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these cases correspond to a pronounced breakdown of the vortex core with a bubble-type re-
circulation zone, but the flow patterns differ dramatically. It was observed that the flow for
the lifted flame was similar to that for the isothermal jet, while the lean flame resulted in a
suppression of turbulent {luctuations near the nozzle exit. The plotted examples of instantane-
ous velocity fields demonstrate that the large-scale vortex structures, produced with preces-
sion of the vortex core, were present only for the lifted regime.
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Fig. 3. The (a) photograph, (b} mean velocity field and reconstructed CH* chemilumines-
cence source, (¢) instantaneous velocity and vorticity field jor a sirongly swirling lean
Sflame (S = 1.0, Reqiy = 6 800, @ = 0.7, Up=7.2 ms).
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TORSIONAL OSCILLATIONS OF A HORIZONTAL DISK IN A STRATIFIED
FLUID

R.N. Bardakov
A. Ishiinsky Institnte for Problems in Mechanics of the RAS
e-mail: chakini@ipmnet.rn, bard@ipmnetru

The problem of sudying flows in a viscous stratified fluid generated by a rotating or os-
cillating disc has a rich history and actively studied nowadays [1]. Scientific interest both in-
ternal waves emitted by the disc [2] and boundary layers and toroidal vortex system on the
disc.

The aim of this work is experimental study of fluid flow patierns caused by forced har-
monic torsional vibrations of a horizontal disk. In all experiments, the liquid is swratified lin-
ear, buoyancy period 7y varied from 7.5 to up to 14 seconds. Used discs with a thickness of

1 mmto 10 mm and a radius R of 30 mm to 90 mm.




c) d)
Fig. 1. The evolution of the flow pattern in the 1orsional oscillations of the horizontal disk
(T =85, R=50mm)
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STRUCTURAL STABILITY OF INVARIANT PROPERTIES OF THE EQUATIONS
OF INHOMOGENEOUS FLUID MECHANICS

Y.G. Baydulov, Yu.D. Chashechkin
A, Ishlinsky Institute for Problems in Mechanics of the RAS
e-mail: bavd@ipnmetow, chakinipmnerrn

Conducted group analysis showed that the fundamental system of equations of the me-
chanics of inhomogeneous fluids, including algebraic equation of state and differential equa-
tions of continuity and momentum transfer, temperature and material, is characterized by ten-
parametric Galilei group, which is consistent with the fundamental physical principles under-
lying its deduction.

Simplifying assumptions substantially change the invariant properties of systems of
equations, which indicates a loss of equivalence of the original and derivative systems. Most
noticeably on the structure of the symmetry group affects the use of approximation of incom-
pressibility, as recorded in the light of thermodynamics, and as a condition of solenoidal of
ihe velocity field. At the same time breaking the relation between density and pressure leads
to a group of symmetries of the infinite-dimensional subalgebra of pressure shifts (instead of
the generator of translations).

Group analysis indicates the need to integrate all of the dimensionless complex tasks in
the simulation of natura! processes. and also aflows you to find additional symmetry. do not
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follow from the analysis of problems using the theory o
scribe the flows of an inhomogeneous fluid developed a la
but the connection between the decisions that were built «
In this regard, the actal problem turns out 1o study the st
tance 1o change in the flow model.

As part of the report we investigate the structural
(groups of symmetries and invariant solutions) of th
mogidromehaniki with respect to the use of simplifying as
nesq approximation, the boundary iayer and a homogeneot

In the framework of linear thermodynamics of nor
sumption of constant kinetic coefficients of the fundamen
ics of inhomogeneous fluids, takes the form
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Here v ={u.v,w} — velocity, v and £ — coefficient
k7 and x. - thermal and salt diffusion coefficients, ks a
coefficients, g — gravity acceleration.

Using the theory of continuous groups the invarjant g
tions of mechanics of inhomogeneous fluids, and its comm
general, the fundamental system of (1 — 4) is invariant unc
flecting common to all mechanical systems, principles of
ropy of space and the equivalence of inertial reference syst
stantially change the invariant properties of systems of eq
crease and narrowing of the number allowed by the symny
of the conditions of equivalence of the original and deriva
nesq approximation and the incompressibility of the fluid |
mertial reference system for all systems moving relative ta
aceeleration,

THE ORIGINAL MAXWELL ELECTROMAC
MICROCONTINUUM THEORY. A FRESH LOOF
COMMENTS

V.L. Borsch
Dnepropetrovsk National University. 49010. Gagar
e-mail: bvli@dsu.dp.ua

The goveming equations of ideal magnetohydrodyr
coupling the Maxwell equations for the ¢lectromagnetic fie
fluid, and are a specific case of the governing equations fc
tinua. Darrigol [1, 2] gave a detailed historical survey on the

The fact that Maxwell himself derived at least four ¢
moving deformable continua, and the equations usually a
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where D s the radsal derivative. This equation is singular at the critical radius 7. such as

slightly
1 eylin- 9(r)=0 but admits analytical solutions around rc, re being a regular singular point, ex-
158 con- £2
: . . fr 0,0 .
ressed as Frobenius series. The dimensionless number J =| — | —=*—— the equivalent

m ) ((_): -a)”
of the Richardson number for a stratified critical flow is small for different regimes:

<3 Q_-‘l _ ke
B —, hH=

l-i<<l.J,~, =—
Gl,, Ur m
We use
0., 3 o,
=—=>>1.J.~® —%,
particu- T, 0.,
¢ VOrlex I de<l.
he basic When one of these regimes is applied. Frobenius solutions of (1) are
everthe-
d with a o ) n b TIE n I
e bg=n+ ) apym - op =1+ Ko, (M) Inn+ by on=rer
adius r.
n=2 n=2
The case 1 represents for example a rapidly rotating vortex. So. the radial velocirty is

¢ vortex wniten

L',"M = (“d’u + )sin E.

The study will 1reat the case L when Q. g . =0. When J, <<1, the critical layer width

zimuthal
~ . . . htd - J .
real fre- iy maximum and is of order O(_zl'“). here, we will 1ake J, =JE_rsJ 2 We will vse the
1.0 char- nonlinear critical Jayer theory. The rescaled viscosity 4 is assumed very small, which allows
o for a 2 —expansion of the flow.
an oceur-
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EXPERIMENTAL MODEL OF MARINE OIL SPILLS
educed to
T.0. Chaplina
A. Ishiinsky Institute for Problems in Mechanics of the RAS

Ecological disasier in the Gulf of Mexico showed, that water pollution by oil products is

(1 a serious problem. For these reasons operational methods of conirol of the marine

covironment and managing the consequences of such accidents acquire the particular
importance.
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Eddy currents in the bulk liquid leads 1o the formation of charactenistic structures on the
free surface, providing information on their geometric and dynamic charactcri?;!ica The study
of voriex flows appeals a great practical interest. Giant atmospheric vortices (ryphoons,
hurmicanes), and smaller vortices (tormadoes) have great destructive effect, the damage they
cause is difficult 10 assess. Also vortex coluins were observed in the atmosphere (tormadoes)
and in the water, _

Distant sensing methods can not only observe the flow. but also reliably detect spills of
hydrocarbons, which represent a growing danger to the ecology of the entise .hydrosp}‘wre, and
p;miculari_v for the oceans, due to the iocreasing volumes of marine mining and
transportation. Many types of vortices have their own movement, and decay u‘nd‘c_r lin:_
influence of various factors. Therefore, the conditions of stationarity and rcpruducnblhtrv of
eddy currents, necessary for measurement, it is difficult to implement in vivo and in a
Iab«;razory experiment: stationary vorex flow is implemented in devices that plrovidr: i global
rotation liquids that are placed on a rotating platform [1] or in containers with a uniformly
rotating field [2].

)

Fig. 1. Immiscible liquids at the surface: a, b) — the oil spill in the Gulf of
Mexico [4], ¢, d) — oil stain on the surface of the composiite vortex

(H=20cm, R=7.35cm). ¢} —sunflower oil ¥ =20 ml, Q=120 rpm, d) -

Custor ol V. =3 ml, =750 rpm.

To realize the condition of stationarity of the vortex flow as the object of study is se-
lecied compound vortex is formed with a uniform rotation oi‘thg dise set at !he_bmtom of the
cylindrical container. In these swudies, the free surface of liquid is lelﬁ open, which al!ows‘For
difTerent ways of marking the introduction of the impurity and monitoring the transfer of im-
purity in all volume of liquid. Despite the simplicity of the cxperimentall geometry, the flow is
quite complex and includes both the voney and the wave components in the bu!k'aud on the
free surface. The fluid tn the container is spinning-up around vertical axis by rotating disk. In
general. the liquid rises along the walls of the container, moves along the free surface and

[
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immersed in the vicinity of the axis of rotation, formed b;
permanent transfer of the substance along the surface of the s
Unsaturated liquid fatty acids — common oils: castor, 1
immiscible impurity. The admixture is brought to the free st
then the disk-inductor is driven with a constant angular ve
out after establishment of the flow regime and the end of th
along the axis of the container near the surface of the walls,
ter of cavity and involved into the liquid. where it takes the fi
tion in a wide range of parameters for the shape of the free
pends on the amount of impurities. In the interior of the ligui
tation. The position and shape of this body determined by 1l
buoyancy that consigns a light oil, and the resisiance caused
compound vortex, The surface of the oil stains can be sma
which pass into the spiral arms on the periphery of the oil vol

Oil stain on the surface of the compound vortex i
structure, from which are drawn spiral arms. Dimensions
formation also depends up all parameters of the experiment,
spol to the irregular shape, from which are drawn spiral arn
mfluence of gravity and surface tension of the long, "sleeve”
a compact central spot on the contour of which there are comne

The process of formation of comer points and the forn
most continuously. It is significant that between the central
strips of pure water. Droplets of impurities were separated fi
number increased with time. Remains of arms form a spiral p
ity of the compound vortex. In addition, the compact spot im
flower oil) with a smooth contour and deformed into a polygo
spiral arms [3].

Behavior of the impurity was active in all conducted exg
surface does not correspond 1o the average flow velocity of th
of individual oil droplets and the position of the spiral arms de
flow in a compound vortex. Similar patterns are observed in
were contaminated with light immiscible impurities, such as fi
of optical registration of oil spills in nature and patterns of v¢
tory show that, despite differences in the characteristic scales
ters (velocity and angular velocity) have a number of common

Similarity forms of distribution of oil stains indicate the
mechanisms of formation and redistribution of surface oil ¢
revealed important properties of these structures are forn
filamentous education does not widen with increasing age, as
and form a compact spot.
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immersed in the vicinity of the axis of rotation, formed by leaking for compensating for a
permanent transfer of the substance along the surface of the disk.

