl Ha BXOJIE 3a/laBajik IIOTOK CO CKOpocThio 60 M/C 1 He-
CTaIMOHAPHBIN CITy4allHBIA cUTHAN (O€JbIi IIyM), peau3yeMblid CITy4aiiHbIM pacipe/ie/ieH -
€M CTaTUYeCKOTo JaBJICHHs] BO BPEMEHH, Ha BBIXOJEe — cTaTHueckoe JaBienue. CTeHKH KaHa-
Ja B pacueTe MoJjlarajiuch aauadarnyeckuMu. Taxke Ha HMX 3aaBajioch YCJIOBHE NpHIIMIIA-
Hus. Ha BbIXOe W3 pacueTHOH 00JIacTH 3a/1aBajloch HEOTpaKalollee I'PaHUYHOE YCIOBUE.
Pacuer npoBoauiics Ha HECTPYKTYpUPOBAHHOM ceTke, KoTopas coctosuia u3 8281868 nemen-
TOB.

3. Pe3syabrarsl

Puc. 3 wutmocTprpyeT MTHOBEHHOE pAacIpe/Ie/ieHHe CTaTHYECKOTO JIaBJICHUS BHYTPH
pacueTHO# oOmacTu. M3 mpencTaBieHHBIX JaHHBIX BUHO, YTO MOJIE JaBJICHHE UMEET MaKCH-
MyM BOJIM3H 3aCJIOHKH IEPEeIycKa, 4To cornacyercs ¢ [2].
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Puc. 3. Menosennoe pacnpe- Puc. 4. Cnexmpuor nynocayuu ~ Puc. 5. Cnexmpul nynvca-
OejieHue 0ageHusl oaelienusl 8 Kaunaie nepenycka yuu 0agienus OJisl 2eo-
npu pasnvlx memnepamypax — mempuu 6e3 noiocmu Ka-
Hala nepenycka u ¢ noio-
cmbio

Jlis 000CHOBaHUSI JTOCTOBEPHOCTH IOJIyYEHHBIX PpEe3yJIbTaTOB COOCTBEHHBIX YacTOT
MIPOBEJICHBI PAacUeThl NP pa3HOU TeMmIeparype Ha BXoaHou rpanuie. Ha (puc. 4) npeacras-
JIEHBI CIIEKTPHI ITyJIbCALMU JIaBJICHUS BOIM3H MOJIOCTH KaHala Mepenycka Ipu pa3Hou Temrie-
patype Ha Bxoae T=288Kwu T=323K.Bunno, 4ro npu yBeIudeHUH TeMIEPaTyphl pe30HAHC-
Hast 9aCTOTa YBEIMIMBACTCS, YTO COTIIACYETCS ¢ OOIIEH aKyCTHYecKoi Teopueii [4].

Taxxe ObLT pacCMOTpeH cy4ail YHCIEHHOTO MOJIEIMPOBAHUS Ta30BO3IYIITHOTO TPaKTa
3a KHJI 6e3 monoctu kaHana mepemnycka (puc. 5). 3 crieKTpoB BHUAHO, YTO PE30HAHC HA Ya-
crote nopsimka 40011 BeI3BaH HaMUMEM B MPOTOYHOM YACTH IMOJOCTH KaHaIa Meperycka,
TaK Kak B pacuere 0e3 pe3oHaTopa pe30HaHC OTCYTCTBYET

4. 3axkaoueHue

Bo30y:x/1eHre moIocTH KaHaia Iepemnycka MmupoKonoaocHsmM mrymMmom (120 nb Ha mo-
Jocy mpu paspemarorieii crmocodnoctu Af=6 '), GpunbTpoBaHHBIM B JHAa30HE YaCTOT OT
200 10 1000T'1, coBmecTHO ¢ oToKOM 60 M/C IPUBOAMT K MPOSIBIIEHUIO PE30HAHCA Ha CO0-
CTBEHHOM YacTOTE MOJIOCTH KaHaJIa IeperycKa.

Pe3ynbTarhl pacyeToB COOCTBEHHOM YacTOTHI KaHaja Meperycka XOpoIIo COrIacyroTCs
KaK C 9KCIIEpUMEHTAILHBIMU JJAHHBIMH, TaK M ¢ TEOPETHUCCKIUMH BIKIaakaMu (Tabmmma 1).