Unsaturated liquid fatty acids — conunon oils: castor, refined sunflower were used as an
immiscible impurity. The admixture is brought to the free surface of the stationary water, and
then the disk-inductor is driven with a constant angular velocity, Experiments were carried
out afler establishment of the low regime and the end of the ransition, Vortex flow directed
along the axis of the container near the surface of the walls, the o1l is transferred into the cen-
ter of cavity and involved imto the liquid, where it takes the form of an elongated body of rota-
tion i a wide range of parameters for the shape of the free surface (the air-water or oil) de-
pends on the amount of impurities. In the interior of the liquid oil is collected in a body of ro-
tation. The position and shape of this body determined by the balance between the forces of
buoyancy that consigns a light oil, and the resistance caused by the main circulation flow in a
compound vortex. The surface of the oil stains can be smooth or distorted by spiral waves,
which pass into the spiral arms on the periphery of the oil volume.

Oil stain on the surface of the compound vortex is deformed into an asymmetric
structure, from which are drawn spiral arms. Dimensions of the sleeves, the rate of their
formation also depends up all parameters of the experiment. Differential rowation deforms the
spol 1o the irregular shape, from which are drawn spiral arms. A short time later, under the
influence of gravity and surface tension of the long, "sleeve™ is almost completely drawn into
acompact central spot on the contour of which there are corner points.

The process of formation of corner points and the formation of thin spiral amms are al-
most continuously. It is significant that between the central spot and the sleeves exist thin
strips of pure water. Droplets of impurities were separated front the edges of the sleeves, its
number increased with time. Remains of arms form a spiral pattern on the surface of the cav-
ity of the compound vortex. In addition, the compact spot immiscible liguid (castor and sun-
flower o1l) with a smooth contour and deformed into a polygon with the angles of which went
spiral arms [3].

Behavior of the impurity was active in all conducted experiments. [is distribution on the
surface does not correspond to the average flow velocity of the main liquid. The displacement
of individual oil droplets and the position of the spiral arms do not reflect the pattem of water
flow in a compound vortex. Similar patterns are observed in natural aquatic systems, which
were conitaminated with light immiscible impurities, such as fuel, oil and others. Comparisons
of optical registration of oil spills in nature and patterns of vortex flows of oil in the labora-
tory show that, despite differences in the characteristic scales and the physical flow parame-
ters (velocity and angular velocity) have a number of common parts (Fig. 1).

Similarity forms of distribution of oil s1ains indicate the possible existence of universal
mechanisms of formation and redistribution of surface oil contamination. The experiments
revealed important properties of these structures are formed from immiscible liguids:
filamentous education does not widen with mcreasing age, as commonly assumed, a Nat-out,
and form & compact spot.
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VORTICES AND WAVES: INSEPARABLE COMPONENTS OF PERIODIC FLOWS

Yu.D. Chashechkin
A. Ishliisky nstitute for Problems in Mechanics of the R4S

(nvestigations of vortices and waves occupy central position in theoretical and apphed
fluid mechanics. Conventional theory of waves is based on studies of mfinitesimal distur-
bances in framework of linear models. Models of vortex motions are non-linear: as result
these phenomena are investigated separately.

New methods of sensitive visualization show that these flow components ¢o-exist and
are observed simultancously. Circular vortex ring horizontully moving inside continuously
stratified fluid creates upstream disturbance and downstream (lee) internal waves like a mov-
ing solid body [1]. The length of downstream internal waves j. =T, is defined by the ring

. \ 2 0 2 l
velocity U and buovancy period T, :—T. pi=£CP
N p dz

(gis gravity acceleration and pis
density, Fig. 1, a).

Wave motion inside the continuousty stratified fluid can be supplemented by high gra-
dient interfaces (producing "trauma” of stratification [2]). Sharp isolated interfaces and even
secondary vortices are formed in domain of high gradient envelopes of periodic internal wave
beams convergence. In contrast with ordinary vortex systems these flow components are syn-
chronized with phase of periodic waves and move from fluid interior to oscillating body (Fig.
&5 al:

Intensive wave motion is observed on soaring interfaces past horizontally moving cyl-
inder [3]. Vortices forming in the field of downstream attached internal waves do not contact
with bluff body.

High gradient interfaces that are visible component of vortex motions are observed in
very slow creeping flows of continuously stratified fluids including the flows induced by dif-
fusion on topography. Mathematical models of such flows have been recently constructed.
They are based on high order fundamental governing equations set which was analyzed by
methods of the singular perturbations theory taking into account condition of compatibility.

a) b
Fig. 1. Moving isolated vortices generate gravity waves:
a) — conventional schlieven image of internal waves past vortex ring in stratified fluid
(Ty =065 U=2%cmis d=38cm): b)—short surface waves generated by head vortices of
starting fet,

Vortex pair moving ahead of starting swirling jet generates upstream surface wave sys-
tem like that a bluff body do. Vortex part of the flow is pictured by patches and curve strips of
foam. In wave part of flow the foam lines are placed only on the wave crests (Fig. 1, ).

-2
=

Fig. 2. Secondary vortices forming inside the

a) — biterfaces in region of convergence of high gradient en
wave beams; b) — soaring vortices inside cattached (lee) im
moving evlinder (T, =745, U =101 ecmis, d =5 cn

In case of small values of kinetic coefficients comple:
consist of regular perturbed functions characierizing well-ki
and a rich family of singular perturbed functions describing 1
flow componems with large shear of velocity. Such proper
compounents. Hierarchy of models and number of fine flow ¢
to a high order of Navier-Stokes equations with action of vis
gular components are connected. They become identical in
fluid. Detailed calculations 3D periodic mternal wave beams
are performed [5].

The unity of vortex and wave periodic flow compone
matic of solid state and fluid mechanics too.

Mathematical definition of the motion as continuous tra
ter ¢ (time) of the 3D Euclidian (vector) space o itself pre
of two independent constituent that are uniform displacement
ity @ around instantaneous center of rotation &; = U6t ey

lelian group transformations of coordinates is formed by in
displacements and rotations, Condition of external composit,
scalar (mass of "point” body and velocity) provides equivale
transformation of vector spaces as well as a displacement of a
Decomposition of fluid flows (follow Cauchy and Helr
g:’-&q describing possible deformation of "fluid particles" v
£
pendent components of motion. Flows do not form the group
gquantity(ies) for their definition. These quantities in classical {
they are thermodynamic parameters like density, pressure, en
tration of components. Hierarchy of conventional models pres
discussed.
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Fig. 2. Secondary vortices forming inside the internal wave fields:
a) - imterfaces in vegion of convergence of high gradient envelopes of 3D periodic internal
wave heams: b) — soaring vortices inside attached (lee) internal waves past horizontally
moving eviinder (Ty= 7.4 s, U=1.01 emss, d =5 em; IFr = 0.24; Re = 501).

In case of small values of kinetic coefficients complete solutions of the linearized set
consist of regular perturbed functions characterizing well-known wave component of flows
and a rich family of singular perturbed functions describing family of extended high gradient
flow componenis with large shear of velocity. Such properties are typical for vortex flow
components, Hierarchy of models and number of fine flow components are given in [4]. Due
10 a high order of Navier-Stokes equations with action of viscosity at least nwo different sin-
gular components are connected. They become identical in approximation of homogeneous
fluid. Detailed calculations 3D periodic internal wave beams and their high gradient envelops
are performed [$].

The unity of vortex and wave periodic flow components follows directly from axio-
matic of solid state and fluid mechanics too.

Mathematical definition of the motion as continuous transformation with scalar parame-
ter ¢ (time) of the 3D Euclidian (vector) space into itself prescribes decomposition into sum
of two independent constituent that are uniform displacement and rotation with angular veloc-
ity ® around instantancous center of rotation 8r; = U;dt + &0 ;1,61 Ten- parametric Gali-

lelian group transformations of coordinates is formed by independent sub-groups of linear
displacements and rotations. Condition of external composition saving product of vector by
scalar {mass of "pomnt” body and velocity) provides equivalence definitions of the motion as
iransformation of vector spaces as well as a displacement of a solid body.

Decomposition of fluid flows (follow Cauchy and Helmholtz) includes additional term
%5.\',‘ describing possible deformation of "fluid particles" which connects two before inde-

X

pendent componeuts of mafion. Flows do not form the group and need an additiona! physical
quantity(ies) for their definition. These quantities in classical fluid mechanics are well-known,
they are thermodynamic parameters like density, pressure, entropy (or temperature), concen-
tration of components. Hierarchy of conventional models presented in number of textbooks is
discussed.
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CLASSIFICATION OF GAS DYNAMICS EQUATIONS WITH RESPECT
OF CONSERVATION LAWS

Yu.A. Chiritunoy
Novoysibirsk State Technical University, 630092, Novosibirsk, Russia

e-mail: el @ rambler

Classification according 10 the zero-order conservation laws of i -dimentional (n=1) gas

dynamics equations by means of A-operaiors method proposed by the author (all generealized
symmetries of the system of differential equations are subset of the set of its A-operators) is
realized [1]. It is obtained new state equation of gas for which 1akes plase extention of set of
conservation laws. All zero-order conservation laws to n-dimentional gas dynamics equations
with pressure remaining in particle are found [2]. Classification according to the zero-order
conservation laws of equations of isoentropic gas motion is carried out [3]. Conservation laws
for equations of plane-paralle! stationary irrotational isoentropic gas motion are investigated
with the help of Chaplygyn system; new nonlinear nonlocal conservation laws are obtained.

1. METHOD OF 4-OPERATORS
We consider an arbitrary system (£) of differential cquations for m (m >]) unknown
”“} of n=1 {n21) independent variables _\'=(rn. B x"].l..et [S] —bea

manifold in extended space defined by the equations of system (5) and all its differential con-
sequences.  The systern (S) I8 @ vector

=3 N | v ] vl A =
4 A(y, s ] (A, A A such  that (D A)[s] 0,
. D,): D=0, is the operator of total differention with respect to the vari-

able &' (i=0, L ..n): w (k=1
k

functions u=(u‘. e W

conservation law for
where
D=(D,. D, ..
2, ..) is the set of functions D, D, .. D u

(Uy=0, cx m; m=1, ., k).
Definition 1. Let 4 be a conservation law for system (s). Then, by virtue of system
{s) and all its differential consequences, the evolutionary generealized- symmetry operator

X :'11( »ou,ouou ...)-c’fu ... admined by the equation D- A =0 is called an A-operator
Y2

of this system:
(x(D- A)}[S] =0.

For the set of A-operators of system (S), the lower-bound estimate can be indicated: this
set contains the Lie algebra of all generalized symmetries of system (S). The relationship be-
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nween the A-operators of sysiem and the conservation laws o;
ing two propositions.

Proposition 1. The action of any A-operator of systey
gives a conservation lasv for this system.

Proposition 2. Let A be a conservation law of system |

ceralized-symmetry operator X -*n( Y, WM, ...]-6,1-._.-_
N iR '

‘conservation law of this system is its A-operator.

Definition 2. The A-operator X of system (8) is cailed i
XA is a rivial conservation law for this system.

Definition 3. Two A-aperators of system () are callec
is a trivial 4-operator of this system.

- Application of the A-equivalent A-operators of systen
yields equivalent conservation laws for this system. Henee, -
(S) for each conservation law A is divided into classes of A-ec

The following theorem of the generating conservation
equations holds.

Theorem. If the system of differential equations (S) ha
A for which the total rank of the Jacobi matrix 6A/6u is equ
variables of system (S), each conservation law for this syste
some A-operator of this system 1o the conservation law A,

The method of obtaining conservation laws for syste
'means of theorem will be called the A-operator methad.

2. CONSERVATION LAWS FOR THE EQUATIO?
‘The equations of motion for a gas with the calorific the
the entropy) are written as

Pl (u-V)u)+Vp=0, p,+(u-V)p+p div u=0,
(V) p+pet (p, p) div u=0,

where 7 is time, # = {1, x) is the yelocity vector, p = p(4 x)
pressure, x € B (n21): and ¢ = ¢(p, p) > 0 is the sound vek

Irrotational gas motion is described by Egs. (1) and the ¢

Cpitp=0,0 u=0,
where the  symbol denotes the external multiplication opera
@=¢(r. x).we integrate the second equation:

n=Vg.

In gas dynamics, the physical meaning of the conserva

is determined by the component A" the density of the conse
B=A,—A'u, where A -(A’ A% A”).
By Aaoperators method it is reahzed classification accor

tion laws of equations: (1): (11-(2); (l}—(J) This systems ha
laws only for gas with the equation of state

2 =(Pzw-(_-p})"“
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equations clearly demonstrate that 1t provide very accurate approximations to the numerically
computed dispersion relation of the full system. In my talk I will explain the vnderlying rea-
son for the difference between Poincare waves and Rossby waves in a barotropic ocean.

The complexny of the approximate Schrodinger equation might be handied in future
studies by applying advanced perturbation methods of Quantum Mechanics to the find ex-
plicit expressions for the energy levels of the Schrodinger equation,
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DYNAMIC STRUCTURES [N THE BARENTS SEA

D. Pewrenko
Russtan State Hydrometeorological University, Russian Federation
Nansen International Environmental and Remote Sensing Centre
e-mail: dmitiy petrenkol@nierse sph.ru

Dynamics of Barent's water has been investigaled by using satellite remote sensing data.
Derived satellite products: sea surface temperature (SST) and chiorophyll concentration (Chij,

were used as tracers. Fields of SST and Ch! on the base of MODIS (Agua) L1 daily data with

1k spatial resolution were obtained by SeaDAS software with using SST and OC3 algo-
rithms. Cyclonic gyre was analyzed during the period 27-31 July 2004 in a bin 71-72 N, 27-
29 E in the fields of chlorophyll concentration. High chilorophyll concentration in the center
of this circulation corresponds to water with lower temperature. This may be caused by up-
welling, i.e., rising of cold and rich chlorophyll water. From 09 toll July 2004, in bin 70-
73N, 38 — 52 E, cold and chlorophyll-poor waters were moving 1o the west of Novaya Zem-
lya. On July. 14, variations of wind direction tend to changes of sea surface motion too.

VORTEX RING IN STRATIFIED LIQUID: UP- AND DOWNSTREAM
DISTORTIONS

V.E. Prokhorov
A. Ishlinsky Instinete for Problems in Mechanics of the RAS

e-mail: proliorovibipmael.ru

When vortex ring moves in stratified liquid. initially rest media is disturbed both ahead
and behind the vortex. The disiortion can be distantly visualized by high-sensitive optical
technigue and some of them - registered by echo sounding methods. Experiments cover Rey-
nolds/Froude number range 900-5300/0.4-10 and carried out in swratified tank equipped with
ring vortex generator, Schiieren insmument, camera and high frequency laboratory sonar,

Specific kind of upstream disturbances discussed in this work exists at Fr=U/NR > 1,
where Froude number Fr is defined by main vortex radius R, velocity V' and buoyancy fre-
quency N . These are density field deformations which occupy an extended area ahead and
move jointty with the vortex without appreciable time delay. They are exwemely weak 1o be
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recogni;ed_ in backscattering acoustic field, but easily visualiz
ﬁgure~o_£'-_elghz shape (so they extend to the wakc).immova'b]e
'[heomnca] background given in frame nearly homogeneous Ji
field of the same shape. '
Downstream distortions are presented by density wake. T
of doxx_«nstream and successfully registered by sonar in the fix
scattering level is non-monotonous depending on vortex veloc
Froude number varying from 0.4 to 10. Nature of oscillations is

ac_oustic contrast (density gradient) and 2) altermation of domin
microstructure.
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INTERACTIONS OF FREE AND TRAPPED WAV ES: |
WAVES

G.M Reznik
P.P. Shirshov Institute of Oceanology, Mosce

e-mail: greznik] i@y aho G.Com

Theory of resonant interactions of the coastal waveguic
waves is presented (Reznik, Zeitlin, 2011). The analysis is carrie
tating shallow water (RSW in what follows) model of the acean
sulis are formulated for an arbitrary smooth profile of the shelf
ponential depth profile (Ball, 1967) is used for exhibition calay
interested by the non-linear excitation of the rapped coastal w
wave spectrum of the RSW moadel is rather rich: there is a coun;
wave modes of complicated structure and nonirivial dispersion 1
type of these modes with free Poinearé waves for arbitrary wave
tation, are examined. All possible resonant excitation regimes

ciency is estimated. We also derive spatio-temporal modulatior

Landau type for the amplitudes of excited waves and discuss thei

_ Outline of the work. Linear wave motions of shallow rotz

sin of variable depth are described by the non-dimensional linear;
= frrc, =0,y +fik gy, =0, ¢, +(hi), +hvy =0,

Here _the shore coincides with the y-axis and the depth var

mally 1o the shore; « and v are the components of horizontal vet

turbed depth, 1 — I, ¥ > w; ¢ is the free-surface elevation,

‘Wave solutions are sought in the form

W =(u,v.0) = ({U.F.Z)(x)e’ s cc., O=ly—on,
Far from the shore, by definition, the trapped wave decays:
UV, Z~e™™, x—e; p= \UZ +12-g?
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ecognized in backscaitering acoustic field, but easily visualized by Schlieren instrument as
igure-of-eight shape (so they extend to the wake) immovable in the vortex reference system.
Theoretical background given in frame nearly homogeneous liquid ( Fr = 1) predicts velocity
ield of the same shape.

Downstream distortions are presented by density wake. They are much stronger of those
f downstream and successfully registered by sonar in the fixed section of the wake. Back-
cattering level is non-monotonous depending on vortex velocity and sharply oscillates with
roude number varying from 0.4 to 10. Nature of oscillations is explained by 1) alternation of
coustic contrast (density gradient) and 2) alternation of dominant internal scale ot scattering
picrosuucture.

REFERENCES
Prokhorov V.E. Associated Disturbances around a Vortex Ring in a Swatified Fluid //
Fluid Dynamics. 2010. V. 45. No. 4. pp. 566-573.
. Prokhorov V.E. Spatial Coherence of the Density Wake behind a Vortex Ring in a Strati-
fied Fluid /7 Doklady Physics. 2008. V. 53, No. 9. pp. 493 — 496.
. Prokhoroy V.E. Microstructure Sources of Sound Backscattering in a Stratified Flow //
Doklady Physics, V. 50, No. 4, 2005. pp. 215-219.

INTERACTIONS OF FREE AND TRAPPED WAVES: POINCARE AND EDGE
WAVES

G .M. Reznik
P.P. Shirshov Institute of Oceanology, Moscow, Russia
e-mail: greznik !l idvahoo.com

Theory of resonant interactions of the coastal waveguide modes with free Poincaré
vaves is presented (Reznik, Zeitlin, 2011). The analysis is carried out 1n the {ramework of ro-
ating shallow water (RSW in what follows) model of the ocean a with straight coast line, Re-
ults are formulated for an arbifrary smooth profile of the shelf and the Ball’s model with ex-
onential depth profile (Ball, 1967) is used for exhibition calculations. We are in particular
nterested by the non-linear excitation of the trapped coastal waves by the free waves, The
vave spectrum of the RSW model is rather rich: there is a countable number of trapped edge
vave modes of complicated structure and nontrivial dispersion relations. Interactions of each
ype of these modes with free Poincaré waves for arbitrary wavelengths, with and without ro-
ation, are examined. All possible resonant excitation regimes are explored and their effi-
lency is estimated. We also derive spatio-temporal modulation equations of the Ginzburg-
_andau type for the amplitudes of excited waves and discuss their properties.

Outline of the work. Linear wave motions of shallow rotating fluid in a hatf-plane ba-
in of variable depth are described by the non-dimensional linearized cquations

U= g =0, v+ fus gy =0, g+ (), +hvy, =0, (la,b.c)

Here the shore coincides with the y-axis and the depth varies along the x-axis, i.e. nor-
nally to the shore; 1 and v are the components of horizontal velocity, 1 =A(x) is the unper-
urbed depth, A — 1, x> > ¢ is the free-surlace elevation, [ is the Corolis parameter.
Wave solutions are sought in the form

W= (uvg)=(ilU, P'.Z)t.r)em +ee, P=lv-or. 2)

Far from the shore, by definition, the rapped wave decays:

UF.Z~e ™, xoa p=\}/2 g’ (3)
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strong layer coupling. Then, the possible vortex trajectories were classified using trilinear co-
ordimates. For weak layer coupling, trajectories are open and correspond 1o horizontal dipoles.
For moderate layer coupling. trajectories are still open but a tansition between horizomal di-

poles and hetons is possible. For even stronger layer coupling, a regime of closed, periodic,

trajectories appears. In physical space, closed trajectories correspond to central vortices closer
to the center of the plane as increases (if they were initially located at this center). Therefore,
a pointwise baroclinic tripole, which is -shaped, is possible a1 large enongh . Furthermore,
we have shown the existence of a new, stationary. pointwise vortex compound: a four-vortex
structure in “solid-body” rotation. Point vortex trajeciories in the rotating frame of reference
also evidence four-vortex states with periodic motion of the central vortices. As indicated by

the trilinear coordinate regime diagram, the transition between 1ripole. horizontal dipole and

hetonic regimes also depends on the initial tilt of the central vortices.