Tadmuua 1. Cobcmeennas wacmoma xanaia nepenyckd

YucseHHblif pacyeT | DKcrnepuMenT [2] Amnanut. pacuer [3] Amnanut. pacyer [2]
372Tn 391 T 450 I'n 370...430 I'n
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Buxpesoe TedeHHne rajJJineBoro CnjaaBa nojg
AEeHCTBUEM BHEIIHEr0 MATHUTHOTO MOJIS

H. B. Konecunuenxo?, I'. JI. JIoceBb, P. U. Xaauaos?

& Muctutyt Mexanuku Crmonmasix Cpes Ypansckoro Otnenenns Poccniickoit AkageMun
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DKCIEepUMEHTATHFHO UCCIICI0OBAHBl SHEPTETHUYECKUE W YaCTOTHBIE XapaKTePUCTH-
KH K0JIeOATETFHOTO BUXPEBOTO TEUCHHS JKHJIKOTO Ta/UIMEBOM ABTEKTHKH IIPH T10-
MOIIH YJIBTPa3ByKOBOTO aHEMOMeTpa. B paboTe mccneayercs 3aBUCUMOCTh Cpel-
HEW JIOKAIbHONW KWHETUYECKOW HEPIUH TE€UECHWS W BBIJICIICHHOW YaCTOTHI KOJIe-
OaHWil BUXpEH OT BETUUYMHBI U YaCTOTHI MPUI0KEHHOTO BHEIITHETO MePEMEHHOTO
MarHuTHoro mojiss. OOHapy’KeH HEMOHOTOHHBIM XapakTep 3aBUCUMOCTH JIOKaJIhb-
HOH DHEPTrUM OT BEJIMYHMHBI U YaCTOTHI BHEIIHETO TOJIA. 3aBUCHMOCTh YacTOTHI
KoJieOaHu# BUXpel OT MmapaMeTpOB BHEIITHETO MOJIs TWHEHHA.
KuroueBble ci1oBa: BUXpEBOE TeUECHNE; MATHUTHAS THAPOAMHAMUKA; YKUJIKAN METAIIIT

Vortex flow of gallium allow under external
alternating magnetic field

I. V. Kolesnichenko?® G. L. Losev®, R. I. Khalilov?®

®nstitute of Continuous Media Mechanics UB RAS, 1, Ac. Korolev st., Perm, 614013
b Perm State University, Bukireva St. 15, 614990, Perm

The power and spectral parameters of oscillatory vortex flow of gallium eutectic
have been investigated using ultrasonic Doppler velocimeter. The nonlinear and
nonmonotonic dependences of vortexes mean local kinetic energy from value and
frequency of external magnetic field have been found in experiment. The oscilla-
tion dominant frequency have shown linear dependence on magnetic field value
and frequency.

Keywords: vortex flow; magnetohydrodynamics; liquid metal

1. BBexenue

OO0nacth nmpuIoKeHUsI MarHUTHOHM Tuapoaunamuku (MI'J]) oxBaThIBaeT Takue TEXHO-
JIOTUYECKH BaKHBIE MPOIIECCHI KaK TPAHCIOPTUPOBKA, OUMCTKA, JO3UPOBAHUE, U MEPEMEIn-
BaHME paCIUIaBICHHBIX METAVIOB U MX CIJIAaBOB. 3a4acTyIO B TEXHOJOTUUECKUX MPHUIOKEHU-
stx MI'J] ucnosib3yroTcsl TeUeHHUsl BbI3BaHHBIE BO3/IEUCTBHEM HAa METAJT BHEITHUX IOJIEH, TI0-
POXIAIOIIKMX B cpejie BUXpeBble Toku [1]. B3auMoneiicTBre TOKOB ¢ MCXOIHBIM MarHUTHBIM
M0JIEM MOPOKIAET BUXPEBOE TeueHue B Metauie. OCHOBHAs MmpodiieMa SKCIEPUMEHTATIBLHOTO
HCCIIeIOBaHUSI TAKUX TEUEHUH — BBHICOKME TEeMIleparypa U XMMUYecKas aKTUBHOCTH pacilia-
BOB METAJLIOB.