For finite-area vortices, first/v, as layer coupling is increased, numerical simulations
evidence a transition between open trajectories of horizontal dipoles, or mixed heton-hori-
zontal dipoles (called L -shaped dipoles). to closed trajectories of baroclinic (Z-shaped) tri-
poles, when the nwo central eyclones were mnitially aligned. This shows the similarity between
point voitex dynamics and finite-area vortex dynamics, as long as vortex splitting or a merger
is not involved. The formation of an [L-shaped heton is specifically a finite-area evolution,
since it results from the breaking of the central cyclones under the shear exerted by the pe-
ripheral anticyclones.

Secondly, increasing the separation between the central cyclones diminishes their inter-
action and favors the formation of horizontal dipoles. The formation of a Z-shaped tripole is
therefore favored by small initial distances berween the central cyclones and by strong layer
coupling. Since they form from initial conditions different from their final state, Z-shaped tri-
poles appear as attractors for a variety of imtial conditions (see Figure where solid (dashed)
lines correspond to upper- (lower-) layer vortex contours for the indicated moments of times),

Thirdly. oscillating states, intermediate between horizontal dipoles and the Z-shaped tri-
pole. also oceur.

FINE FLOW STRUCTURE FEATURES IN COMPOUND VORTEX
WITH CONTAMINANTS

LV, Stepanova
A. Ishlinsky Institute for Problems in Mechanics of the RAS
e-mail: steplaipmnet

The natural vortex flows include vortices along with waves. Vortex flows are rarely
modeled in experiments because of its several discriminate features. Vortex flows of fluids
are characterized with cylindrical geometry that can be reconstructed in experimental setup in
the luboratory. The conditions of stationarity and reproducibility of the flow that are required
10 the accuracy of the physical experiments are complicated to carry out. The flow produced
in the available experimental setup meets the mentioned conditions: the flow is nearly station-
ary, the flow characteristics could be reproduced in details, and the geometry is cylindrical
with the activator at the bottom of the container that produces vortex motion.

The unique experimental setup consists of rectangular Perspex transparent tank with cy-
lindrical container inside. The free surface of the flow could be observed from the side and
top views [1]. The fluid body is also available for observations, The flow is generated by the
disk that rotates at the bottom of the cylindrical container. The scheme of the flow is drawn in
fig. 1. Compound vortex consists of vortex with the vertical axis, witch is the axis the axis of
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coniner 1o and the toroidal vortex with closed axis that er
tion in the fluid body. Superimposing_of these two motions fo
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Fig. 1. Scheme of the inguired f

At the first glance the flow is too simple to be of inters
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ing towards and away from the center of free surface. And the ¢
fluid depth. At first the dye penetrates into the fluid body with tk
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container too and the toroidal vortex with closed axis that encircles the vertical axis of rota-
tion in the fluid body. Superimposing of these two motions forms the considered flow.

!
I
)
1
|
|
|
I
|
|
I
|
|
(
{
i

N e —

Fig. 1. Scheme of the inguired flow.

At the first glance the flow is too simple to be of interest but in fact there are several
features that make the flow verv engaging. The vortex motion distorts the fluid surface; it be-
comes caverned in the central part. All the observations assume the flow is stationary, i.e. the
geomelry of particular flow and the regime of the activator rotation is stable and all the visible
changes of flow pattern could be considered as small fluctuation near the equilibrium. The
mean free surface form corresponds the pressure distribution in fluid depth [2]. The surface
cavern — the trough — could be smooth or distorted with waves of two different types: big in-
ertial or small spiral waves. The appearance of the waves depend on the geometry and the
flow parameters that are relative depth of fluid £ = F/ / Ry, relative radius of activator
Ex =R/ Ry and it’s type, frequency of activator rotation ), and also fluid characteristics as
density p, kinematic viscosity v, surface tension .

The most engaging features of the compound vartex reveal when the contaminants are
put on the surface of the flow. The contamam distribution patterns are abundant of details
that could not be seen in homogenous fluid.

Dye patterns. The drop of soluble dye put onto the rolating free surface of compound
vortex has two modes of propagation. On the free surface the dye forms spiral arms elongar-
ing towards and away from the center of free surface. And the other mode is observed in the
fluid depth. At first the dye penemrates into the fluid body with the helical filaments [3, 4] that
are located on the coaxial ¢ylindrical surfaces (see fig. 2, a). Next the adjacent rns of helical
filaments are difficult to discern and the observed patiern looks like the dyved cylindrical sur-
face stretching down to the bottom of the container. Finally, when the observation time is
long, the dyed areas are the central dyed column encircled with cylindrical dyed envelope
(fig. 2, b).
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e = g

e __—eE a N =% e
burion pattern (Zy; =2, &p = 1/3). a~ initial stage (Q =200 RPM), b — after
the 170 revolutions of activator (€ = 2000 RPM).

Fig. 2. Dye disti

Oil patterns, The patch of immiscible admixture (o1l) of finite volume F, that was put
on the free surface of fluid at rest tends o form the thin round spot (like a lens or pancake on
the free surface). When the fluid in the container begins to rotate the spot moves o the center
of rotating free surface and the spiral arms start 10 grow from its edges (see fig. 3, a). The spi-
ral arms elongate and some — detach from the central spot, form small sPot§ Iha_t sFread all
over the free surface [5]. At the same time the air-tluid surface of flow with I]n@sFlble ?.OD-
taminant 18 less distorted than in the flow without admixture under the same conditions (&7 .

Eg. ). two surfaces air-fluid and water-oil are smooth and the water trough seems to be re-
placed with oil body (fig

1

e

. i i a
Fig. 3. Oil in the compound vortex (5g = 1/2,): a — surface view (&g = 8/3. Q=210 RPM),
b —side view (Ly =43, Q=320 RPM).

All the mentioned features of flow are 1o ponder on the mass iransport in the vortex sys-
tems and to notice the active character of admixture rransport whether it is soluble or imniis-
cible. The general conclusions are; g J

Compact ink or oif spot on the free surface of the compound vortex 1ransforq1s_ into spi-
ral arms system; sizes and periodicity of spiral arms d_epend on all the flow parameters; _

The dye spiral arms clongate in opposite directions from the compact dye spot that was
injected not 1n the center of rotating free surface of compound vortex;

lu the fluid depth there are certain areas where the dye accumulates;
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The light immiscible admixture pattern develops into spir
and decreases the intensity of its vertical displacement;
Contaminants are active, its distribution does not corTesp
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Introduction. The flame propagation in combustible pase
dia is of interest from the practical point of view in connection
sion safety providing for various industrial devices.

The basic regularities of gas detonation in porous media a;
on granular models [1]. The existence of following detonatic
shock compression. shock reflections on particles and hot je
mathematical theory confirming these considerations, still does -
of detonation [2] with losses is applicable only for flow in the
into account non-stationary effects, and cannot explain the exist
low density gases.

Rapid combustion mode of diluted hydrogen-oxygen mix
steel shot is discovered and experimentally investigated in [3). T
gates with a constant subsonic velocity of 20-300 m/'s, forming a
smooth leading front. The mode of fast combustion is investigat
lence is not taken into account when designing porous fire barrie

The purpose of the paper is to construct a mathematical m
combustion and 1o perform numerical simulation to study the stn

Mathematical model. Let us consider a porous medium,
identical hard spheres of radius a;. We assume that the solid s
compressible and immovable, but it can conduct a heat. Also, tk
of the solid phase are constant. The gas flow will be considered
sumed that the mutual transformations of the phases do not oceu
mathematica) model based on the general conservation equatic
chanics [4] can be written as follows:
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The light immiscible admixture pattern develops into spiral structure on the free surface
and decreases the intensity of its vertical displacement;
Contaminants are active, its distribution does not correspond to the general flow pattern.
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MODELLING OF CONVECTIVE GAS COMBUSTION IN INERT POROUS MEDIA
BY MEANS OF TURBULENT HEAT CONDUCTION

S.F Urmancheev, D.M. Balapanov
Foundation of Russian acadeniy of sciences Instinie of mechanics of Ufa branch of RAS. Uja
e-mail: danivarins@gmeail.com

Introduction. The flame propagation in combustible gases, saturating inert porous me-
dia is of interest from the practical point of view in connection of necessity of fire and explo-
sion safety providing for various industrial devices.

The basic regularities of gas detonation in porous media are studied well experimentally
on granular models [1]. The existence of following detonation mechanisms is suggested:
shock compression, shock reflections on particles and hot jet mechanism. However, the
mathematical theory confirming these considerations, still does not exist. The classical theory
of detonation [2] with losses is applicable only for fTow in the direct channel, does not take
into account non-stationary effects, and cannot explain the existence of detonation regimes of
low density gases.

Rapid combustion mode of diluted hydrogen-oxygen mixtures in the tubes filled with
steel shot is discovered and experimentally investigated in [3]. The flame in this mode propa-
gates with a constant subsonic velocity of 20-300 m/s, formmg a solitary pressure pulse with a
smooth leading front. The mode of fast combustion is investigated insufficiently and its exis-
tence is not taken into account when designing porous fire barriers.

The purpose of the paper is to construct a mathematical model of convective regimes of
combustion and to perform numerical simulation to study the structure of the wave front.

Mathematical model. Let us consider a porous medium, formed by dense packing of
identical hard spheres of radius a;. We assume that the solid skeleton of the medium is in-
compressible and immovable, but it can conduct a heat. Also, the thermophysical parameters
of the solid phase are constant. The gas flow will be considered as one-dimensional. It is as-
sumed that the mutual transformations of the phases do not oceur. Given these assumptions, a
mathematical model based on the general conservation equations of multiphase media me-
chanics [4] can be written as follows:
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MEXAHUMKA

CTPYKTYPA TEUEHUS, UHAYIITUPOBAHHOTI'O TU®DY3IUEN
HA HAKJIOHHOMU IIJIACTUHE

© 2012 r. IO. . Yameukun, f. B. 3arymeHHbIii

[Ipencrapnero akagemukom .M. Kimumosbim 30.11.2011 .

[Moctyrmno 02.12.2011 .

[IpepriBanne 1 Py3moOHHOTO IIEpeHoca CTpa-
TUDULMPYIOIIE KOMITOHEHTHI IJIOTHOCTU HEOTHO-
POIHOI XUAKOCTU (TeMIlepaTypbl WU KOHIIEHTpa-
L1 PACTBOPEHHOTO BEIlIECTBA) Ha HEIIPOHUIIAEMOI
TpaHMIIe WK IIPENSITCTBUN, IOTPYKEHHOM B TOJIIILY
KUJIKOCTHU, HapyllIaeT YCJIOBUE TOPU3OHTAIbHOM O -
HOPOJIHOCTHU paclpeiesieHUs naBjeHus U hopMu-
PYET B MOJIe TPAaBUTALIMOHHBIX MJIM KOPHOJHMCOBBIX
CuJ crienuguyeckre MeaJeHHble TeYeHUs daxXe B
OTCYTCTBME BHEIITHUX AECTA0OMIN3UPYIOIINX (haKTo-
pos [1, 2]. Takue TedyeHus1, Ha3BaHHbIE UHIYLIMPO-
BaHHBIMM IudGy3ueil Ha Tornorpaduu, aKTUBHO
M3y4aloTcs KaK OJWH U3 MEXaHU3MOB (hOpMUPOBA-
HWSI NTHTEHCUBHBIX TOJMHHBIX WA TOPHBIX BETPOB B
aTMocdepe [3] 1 CKIIOHOBBIX ITIOTOKOB B OKeaHe [4].
B nuamnazoHe MajibIX MacliTabOB OHU MPOSIBIISTIOTCS
B CaMOIBI:KEHUN OMOJIOTUYECKUX OOBEKTOB WU
MOIUIABKOB HEWUTPAJIbHOM ILIABYYECTU B TOJIIE
cTpaTu@UIIMPOBAHHON XUIKOCTU [5], hopMuUpyloT
TOHKYIO CTPYKTYPY CPEIbl, BIMSIOT Ha IIEPEHOC BeE-
IIECTBA B YMCTOM XKMIKOCTU, a4 TAKXKE IOPUCTOU
cpelne U B MUKpoKaHasax [6].

TeopeTnyeckoe U3ydeHNE YCTAHOBUBIIINXCS TEUE-
HUWM, THIYIMPOBaHHBIX TN Py3Meii, Ha TepBOM 3Ta-
e ObLJIO OrpaHUYEHO PacyeTOM BO3MYILIEHUN coJie-
HOCTU U CKOPOCTH B MPUMBIKAIOIIIEM K MPETSITCTBUIO
TOHKOM CJI0€ JIJISI aTMOC(EPHBIX TEMITepaTypPHBIX UH-
Bepcuii [1] 1 B cTpaTuUIIMpoOBaHHOM pPacTBOpPE CO-
mu [7, 8]. Ilo3nHee ObUIM IIOCTPOESHBI ACUMITOTUYEC-
ckoe [9] u Tounoe [10] pelieHus 3ana4M yCTAaHOBJIE-
HUSI TeyeHMiI Ha OeCKOHEYHOM CKJIOHE, Koraa
HeJIMHEHEIC YWICHBI B YypaBHEHMSIX IBVKCHUS BhITIa-
JIalOT B CIUIy TeoMeTpun. HemaBHO BBIIIOJIHEHBI aHA-
JIMTUYECKUE OLECHKM TMapaMeTpOB YCTAHOBMBIIIMXCS
TeYeHUI B HAKJIOHHOM KOHTeiHepe [11].

I[Ipu yucieHHOM HCClIeAOBAaHUM 3aJadyd ycTa-
HOBJICHUS T€YEHUs Ha JBYMEPHOM U TpEeXMEPHOM
MPEMSITCTBUA OCHOBHOE BHUMAaHHUE YIEISI0CH
OITMCAaHWIO KapTUHBI TeueHud [12], mapameTpuye-

Hncmumym npobrem mexanuxku um. A. 10. Huinunckoeo
Poccuiickoii Akademuu nayx, Mockea

Hucmumym eudpomexaruku

Hauyuounanwnoii axkademuu nayx Yxpaunot, Kues
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CKOe€ HccliefoBaHue MPOBEIEHO TOJIbKO YaCTUYHO.
B manHoOI1 paboTe BIiepBBIC AeTAITLHO UCCIEI0BaHbI
NUHAMUKa YCTAHOBJIECHUS Y TOHKAs CTPYKTYypa IBY-
MEPHOTO TeUeHUsI, UHAyLIMpOBaHHOTO nuddy3ueit
Ha HENpOHMIIaeMOM HAaKJIOHHOM IUTACTHMHE, KakK B
HEMOCPEACTBEHHOW OKPECTHOCTH IIPEISTCTBUS,
rae CyIlleCTBEeHHBI HeJUHelHble 3¢ @dEeKThI, TaK U
Ha GOJIBIINX YIATICHUSIX.

Cucrema ypaBHEHMIA MEXaHMKM HECKMMaeMOM
JIMHEWHO CTPaTU(PUIIMPOBAHHON KMUIKOCTU, HEBO3-
MYILIEHHOE pacmpeieJieHUe TUIOTHOCTHA KOTOPOi Py(z)
3anaercs npoduiem conaeHoctu Sy(z) (rae oco 0z Ha-

(dln po)’l
TpaBJicHa BEPTUKAJIBHO BBepX, A = d— — Mac-
Z
_2n _ g
mrab, N = T = WA~ yactoTta u T;, — riepyon riaBy-
b

YecTH, g — YCKOpeHUe CBOOOIHOTO MaleHus ), BKITIoYa-
€T ypaBHEHMsI coCTOsSIHUSL P(S(z)), HEpa3pbIBHOCTH,
Hasbe—Crokca B npubmkeHnn byccruHecka u nud-
(y3uu crpatndnmpyoleil KOMHoHeHTHI [9, 10]

p = poo(exp(—%\) +s), divv

0,

N oWy = —LvpivAav_sg, (1)
ot Poo

@+v- Vs = KgAs + %,

ot A

31ech § — BO3MYILIEHUE COJICHOCTH, BKJIIOUYalolllee
KO3(MGUIMEHT CONEBOTO CKATUSA, V = (Vy, V, V) —
WHIYIIMPOBAaHHAS CKOPOCTh, P — MaBJIcHHE 32 BhIUE-
TOM TUJIPOCTATUYECKOTO, V U Kg — KOIDDUIIMEHTHI
KMHEMaTU4YeCKOM BI3KOCTU U TUMDDY3UU COTU COOT-
BETCTBEHHO,  — BpeMs1, V 1 A — oniepaTopsl [amMmuibsro-
Ha u Jlarmnaca. PaccMoTpenue ripoBoauTcst B J1abopa-
TOpHOU cuctemMe KoopauHat x0z, CBSI3aHHOM C CUJION
TSDKECTH (HEBO3MYIIIEHHAS XKUIKOCTb TTIOKOUTCST) M JIO-
KasibHOI cuctemoii £0C, MOMelleHHO! B LIEHTp Tuia-
CTUHBI, KOTOPbIE CBSI3aHbI MEXKIY COOOI COOTHOIIIC-
HUSMH

g

xcosQ + zsing, { = zcosp —xsing.
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Puc. 4. Paccunrannsie (a, B) U HabJIofaeMble TeHeBbIE (0, I') KAPTUHBI TEYSHU M, UHAYLIMPOBAaHHBIX MU dy3ueii Ha HeImoIBUX -
Hoit iactuHe (L =5 cm, N = 0.84 c’l, Tp=7.5c); a, 6: ¢ = 0°, MeTon “BepTUKaibHas 1eJb — HOX PyKko”; B, I: ¢ = 40°,
“IBETHOM TeHEBOI METONI” C TOPU3OHTAILHO IIEJIbIO 1 PEIIeTKOH (IIBETHBIE TEHEBBIE M300paXkeHUSI IIpeoOpa30BaHbI B ITOJIY-

TOHOBEBIC).

CIIpaBa CHU3Y, a K BepxHel — cjieBa. IX BOSHUKHOBE-
HUE O0YCIIOBJIEHO MHEPIMEN CTPYyeK XUIKOCTHU, OT-
TEKalollIEi OT IJIaCTUHBI, U MMPUTEKAIOLIEN K OKpY-
arollen XXKUAKOCTU B 001acTsIX OPMUPOBAHUS BOC-
xXopsieir U HUcxomsawein crpyir (puc. 36). OTphIB
CTPYHHBIX TEUEHUU OT KPOMOK CIIOCOOCTBYET BO3-
HUKHOBEHUIO XapaKTePHbBIX TOPU30HTAIbHBIX MOJIOC
M TIOSIBJICHUIO MOMEHTA CHJI, CTPEMSIIINXCSI pa3Bep-
HYTb HAaKJIOHHYIO TIJIACTUHY B YCTOMYMBOE TOPU30H-
TaJIbHOE MOJIOXEHUE.

KaptuHa noJjisi fMHaMU4eCKO KOMITOHEHTHI 3a-
BUXpeHHOCTH L (puc. 3B) MOATBEPXKAAET CIOKHOCTD
BUXPEBOM CTPYKTYpPhl TEUCHUS HAa HAKJIOHHON ILjia-
CTUHE, IPOSIBISIIOLIEUCS B IYEUCTOM KAPTUHE JIMHUI
ToKa. Pe3kue rpaHuIIbl MeXIy 00JacTIMU IIUKJIOHU-
YECKOM M aHTULIMKJIOHMYECKOM 3aBUXPEHHOCTH HaJl
KPOMKaMU TIJIACTUHBI OJU3KU K TIPSIMBIM JIMHUSIM,
PachoOOXXEHHBIM BEPTUKAITBHO.

CkopocTh 0apOKJIIMHHOW TeHepaluu 3aBUXPEHHO-

ctu  pacnpeaeneHa aHTUCUMMETPUIHO OTHOCUTETb-
HO LIEHTpA TUIACTUHBI U OTJIMYHA OT HYJISI B IIIMPOKOM

30He. OTIMYNTEILHON 0COOEHHOCTHIO IO €2 SIBIISI-
€TCSl YETKOCTb 1 BEPTUKAJIBHOE II0JIOXKEHME TPaHMII,
pasfensgolInX 00JaCTU Pa3IMYHBIX 3HAKOB JAHHOTO
napamMerpa.

PaccuuTaHsl 1oJist BO3MYILEHU rpageHTa oT-
HOCTU Vp ISl TeYEHU N, UHIYUUPOBaHHBIX TUbDY-
31EeN HA TOPU3OHTAJIbHOM MU HAKJTOHHOM IMJIACTU -
He. B HUX MposIBASIOTCS M KpyIHOMAacCIITaOHbIE
KOMIIOHEHTBI, pa3MepP KOTOPbIX 3a4a€TC IJIUHON

IUIACTMHBI, U TOHKUE MPOCIOHKM ¢ MaciuTabaMu &y

= J% " 8';,5 = J% . Ha Gosb1imx BpeMeHax paccuu-

JOKJIAAbI AKAAJEMHWHW HAYK

TaHHBIE IT0JIsI BO3MYILICHUI COTJIACYIOTCSI C KapTUHA-
MU BU3yaIM3alM pacpeacacHUs rpaaueHTa Koad-
(duULIMeHTa TPEJIOMJICHUSI OKOJIO TIJIACTUHBI B JIabo-
paTopHOM OacceliHe (IUIOTHOCTh U KO3(pPUIIUEHT
MIpeIOMIIEHHSI BOAHBIX PACTBOPOB IMMOBAPEHHOM COMU
CBSI3aHbI IMHEMHBIM COOTHOIIIEHUEM [15]).