B nanHOI paboTe MccnemayroTcsi SHEpreTUUECKUE U CIIEKTpajbHbIE CBOMCTBa Kojebda-
TEJILHOTO TeUSHMsI XKUIKOM rayumeBoii sprektuku (87.5% Ga, 10.5% Sn, 2% Za)utockoM
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TOPU3OHTAIBHOM CJIO€ BO BHEIIHEM IMEPEMEHHOM MAarHUTHOM I0JI€ IPU HOMOIIU Pacipo-
CTpaHEHHOTO MeTojia [2-4] yIbTpa3ByKOBOU JIOMILICPOBCKON BEJIOCHMETPHH.

2. Onucanme 3KCHepl/lMeHTa.J'ILHOﬁ YCTAaHOBKH

[ToBTOpsist KOHUTryparuo padoThl [S], AKCIEepUMEHTANbHAsI yYCTAaHOBKA COCTOUT H3
CITOST XKMJKOM TalUTHEeBOM IBTEKTHKH (IMOTHOCTD p = 6256 Krir®, KHHEMaTHUYeCKas BS3KOCTH
v=13.1.10"M¥c, oamextpompoBogHocts o= 3.56-16 CM, ckopocts 3Byka B cpene
¢ = 2828 Mmt), 3aKITFOUCHHOTO B KIOBETY U3 OPraHUYECKOro CTEKJIa ¢ pa3Mepamu paboueid mo-
noctu kioBets 200 X 100 x 15 MM Ci10if mOMeIIeH B 3a30p Mexy momocamu C-06pasHOro
WHJIyKTOpa, TIUTaHHE KOTOPOTO OCYIIECTBISETCS OT MCTOYHMKA Toka Pacific Smart Source.
Ucnonb3oBanue ynpTpazBykoBoro anemomerpa DOP 2000mo3BosisieT u3MepsTh BRIOPAHHYIO
KOMITOHEHTY CKOPOCTH BJIOJIb BCETO YJIBTPAa3BYKOBOTO JIy4a, HE OTpaHUYMBAsICh OJHOMW JIUIIIb
Touko#. [lepen Hawanom ombITOB ObLIa HaliJiIeHa 3aBUCHMOCTh MarHUTHOM MHIYKIIUH TIOJISI B
3a30pe MHIYKTOpa OT CHJIBI TOKA B MHTAIOIIUX KaTyIIKax. V3MepeHHs Mpou3BOIHINCH MPU
nomonu tecnamerpa Lake Shore 421 Gauss met#mneiiHplii xapakTep 3aBUCUMOCTH T03-
BOJISIET MCIOJIb30BaTh CHJIYy TOKa B KaTyIIKaX WHIYKTOpa B Ka4eCTBE MEPhI BHEIIHETO BO3-
JEUCTBUS.

3. 3aBucuMocTh XAPaAKTEePUCTUK TCYCHHUHA OT CHUJIbI TOKaA

B xone nccienoBanus npoduseit ckopocT TEYSHHUS KUIKOTO MeTalia MPH pa3TIuIHbIX
BEJIMUMHAX 3JICKTPOMArHUTHBIX CHJ (CHJIa U 4acTOTa TOKOB MUTAHUS KATYIIEK WHIYKTOPA)
OBLTM MOCTPOEHBI AMIUIATYIHBIE M YaCTOTHBIE 3aBUCUMOCTHU CPEJIHEW y/IeTbHON HHEpruu Te-
yeHus Wy OT CHIIBI TOKa B KaTyIIKaX 3JeKTpOMarHurTa. 3aBucuMoctsb Wy ¢ OIleHKOMH morperm-
HOCTH JJTs1 3 OTBITHBIX pean3alinii mpuBecHa Ha (puc. 1. a).

Cpenusist sHeprusi JEMOHCTPUPYET HEMOHOTOHHYIO 3aBUCHMOCTh OT BEJIMYHMHBI MIPUIIO-
JKEHHOTro BHeIIHero mojis. B obmactu TokoB | = 5.0 - 6.5 AreueHne cTaHOBUTCS HECTAOUIIb-
HBIM ¥ TIPOQUIH CKOPOCTH JIEMOHCTPUPYIOT CIy4aliHbBIN xapakTep u3MeHeHus. B To ke Bpe-
Msl, 3aBUCUMOCTh JOMHUHAHTHOM 4acTOTHI OT CUJIbI TOKA JEMOHCTPUPYET JIMHEUHBIA XapakTep
(puc. 1. 6).3HaunTENbHBIC BEIWYUHBI MOTPEIIHOCTH B IpoMexyTke TokoB | = 5.0 — 6.5 Aro-
BOPSIT O HEMOCTOSIHCTBE YAaCTOTHI KoJieOaHUii B JaHHON 00JIacTH.

4. 3aBHCHMOCTDL OT YaCTOTHI TOKA

[Ipu pemennn 3asaun 00 ONTUMANIBHBIX [TapaMeTpax BHEIIHErO BO3ICHCTBUS HA KHUJI-
KM MeTaJll ¢ HEJNbIO MOJyYeHNUs MaKCUMalIbHOW 3((EKTUBHOCTH IepeMelInBaHus Heo0Xo-
JIMO PacCMOTPETH BJIMSIHUE HE TOJIBKO BEJIMYMHBI, HO M YaCTOTHI IPUJIOKEHHOTO BHEIIIHETO
nonsi. B xozme paboThl OBUIM TOCTPOEHBI 3aBHCUMOCTH JIOKAIBHOM cpelHel sHepruu
(puc. 2. a)u BBIICICHHON YaCTOTHI KoyleOaHuit mpoduiist ckopoctd (puc. 2. 6) 0T 4aCTOTHI -
TAIOLIETO TOKA B KAaTyIIKax UHIYKTOpA.

Puc. 2. a neMoHCTpUpYET SPKO BBIpaKEHHbIE KoslebaHus Ha (oHe 00IIero pocra KuHe-
TUYECKOM PHEPTrUu TEUYEHHUS C POCTOM YacToThl B Auanazone 25 — 105 ['uB To e Bpems, no
JoCTHKeHUH yacToThl Toka 110 I',HabmonaeTcs: mocTeneHHOe CHUYKEHUE SHEPriH, YTO MO-
KET CBHJICTEIbCTBOBATh O KAYECTBEHHOW MEpPECTPOMKE CTPYKTYPHI TeueHHs (M3MEHEHHEe 00-
IIEer0 KOJIMYecTBa BUXpeH, MO0 cMeleHne HabIi0JaeMoro BUXpsl B HHYI0 o0sacTh). YacTtora
KosiebaHui mpoQuIIisi CKOPOCTH JHMHEHHO PACTET C yBEIMUYEHHEM YacTOThl BHEIITHETo MOJIS.
Taxum oOpa3oMm, Ipu 3aJjaHHON CHJIE TOKA CKOPOCTh IEPEMEIIMBAHM MOXXHO YBEJIUYHUTH 3a
CYeT U3MEHEHMSI YaCcTOTHI BO3/IEHCTBUS HA METAJLL
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Puc. 1. 3asucumocmo cpeoneil noxanvrnot suepeuu (a) u domuranmmuou yacmomot (0)
OM CUIbL MOKA 6 KAMYUIKAX UHOYKMOPA.
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Puc. 2. 3asucumocmo cpeoneil noxanvrnot suepeuu (a) u domuranmmuou yacmomot (0)
OM 4aACmMombl NUMAOUE20 DNIeKMPOMASHUM MOKA.

5. 3akiarouenne

B xone paGoTel 6611 0OOHapY)KeH HEMOHOTOHHBIA XapakTep 3aBUCHUMOCTH CpeIHEH JI0-
KaJIbHOW SHEPIrUH BUXPEBOIO TEUEHUS >KMJIKOTO METajlla OT BEJIMYMHBI U YAaCTOTHI BHEIITHETO
MIPUJIOKEHHOI0 MAarHUTHOTO 1oJis. Hanmuume yyacTkoB, OTBEHAOIIUX JIOKAIBHOMY MUHUMYMY
KUHETUYECKON SHEpPruM TEYEHUs, MO3BOJIIET YMEHBIINTh MHTEHCUBHOCTH MEPEMEIINBAHUS
MeTajla TIPH BO3JACHCTBHUSAX OTHOTO MOpsiaka. B To ke Bpems, yacToTa KojeOaHwWil BUXpeH
JMHENHO 3aBUCUT OT BEJIMYMHBI U YACTOTHI BHEIIHETO IOJIS, YTO YKa3bIBAET HA MOBBIIICHUE
3 PEKTUBHOCTH TIepeIadr SHEPTHH MEXKTY BUXPSIMH.
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JJIEKTPOBHXPEBOE TEYEeHME KUAKOIT0 MeTAaJJa
B HUJIHHAPUYIECKOM 00beMe
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8 IHCTUTYT MEXaHUKHM CIUIOIIHBIX cpell Ypabekoro otaenenus Poccuiickoit Axanemun Hayk,
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b ITepmckuii rocy1apcTBEHHBIA HAIIMOHATBHBIA HCCIIEA0BATEILCKUNA YHUBEPCUTET