B paccunTaHHBIX M TEHEBbIX KapTUHaX (pUc. 4) BbI-
NEJISIIOTCSl TTPOTSKEHHbIE TOPUM3OHTAJIbHBIE TOJI0CYa-
Thl€ CTPYKTYpPbI, TIPUMBIKAIOIIINE HEMOCPEACTBEHHO K
KpOMKaM TIJIacTUHBI. JIJTMHA TTOIOCOK pacTeT C TMOBbI-
IIIeHWeM YYBCTBUTEJbHOCTU METO/a PpPEerucTpaiyu:
CTPYKTypa TE€YEHMSI OKOJIO KPOMOK HAaKJIOHHOH ILia-
CTHHBI BhIpaxkeHa 0oJiee OTUYETVIMBO TPU MCIOJIb30Ba-
HUU 1LIBETHOTO TEHEBOI'O METOoJa C TOPU30HTATIbHBIM
TOJIOXKEHUEM OCBETUTEIbHOM 111 U BU3YATU3UPYIO-
et pemerku (puc. 46, r). TeyeHusi, UHAULIMPOBAH-
Hble nuddy3ueii, CylecTBYIOT B CTpaTU(hULIMPOBaH-
HOW cpejie MpU NMPOU3BOJbHOU OpUEHTALIMU TTPENsT-
CTBUSI U OTCYTCTBYIOT B OJJHOPOJTHOM XXUIKOCTH.

Pa6oTa BbinoiHeHa MpU (PMHAHCOBO TOIIePXK-
ke PODPU (mmpoekr 11—07—90904-mM06 cHT cCT).
DKcrepuMeHThl NpoBeaeHbl Ha cTteHae JIBK “T'dK
NITMex PAH” nipu duHaHCOBOI moaaepxkke Mu-
HoOpHayku P® ('K Ne 16.518.11.7059).
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Marematndeckasi TEOpUS TPYIII, IIPEIIOKEHHAS
TSI aHAJIM3a aJireOpandecKuX 1 OOBIKHOBEHHBIX TU(-
depeHIMaNbHbIX YpPaBHEHUM, TOIy4YMIa MHTECHCUB-
Hoe pa3BuTHe B XX B. IIPUMEHUTEIIHHO K 3a1a9aM Me-
XaHUKHN KUIKOCTel, KOTOPHIE OIMMCHIBAIOTCS CJIOXK-
HBIMM cUCTEMaMU HeJTMHEHHBIX TUddepeHITaTbHBIX
ypaBHeHU. Teopust rpyTin UCTOJIb3YeTCs IJIs1 orcKa
aBTOMOJIEJIbHBIX PEIICHUIA, MMOCTPOSHMS HOBBIX pe-
IIeHU Ha 0a3e yXXe IOJIydeHHBIX, KJIacCu(uKaluu
pellIeHniT — COOTHECEeHUsI ¢ anreopoii JIu reHepaTo-
POB IpyIn CUMMETPUU 1 pa30MBKOI Ha HEIPUBOIM-
MbI€ KJIaCChI, a TakKe KjiacCUudUKaiuyu Moaeseit mo
MpPOU3BOJLHOMY 3yieMeHTY [1]. B mpukimagHbIX uc-
CJIEIOBAHUSIX TEOPHS TPYIII IIMPOKO IIPUMEHSIETCS
IUIST TIOCTPOEHUSI aCUMIITOTUYECKUX pelieHuit [2] n
000CHOBaHUSI BBIOOpA MOAEHN U3y4aeMOoTo Mmpolecca
C Y4ETOM XapakKTepa CUMMETPHii, KOTOPEIE B JIarpaH-
KEBOM MEeXaHMKE CBSI3aHbI C 3aKOHAMM COXPaHEHMSI.
[ToBellIeHWE 4YHCIAa CUMMETPUI paCIIMPSET BO3-
MOXHOCTH aHaJu3a CUCTeMbI, CPABHEHUSI MOJCIU C
9KCIEPUMEHTOM U HAOIIOAEHUSIMU.

B nipakTrueckux nensix ¢pyHaaMmeHTaaIbHask CUCTE-
Ma YpaBHEHUI MeXaHMKU XXMIKOCTH, OCHOBaHHas Ha
0a30BbIX (PU3NIYECKUX MMPUHIIMNAX (3aKOHAX COXpaHe-
Hus) [3], yacTo 3aMeHsIeTcsl MPUOIMKEHHBIMU MOJIE-
JISIMU, TIOAYEPKUBAIOIIMMU OCOOEHHOCTU paccMaTpu-
BaeMoOro KJjiacca 3ajay (aHU30TPOIMHUIO TTOrPaHUYHbBIX
cjioeB [4], MTHTEHCUBHbBINA MEPEHOC B TypOYJIEHTHBIX
TedeHUsIX [5], MCKIOYeHHE aKyCTMYECKUX BOJIH).
BHuMaHue ynensercss W3y4yeHMI0O MHBapUaHTHBIX
CBOHCTB [6, 7] ¥ MOMCKY OOIIMX pelIeHNi ypaBHe-
HU, ONTUCHIBAIOIIUX TEYEHHUS B OKpYXKarllieit cpene
[8]. Ha nx cTpyKTypy U IMHAMMKY BIUSIIOT HEOTHO-
POIHOCTh MHOTOKOMITOHEHTHOM Cpelbl U TJI00aab-
HOE BpalllcHUE.

ITpuGamkeHns1, MOJIOXKEHHBICE B OCHOBY BBIBOIA
MOMEIBHBIX CUCTEM YpaBHEHUIA, MOTYT MEHSITb THUIT
ypaBHEHUII M WX WHBapHaHTHEIE CBOWCTBAa, B TOM
4uClie OTBeYalolIre 0a30BbIM (PU3NUECKUM IPUHIIM-
nmaM. B 3Toil cBSI3W aKTyaJibHOI CTAaHOBMTCS 3amaya
CPaBHUTEJILHOTO aHa/lIM3a OOIIMX CBOMCTB pa3iny-
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HBIX cucTeM. B maHHOI paboTe BIiepBble MPOBEACH
CpPaBHUTEIILHBIM aHaJlW3 WHBAapMAHTHBIX CBOMCTB
MoJeJieil MeXaHUMKM HEOJHOPOAHbIX KUAKOCTEMH,
YYUTHIBAIOIINX 3(PPeKThl CTpaTU(UKALIIN U JUCCU-
nanuy, METogaMU TEOPUU HEeTIPePhIBHBIX I'PYIIIL.

Jas cpeabl ¢ TEpMOAMHAMMUYECKUM COCTOSTHUEM
BAAJIK OT TOYEK (Pa30BBIX MEPEXOJOB CHUCTEMa ypaB-
HEHUU MEXAaHUKU OBYXKOMIIOHEHTHOM XMIKOCTU
OCHOBBIBAaeTCS Ha OaJJaHCHBIX COOTHOIIEHUSIX, CJe-
IVIOIINX W3 OCHOBHBIX 3aKOHOB COXpaHeHus |[3,
9, 10]:

p 1 —
op +d =0,
p lV(pV)
é-p Vi EIIou'
- p [
at 8xa fl

(M+div(pev+J(e)) =0,
o 0
%5 ¢ div(psv+9©) = P,

Py |, = = =
W'i'dlv(p(n)V(n)) - 0, p - p(Ta P! C) - Zp(n)’

-1
vV=p Zp(n)v(n)’

TIe P, P(;) — CYMMapHas INIOTHOCTb CPEJIbl U €€ KOM-
MOHEHTOB, V = (v, v,, v3) = (U, vV, W) U V,, — CKO-
POCTH ABMIKEHUSI LIEHTPA MACC KUIKOM YACTULIBI U €€
KOMITOHEHTOB, I1; = pv;v; + + Pd; — G; — TeH30p No-
TOKa UMIIYJIbCA, G; — TEH30D BA3KUX HAIPsKEHMIA,
P — naBneHwue, f; — IUIOTHOCTb BHEIIHMX CUJ, € U
J© — MIOTHOCTL M NMOTOK 3HEPIUU, S — SHTPONUS
enHALBI Maccel, J© n P® — MOTOK M ITPOU3BOICTBO
suTpormu, T — TemIleparypa, ¢ — KOHIEHTpAIUs
HpUMECH.

BEIGOp BMIa TTepeMeHHBIX B ypaBHEHUM COCTOSI-
Hust p = p(7, P, ¢) cnenaH ¢ y4eToM pacrpoCcTpaHeH-
HOCTH METOIOB M3MEPEHMI ITapaMeTpPOB OKpYXKalo-
e cpeanl (B OKeaHe — AaBJIeHUsI, TeMIepaTyphl U
coneHoctu [11], BatMocdepe — naBiaeHuUs, TeMrepa-
TypbI ¥ BIaxXHOCTH [12]). [TomHas aHeprust e a1eMeH-
TapHOrOo 00beMa XUIKOCTU BKIIIOYAET BHYTPEHHIOIO
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KaJIbHOM CUCTEMBI OTCUETA U YUYUTHIBACTCA ITPU OLICH-
K€ CUJIOBOTO B3aUMOJEHCTBUS TEUEHUS C UICTOYHUKOM

[3].

3amauyn oO0TeKaHUsl MPEINSTCTBUN TPagULIMOHHO
U3y4aloTcs B TPUOJMKEHUN TOTPaHUYHOIO CJIOos,
Koraa cuctema (7) epexoauT B ypaBHEHUSI, TIPEAIO-
xenHsble JI. I[Ipanariaem B 1904 ©. mjis onmcaHus ABy-
MEPHBIX TEYEHUU B TOJIIIIE XKUJIKOCTHU:

du _ 0P o’u
— = =4V,
dt ox gy’
(11)
2P _ .
oy
divv = 0.

31ech x U y — JIOKaJIbHbIE TaHTeHIMaIbHAS U HOP-
MaJIbHasl K 00TeKaeMOi ITOBEPXHOCTU KOOPIMNHATHI.

HabGop cumMeTpuM, [OOMYyCKaeMbIX CHUCTEMOM
(11), cocToUT U3 TEHEPATOPOB

T, = 2t0,+2x0,+y0,— vo,,

T2 :xax+uau+2PaP,
. i (12)
Txl = Xlax+XIau_pX1xaP9

TXz = X28y+(x2,t+x2,xu)avs Trc = n(t)aP

U HE COAEPXKUT CUMMETPUHU BpallleHUsI, YTO OTpaXKaeT
crieun UKy MpUOIMKEHHUST, BBIBEAEHHOIO C HapylIlie-
HUEM HW30TpOoNuUu TpocTpaHcTBa. C paziuyveM B
MacliiTadax U3MEHUYMBOCTH HOPMAJIbHBIX U TaHTE€H-
LIMQJIbHBIX KOMITOHEHT T€YEHUS CBSI3aHO TOSIBJIEHUE
cummMerpun 1) u T, aHU30TPOMTHOTO PACTSIKEHUS TI0
OCSIM X U ).

ITomanreopa T 4, » IPUCYTCTBYIOLIAst U B Habope

(8), BBIpaxkaeT yciaoBME 3KBUBAJICHTHOCTH BCEX CHU-
CTEM KOOPAMHAT, ABUXKYILIMXCA MOCTYNAaTEJIbHO Ia-
paJIIEIbHO TPaHUIIE TeJla C TMTPOU3BOJBHBIM JIMHEH-
HBIM YCKOPEHUEM.

IIpu OBIKEHUM CUCTEMbI KOOPAMHAT B IOMEpeY-
HOM HampabjieHUM (OIlepaTop TXZ) TIIPOUCXOOUT pac-

LIIMPEHUHU IOITYCKAeMOM CUMMETPUI U SKBUBAJICHTHBI -
MM OKa3bIBalOTCSl TAKXKE U CUCTEMbl KOOPIMHAT, IBU-
KYILIMECS U C BpallleHUEM, U ¢ aedopmanieit i, = y,(x,
). OOBIYHO BHUMaHME OOpalllaeTcs Ha 3aBUCUMOCTb
3aKOHA IBVDKEHUS TOJIBKO OT BpeMeHU [ 1], 1 reHepaTop

T, samicbiBaercs B popme T, = %x(1)0, + %o, O,

W3 npoBeeHHOTO aHaln3a CleayeT, YTO U3 BceX
paccMOTpPEHHBIX MOJieJieit TOJbKO (DyHIaMeHTaJIbHas
cucrteMa (2)—(5) nHBapMaHTHA OTHOCUTEIILHO JIeCsI-
TUITapaMeTpuuecKoii rpymnnbl [anunes. B uemom mne-
pexonbl oT cucteMbl (2)—(5) K cucremam (8) u (12)
HOCSIT CUHTYJISIDHBIM XapakTep, CBSI3aHHbIU ¢ TTOHU-
KeHueM Tiopsaka. B mpuOImkeHUM OITHOPOIHOM
TOoM 444
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M30TEPMUYECKON XKUAKOCTU TEpSIeTCSI YacTh Ilepe-
MCHHBIX, a TaKXXE IpaHWYHBIC YCJIOBUA U COOTBET-
CTBYIOIIIE KOMIOHEHTHI TedeHuli. [1pu ynpoieHumn
MOJIENIM 3a CYeT MCKIoUYeHUs 3¢hGHEeKTOB AUCCUTIA-
NN TaKXKE ITOABIISIIOTCS I/I36bITO‘leIC IrpaHNUYHbIC
yciaoBus (IIpM IIepexoie K MOJEJINM HMOTPaHUYHOIO
cJios 0JHO, a oT ypaBHeHUiT HaBbe—CTOKCa K ypaB-
HeHUsIM Diiiepa nBa). YacTb MCXOIHBIX KpaeBbIX
YCJIOBUIA BSI3KOM 3aJa4i OKa3bIBaeTCsI M30BITOYHOM,
1 B OOIIEM CiIyyae BCEM UM YIOBJIETBOPUTH HEBO3-
MOXHO. B yacTHOCTH, pelleHMsT 3ama4 IJis Uaeallb-
HOM XMIKOCTU OKa3bIBAIOTCSI CUHTYJISIPHBIMM Ha Xa-
paKTepUCTUKAX.

Pabora BeITIONTHEHA TIpM YacTUIHON (PMHAHCOBOM
rnoziep>kke MuHUCTepCcTBa 00pa3oBaHMSI M HayKu
Poccuiickoii denepauuu (PLIT “HccienoBanust u
Pa3pabOTKM I10 IIPUOPUTETHBIM HAMIPABICHUSIM pa3BU-
THUSI HAyYHO-TEXHOJIOTMYECKOro Komruiekca Poccum Ha
2007—2012 romger”, TockonTpakT Ne 16.518.11.7059).
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M3 noaBomHOro akyCTMYECKOro Iyma JOXKAsS —
WCTOYHUKA 1I€HHOW WH(OopMallMM O mpolieccax B
MOpPCKOI cpelie — COBpeMEHHBIMM CpelICTBaMU Ha-
OoeHU BBIAEISIIOT MHMOPMAILUID O CKOPOCTHU
BETpa, XapakTepe BOJHEHUS, UHTEHCUBHOCTH OCaj-
KoB [1]. TTo maHHBIM U3MEPEHUI OCHOBHOU CHEKTP
WCTOYHUKOB IlIyMa I0X/sl B OK€aHe JIEXKUT B UHTeP-
Bajie yactot 10—15 xIix [2, 3]. IllymoBoii (poH CUJIb-
HOTO JIOXIS1 pacTipe/iesieH B 0oJiee IMPOKO moJjioce
0.1—10 xIi1, BKIIIOYaromieil BeIACICHHBIE SKCTPEMY-
Mbl. HabmonaeMble 3aKOHOMEPHOCTH YTOUHSIIOTCS B
J1abopaTOPHBIX PKCIIEPUMEHTAX, B KOTOPBIX M3yya-
JOTCSI aKyCTMYECKME CBOMCTBA CUTHAJIOB OTACIbHBIX
Kanejab W MojeJiell MOXMs, BO3AEUCTBYIOIIEro Ha
CBOOOJHYIO TJIaJKyl0 WM B3BOJHOBAHHYIO MOBEPX-
HOCTb [3].

AKTyaJbHOCTb MMPUKJIAAHbIX 33124 aKYCTUKHU OKe-
aHa CTUMYJMpoBaja pa3paboTKy MaTeMaTU4YeCKMX
Mojiesieli mpoliecca u3aydeHus 3Byka. B kauectBe oc-
HOBHOT'O MCTOYHMKA 3ByKa pacCMaTpUBaIOTCSI MOHO-
HoJbHbIE (00BbEMHEIE) KOeOaHusl CheprUIeCKUX WU
SJTUIITUYECKMX Ta30BEIX noyiocteit [4, 5]. Jdertanuza-
LIYSI TIPOLIECCOB TeHepalluy 3ByKa IMpU TaJleHUN Ka-
MeJIb B BOJY MOBBIIIAETCS TTO0 MEPE Pa3BUTUS TEXHUKU
BU3yaJIM3allMU KapTUH TEYEHUU U perucTpalum aky-
CTUYECKUX CUTHAJIOB [6].

B onbiTax ¢ OMIMHOYHBIMM KaIlJIIMU YCTAaHOBJIEHO,
4YTO 3BYKOBBIE ITAKETHI B TOMIIIE KUIKOCTA BOZHUKAIOT
Npyd HavyaJlbHOM KOHTAaKTe KaIlJIM C IMOBEPXHOCTHIO
KUIKOCTU Y MPU MOSIBJICHUU BO3MYIIHBIX MOJIOCTEM.
I1pu aTOM YacTOTa U3Ty4aeMOro 3ByKa OIPEIeIIsIeTCS
pa3zMepaMM TIOJIOCTH, BEJIMYMHONM Ko3dduimeHra
TMOBEPXHOCTHOTO HATSKEHUSI U JIOKAJIbHBIM J1aBJie-
HHUEM B COOTBETCTBHU C IIPUOJIMKEHHON (OpMYyIoi
MuHaspTa, nojsyyeHHoi eiie B 30-e rojbl MpoILIOTro
Beka [1, 5].

B 6osee mo3aHuX 3KCIIepUMeHTaX ObLIU BbIICISHBI
JIBa peXXrMa M3TydeHUs 3ByKa, CBSI3aHHBIX C 00pa30-
BaHMEM IOJIOCTEN IPU CXJIONBbIBAHUY TTEPBUYHOM Ka-
BEpHBI, KOTopasi GopMUPYeTCsl CBOOOIHO Tafarolleii
Karuieii, 1 BTOPUYHOI KaBEepHbI, 00pa30BaHHOM IIpU
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OIMMYCKaHUW KyMYJSITUBHOU cTpydu [7]. To4yHOCTh U
BPEMEHHOE pa3pelleHUEe paHee MPOBEACHHBIX 3KC-
TMIEPUMEHTOB HE TMO3BOJISLUIM ONPEICIUTh MEXAaHU3M
nepenayy SJHEPTUU MEXaHUYECKOTO IBUKEHUS B aKy-
CTUYECKOE M3JIIYYCHUWE U YCJIOBUS T€HEpAIUU 3BYKa
00pa3yIoIIMMUCS B XKUAKOCTU T'a30BbIMU MOJIOCTSI-
mu. B naHHOI paboTe BIiepBbIE MOKa3aHO, YTO MH-
TEHCUBHBIA TOABOAHBIN 3BYK W3J1y4aeTcd ra3oBOM
MOJIOCTHIO HETIPAaBUJIbHOU (DOPMBI B XOJI€ €€ CTPEMU-
TEJIbHOU MEepecTPOUKU B PABHOBECHYIO (RJUTUNITUYE-
CKYIO U Janee B chepruecKyro) (popMy C OJTHOBpE-
MEHHBIM YMEHBIIEHUEM MNOTCHUMUAIBHONW ITOBEpPX-
HOCTHOI 9HEPTUU.

INageHune Karum MopoKaaeT Psi MPOLIECCOB, MPU-
BOISIIMX K (DOPMUPOBAHUIO KaBEPHBI, BEHIIA U Ce-
MeNCTBa TPaBUTALIMOHHO-KAIMJLIPHBIX BOJIH. [Tpn
3TOM B IIPUHUMAIOIIYIO KMJIKOCTb BHOCUTCS KHUHC-

mU*
2

3
mznpD

TMYecKasa aHeprusa K, = — Macca

Kallid | 1 IOBCPXHOCTHAaA NMOTCHIIMAaJIbHAaA OHCPIrud

E, =08, (S, = 7D’ — IIomAanb MOBEPXHOCTH ce-
puyeckoit karuin). KuHeTuyeckasi 3Heprust 4acTud-
HO MEPEXOIUT B DHEPTUIO KPYITHOMACIITAOHBIX TeUe-
HUR XuaKocTU. IloTeHUMaNbHAs IMOBEPXHOCTHAS
9HEPTUs MOPOXKIAET TOHKOCTPYKTYPHbBIE KOMITOHEH-
Thl TEYEHUI B TIPUHUMAIOLIEH XUIKOCTU, KOTOphIE
XapaKTepU3YIOTCSI COOCTBEHHBIMM MacIITa0aMM.