614990, Ilepmp ya. bykupesa, 15

B paborte uccnemyercst 31eKTPOBUXPEBOE TEUCHUE B HUIMHAPUIECKOM 00BEME C

OOKOBBIM JIOKAJIM30BaHHBIM I1OJ[BOJIOM JJIEKTPUYECKOTO TOKA. XapaKTepUCTUKU

CKOPOCTH OIpPENENISIOTCS IIyTeM YHCJIEHHOTO cueTa U HKCHEPUMEHTa. DKCIepH-

MEHT MPOBOAUTCS C UCIOJIb30BAaHUEM T'aJUIMEBON IBTEKTUKH M YJIbTPA3ByKOBOTO

JIOTIJIEPOBCKOTO aHeMoMeTpa. [loydeHbl Tpo i U OISl CKOPOCTH IS pa3HBIX

3HaueHU# Toka. M3ydeHbl XapaKTepUCTUKH KOJIeOATeTbHOTO peKUMa TeUESHHUS.
KiroueBble cjioBa: 3JIEKTPOBUXPEBOE TEUEHHE; MArHUTHAS TUIPOIMHAMUKA, >KUJIKUHA
MeTal

Electrovortex flow of liquid metal

in cylindrical volume

|. V. Kolesnichenko® S. D. Mandrykin®, R. I. Khalilov®

2 nstitute of Continuous Media Mechanics UB RAS, 1, Ac. Korolev st., Perm, 614013
® Perm State University, Bukireva St. 15, 614990, Perm

In this paper, the electro-vortex flow in a cylindrical volume with a lateral local-
ized electric current supply is investigated. The velocity characteristics are evalu-
ated by numerical calculation and experiment. The experiment is carried out using
a gallium eutectic and an ultrasonic Doppler anemometer. The profiles and veloci-
ty fields are obtained for different values of electric current. The characteristics of
the flow oscillations are studied.

Keywords:. electrovortex flow; magnetohydrodynamics; liquid metal

1. BBenenue

DJIEKTPOBUXPEBOE TEUEHHE DIIEKTPOIIPOBOTHOM KUAKOCTH BO3HHKACT TPH MPOTEKAHUN
SIEKTPUIECKOTO TOKA IO JKUIKOCTH U B3aUMOJICHCTBHH C HUM COOCTBEHHOTO MArHHTHOTO
nostst [1]. DTo TeyeHHe MOSIBISIETCS B TIPOIIECCAX, UCIIOB3YIOMINX JTOKATH30BaHHBIN KOHIyK-
[IHOHHBIN MMOBO DIEKTPUIECKOTO TOKA K YKHUIKOMY METAILTY ¢ TOMOIIBIO SJICKTPOIOB. DTH
TEYEHHUS] MOTYT BBINOJHATH MOJE3HYI0 (YHKIHIO TEPEMENIMBAHUS NPH KPUCTALTA3AIMN
’KHJIKOTO METaJllla B OTJAENBHBIX 00beMax [2, 3] ISt yiIydiieHust KpUCTAINIECKON CTPYKTY-
pBI, 100 B IJIaBHIIBHBIX AyroBBIX Medyax [4]. C apyroit CTOPOHBI, 3TH TEUCHUS MOTYT BBITOJ-
HSTH HEKENATeIbHOE MEePEMEITMBAHUE COJCPKAMOTO JKHIKOMETAUINIECCKUX Oarapei, mc-
MOJTB3yEMBIX JIS1 HAKOTUIEHUs 3J1eKTposHeprun [5]. Takke 3TH TeYEHHsS] MOYKHO HCIIOJB30-
BaTh B INIOCKMX KaHajdax [6] B ycTpoiicTBax Ui MepeKaunBaHus KUAKOro meramia [7]. Bee
9T0 00YCIaBIMBACT MHTEPEC K DIEKTPOBUXPEBHIM TCUCHHUSIM.
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B nannoit paGote uccienyeTcs MajJOU3yuYeHHBIH Cilydail TeueHHs! B MIMHIPUIECKOM
00beMe C OOKOBBIM JIOKAQJIM30BAHHBIM IIOJBOJOM 3IEKTPUUYECKOrO TOKA. B naHHOM cirydae
JIOJDKHA BO3HUKHYTH JIBYXTOpOHAAIbHAs KOH(purypamnus teueHus. Llenpio paboThl sBiseTCs
HCCIIEI0OBAaHNE XapaKTEPUCTUK MHTEHCUBHOCTH TEUEHUS U €ro KojeOaHuH.

2. Meroanl

DKclepUMEHTAIbHOE UCCIIeIOBaHNE MPOBOAMIOCH HA YCTAaHOBKE, COCTOAIICH W3 IH-
JMHApPUYECKOro KaHana JumHoi 204 Mmvu quameTpoM 68 MM M3 HepiKaBeloIIed cTalld, TOp-
LIEBbI€ CTEHKH KOTOPOTO M3TOTOBJEHBI M3 IUleKcuriaca. Kanan 3amosiHeH rauineBoi HBTEK-
kot (87.5%Ga+10.5%Sn+2%ZnynotHocTh p = 6256 KrM>, KHHEMaTHUeCKas BS3KOCTD
v = 3.1-10" M¥c, snexrpomposomrocts o = 3.56-10 Cm, cropocts 3Byka ¢ = 2828 ME). K
OOKOBBIM CTEHKAaM KaHaja OIIMO3WTHO IOJIBEICHBI IHJIMHIPUYECCKUE MEIHBIC DIIEKTPOIBI
muamerpoM 20 MM OHE TOAKITIOYEHBI K UCTOYHUKY MTOCTOSIHHOTO ToKa. KaHan cHapyXu 1mo-
KPBIT TEIUIOM30JISAIIUEH IS ITOIaBIICHHS] KOHBEKTHBHOTO TEYCHHUSI.

Jlns u3MepeHusl XapaKTePUCTHK TEUEHHs WCIIOJB30BAJICS YIbTPa3ByKOBOW JIOILIIEPOB-
ckuit anemometp (Dop-2000, Signal Processing, Switzerlard)xomoinbio HEro MOXHO I0-
JYYUTH SBOJIONUIO KOMIIOHEHTHI PO CKOPOCTH, HAIIPaBICHHON BIOJb Jiyda [6]. [maB-
HBIM TIPEUMYIIECTBOM METOJMKH SIBJISETCS BO3MOXKHOCTH MPOBOJHUTH M3MEPEHHUS B HEIPO-
3payvHOi JKUJIKOCTH, TJIe HENIb3s MCIIOJIh30BaTh ONITUYECKUE TOJIeBbIe METObI. B HccenoBa-
HUH HCIIOJB30BAJIOCh HECKOJIBKO JAATYUKOB € 4acToToi 4 MI'T, MOJKIFOYEHHBIX K MYJIBTH-
wiekcopy. [Ipubop mo3BoIsieT MOMyYIUTh KaK OCPEITHEHHBIE MTPOPHIIN, TaK U U3YYUTh HU3KO-
YaCTOTHBIC OCHUJUISIIAN TPOQUIISI CKOPOCTH.

YucnenHoe HccIeI0BaHuEe TPEXMEPHBIX MPOIECCOB B IIMJIMHAPHUECKOM KaHale TPOH3-
BOJIMJIOCH C MOMOIIBI0 MaTeMaTHYECKOH MOJIENT, OCHOBAaHHON Ha YpaBHEHUSX MarHHUTHOU
THIPOIUHAMUKHA. DJIEKTPOJANHAMUYECKAs YacTh 3a/Ia4yd OIHMCBHIBACTCS CUCTEMOHN ypaBHEHHI
Makcgenna. 'mapoauHamudeckas 4acTh 3afayn onuchiBaeTcsl ypaBHeHueM Hapbe-CTokca n
HEPa3pbIBHOCTU TOJSI CKOPOCTH, TPH 3TOM JUIS ONHCAHHS TYPOYJIEHTHOCTH HCIIONIB3YeTCs
mojens LES. Ha rpanure [uisickopocTu cTaBUTCS YCIOBUE MTPUTHIIAHHS.

3. Pe3syabrarsl

BKCHepI/IMeHT IIOoKa3ajl, 4TO B KaHaJIC BO3ZHUKACT BUXPCBOC TCUCHMUC. Ha (pI/IC. 1) apu-
BCICHBI TPUMEPDLI HpO(l)I/IJIﬁ AJIs1 OJTHOT'O 3HAUCHUA TOKA, Ha KOTOPOM YKa3aHbl CpECIAHCKBA/Ipa-
TUYHBIC OTKJIOHCHUSA CKOPOCTH B JAHHOM TOYKE, a TaKXkKe JquarpaMma 35BOJIIOIIUA HpO(I)I/IJ'ISI
CKOPOCTH. Teuenue HECTAIlMOHAPHO — 00 aTOM CBUICTCIILCTBYIOT 3HAYUTCIIbHBIC OTKJIOHC-
HHUA OT CPEAHETO, a TAKIKC YCPCAOBAHUC 30H MAKCUMYMad U MUHUMYMaA Ha JJuarpamme.
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- == i e
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0.015

-0.02

-0.025
20

40 50 80 100 120 140 160 180 200 10 20 a0 a0 50 E3) 70
2.mm 500

Puc. 1. I[lpumep npoghuns meuenus sncuokoeo memaiia (cneea) u Ouazpammol €20 360-
noyuu (cnpasa)
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YuciieHHbIE pacyueThl MOKa3ajiy, YTO TCUCHHE B BHJIE JIBYX TOPOUIAIBHBIX BUXpEil BO3-
HUKaeT JIM0O MPH MaJIbIX TOKAX, JIMOO MpH OOJIBIIKMX TOKAaX, HO B HAYaJIbHBIA MOMEHT BpeMe-
HU. OCpe/IHEHHOE TEeYCHHE OJIM3KO K CTAI[MOHAPHOMY CIIy4Yard B BHJIE JBYX TOPOHUIATBHBIX
BUxpeil. Jlajgee MPOUCXOIUT 3BOJIONHMS ATUX BUXpPEH B BHUJIE MOIEPEMEHHOTO YCHIICHHUS UX
WHTCHCUBHOCTH, MPH 3TOM HPOHCXOJAT UX UCKAKEHHUSA. DTO BUIHO HA DBOJIOIMHM CCUCHHS
MoJist CKOpocTH (puc. 2).

Puc. 2. HpuMep a60J/1IoYyuu 0CeB0ll KOMNOHEHMbl CKopocmu 6 0Ce60M ceyeHuu om
Hadyaia pazeumus mevyeHusl (3,716Kmp0()bl — 86 mocxocmucetteﬂuﬂ)

4. BpiBoabl

Pe3ysbTaThl HcclieOBaHUS MMOKA3ald, YTO JABYXTOPOHIAIbHAS KOH(PUTYpaIlis TeUCHUS
COXpaHSIETCS B CTAIHOHAPHOM COCTOSIHUHM TOJIBKO MPU MaJIbIX 3HAYEHHSX TOKA, KOTOPBIC HE
MPEJCTABIISAIOT MPAKTUYECKUN MHTepec. HecTannoHapHOCTh TEUYEHHS MPOSIBISETCS B Tepe-
MEIICHUSX BUXPEU U MOTIEPEMEHHOM YCHJICHHH UX MHTCHCHBHOCTH. DKCIIEPUMEHTHI ITOKa3a-
JIM, 9TO B JIaHHOM KOH(QUTYpaIlMH KaHaTa He0OX0IUMO HCIIOIh30BaTh TEILION30JISIMIO, HHAYES
JDKOYJIEBO TEIUIO MPHUBOJUT K PA3BUTHIO MHTCHCHBHOTO KOHBEKTHBHOTO Te4eHHUsI. Pe3ynbTarhl
pacyeToB M IKCIIEPUMEHTOB COIJIACYIOTCS 110 BEJIHUYMHE CKOPOCTH U OJIM3KH M0 KOH(HUTypa-
AU PO rITeH.
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