B 4mciio onpenensonvx pa3MepHbIX ITapaMeTpoB
BXOJST IUIOTHOCTB KUIKOCTU P, ckopocTh U 1 auna-
meTp D karuiv, Koa(p@UuumneHT NoOBepXHOCTHOTO Ha-
TSDKEHUs O, KMHeMaTU4decKasl BSI3KOCTh V, YCKOpe-
HME CWIbI TSDKECTH g. Jlist JaiibHeiiliero aHanu3a Ha
WX OCHOBE 00pa3yeTcst HAbop mapaMeTPOB C pa3Mep-
HOCTBIO IJTMHBI. HekoTophie M3 HUX, B YaCTHOCTH Ka-

NWJIJISIPHBIN MacInTad SEf) = /g’ BXOJSIIMIA B TUC-

pg
IIEPCUOHHOC YPABHCHHUEC KOPOTKMX BOJIH Ha IMOBEPX-

HOCTH XMIKOCTH @ = gk(l+(8£,g)k)2), 4 Maclrad

U
ITpanaTns S(V ) = LX/’ YacTo BCTPEYAIOTCsI B JIUTEPATY-
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P, T1a
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0.23 240
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250

Puc. 4. Texyias amruiutyna 3BykoBoro naketa IV (dactotel Huke 100 Iix ordunsrpoBanbl). TOUKM — U3MEpPEHUSI, CILIOIIHAS

JIMHUA — aIlllIpOKCUMalusi.

KpomMe ocHOBHOIT Ta30BOM IMOJIOCTH W OTOPBAaB-
IIMXCS KPYITHBIX My3bIpeil Ha puc. 3 BUAHA TpyIIma
MEJKUX c(pepruecKUX ra30BbIX My3bIPbKOB pa3zMepa-
mu oT 0.15 go 0.35Mm. HekoTophle 13 HUX K MOMEHTY
t = 218.0 Mc cmuBaroTCs B ITy3bIph OOJIbIIIETO pa3Mepa —
D = 0.85 mM. CoOTBETCTBYIOIIIME UM pEe30HAHCHBIC
yacToThl (0T 7.6 mo 43.0 xIi1) He HabOmarOTCS.

Texymas amrummtyaa 3ByKoBoro nakera IV (Bkian
B CUTHAJI OT TTOBEPXHOCTHOTO BOJIHEHUSI C YaCTOTOM
Huxe 100 I oTunsrpoBaH) IpuBeAeHa Ha puc. 4.
3BYKOBOE AaBjieHUE B TeueHue 1.5 Mc MoBbIIIAETCS
JI0 MaKCUMaJIbHOTO U Jjajiee MOHOTOHHO crajaaer. 3a-
TyXaloIIM Y4aCTOK KPUBOU MPUOIMKEHHO OIMUCHI-
BaeTcs pyHkiumeit [aycca Buaa

2 2
P= alexpE—(t_—tlj j +a, exp[—(t — tzj ],
T Ty

rne a, = 5.669 u a, = 16.28 a, 1, = 0.2298 u t, =
=(0.2175 mc, 1, =0.00267 u T, = 0.02032 Mmc.

Bo Bcex ombITax n3TydeHUEe MHTEHCUBHBIX 3BYKO-
BbIX MAKETOB COIMPOBOXAAJI0 O00pa3oBaHME Ta30BbIX
MOJIOCTEN HEPAaBHOBECHOUW (DOPMBI C 3a0CTPEHUSIMU
U cKJagkamu. B cuiy ci10XKHOCTU KapTUHBI TeYeHUs
Ha 2Tarax OTpbiBa W CJIUIAHMSI Ta30BBIX TMOJIOCTEN
JyacToTa U MTHTCHCUBHOCTDb U3JTy4YacMOTI'O 3ByKa MCHSsI -

JOKIJIAAbI AKAAIEMHWHN HAYK

JIMCh B LIIMPOKUX Tpenesiax Aaxe MpU HEUM3MEHHbBIX
HayaJibHbIX YCJIOBUSX OIbITA.

PabGora BeITTOTHEHA TPU (PUHAHCOBOM TTOIICPKKE
MuHucTepcTBa 00pa3oBaHusI W Hayku Poccuiickoit
Ddepepamuu (PLIT “UccnegoBanus u pa3pabOTKu
MO MPUOPUTETHBIM HAIPABJIEHUSIM HAayYHO-TEXHOJI-
aruyeckoro komiuiekca Poccuu Ha 2007—2012 ro-
nb1” TockoHTpakT Ne16.518.11.7059).
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Cpeny MpUpOIHBIX OBICTPOIIPOTEKAIOIIMX SIBJIS-
HMM HHTEpPeC IPEACTaBISIOT MNPOLECChl OOMEeHa
MeX Iy aTMOocGhepoil 1 OKeaHOM, BKJIIOYaIOIMe B3a-
UMOAEHCTBME OCaAKOB, IIpeXIe BCEro MOXIs, C
IPUHMUMAIOIIE OKeaHCKOM IToBepXHOCThIo. KnHe-
TUYECKas SHEPTUs TOXKIEBOM KAl U IIOBEPXHOCT-
Hasl HEpTUsi, OCBOOOXAAIONIAsICS MOCE €€ MO0~
LIeHWsI, OPUBOAIT K CEpUU THMAPOIANHAMMUYIECKUX
SIBJICHUI, TAKMX KaK 00pa3oBaHue KaBEPHbI, KyMy-
JIITUBHOU CTPYU, CTPUMEPOB, PETyJASIPHBIX KaluJi-
JIIPHBIX BOJIH Y HEPETYJISIPHOIO BoJIHEHUSI. DopMuU-
pOBaHWE M 3aIlOJTHEHUE KaBEPH COIIPOBOXIAECTCS
OTPBIBOM BO3AYILIHBIX IMOJIOCTEM KaK MPaBUJIbHOM,
TakK U HepeTyJIpHOU (POPMBI, 4aCTh U3 KOTOPHIX U3-
JIydaeT 3ByK. OOIIMii 3ByKOBOiI1 (hOH, IMOpoxXaae-
MbIA MAaJalOIIMMM KaIUISMM, CO3JAaeT aKyCTH4e-
CKMI IIyM HOXAsS — MCTOYHUK LIEeHHON MHdopMa-
IMM O €ero WHTEHCUMBHOCTU M JIOKAJM3aluH,
COCTaBJISIIOIINN 3aMETHYIO JOJIIO OOIIETO aKyCTUYe-
ckoro 1ryma okeana [1]. B permctporpammax momu-
BOJHBIX aKyCTUYECKMX CUTHAJIOB, MOJYUYSHHBIX BO
BpeMsI TOXIsI, YCTOMYMBO BBIACISIETCS CIIEKTPaib-
HBIN UK B guamna3one 10—15 kI [2].

CoBepllIeHCTBOBaHWE AKCIIEPUMEHTAIBHOM TEeXHU-
KU OTKPBUIO BO3MOXHOCTh M3MepeHUsT (QIIyKTyaluii
3BYKOBOTO JIaBJIeHNs B BOMIE, BOZHUKAIOIIIUX TIPU Majie-
HUM KaK MHOXECTBA Kariesb (IOXIs1), TaK U OMUHOYHOM
KaIU1y C OTHOBPEMEHHOM perucTpanyeil KApTUHbLI TeUe-
Hus [2]. Cpeny KOHKYPUPYIOIINX MEXaHN3MOB U3Tyde-
HUS 3ByKa pacCMaTpUBAIUCh YIAPHBIA UMITYJIbC, TUII-
PaBIMYECKUI y1ap Y pe30HAHCHI BO3MYIITHBIX [TOJTOCTEA.
ITockonbKy B onbITax OMHOBPEMEHHO C pervcrpaiyeit
3BYyKa BCeraa HaOII0NaIMCh BO3AYIIHbIE TTy3bIPbKH, OC-
HOBHOE BHUMAaHME CTaJIO YACJISITHCS M3YUYEHUIO Pe30-
HAHCHOTrO MeXaHW3Ma, MPU KOTOPOM YacToTa UayJae-
MOTO 3ByKa OIMpeesisilach pa3MepoM Iy3bIpbKa Mpo-
CTBIM pacyeTHBIM COOTHOIISHMEM [3].

ITo skcriepuMeHTaIbHBIM JAHHBIM ObLIA TTOJIYyYe-
Ha JuarpamMma pesKMMOB TeUeHU I Ha MIIOCKOCTHU CKO-
pOCTb TTaJICHUsI — AUaMEeTp KallJIu, B KOTOPOM BbIlIe-

Hucmumym npobaem mexanuxu um. A.1O. Hwarunckoeo
Poccuiickoit Axkademuu nayx, Mockea

JIeHa 00JIaCTh YCTOMYMBOM pPETUCTPALIMU T'a30BBIX Ty -
3BIPHKOB C pa3MepaMm, COOTBETCTBYIOIIMMU YaCTOTE
ceKTpajbHOTO InKa [4]. B pesoHaHCHOM MeXxaHU3-
M€ OCTaJICSI OTKPBITHIM BONpPOC II€pexoda SHEepTruu
rajarolleil Karuii B HePIUI0 pe30HaHCHBIX KoJjieba-
HUI Ty3bIpbKa, COMPOBOXIAIOIIUXCS U3Ty4YeHUEM
3ByKa. B mocnemyrolmx onbitTax ObUIO 3aMEUEHO, YTO
razoBbI€ IOJIOCTU M3IyJalOT MOABOMHBIN 3BYK B IIPO-
1iecce MepecTpoiku (POpPMbI U3 HEPETYJISIPHOI € 3a0CT-
peHUSIMA U CKJIagKaMM B paBHOBECHYIO (cdepuue-
CKyI0), KOTOpasi IMPOMCXOOUT C OCBOOOXIECHHEM IIO-
BEPXHOCTHOM MOTeHIIMAIBLHOM 3Hepruu [5]. B ananmze
MPOILIECCOB YYUTHIBAETCS, YTO TAfgaronasi Karuisli BHO-
CHUT B IPUHUMAIOIIYIO KUIKOCTh BEILIECTBO, IMITYJILC U
SHEPIUI0 MEXaHMYECKOIO ABVDKEHMSI, KOTOpbIE IIO-
POXIAOT BUAMMBIE U CKPBIThIC TEUEHUS Pa3TUUHBIX
maciTtaboB. BumuMele TeuyeHMsT — KaBepHA, BEHEIl,
KYMYJISITUBHAS CTPYSI, CTPUMED — IIPOSIBIISIIOTCS B 13-
MeHeHUU (POopMbI CBOOOIHON MTOBEPXHOCTHU [6].

KpymnHoMaciTabHble CKPBIThIE TEUSHUST BBI3bIBA-
JOT XaOTUYECKUE MepeMelleHUs] Ta30BbIX My3bIPhKOB
B Tose KuakocTu. [lpakTuyecku HeuzydyeHHbIE
TOHKOCTPYKTYPHBIE CKPBITbIE TEUEHU S TPOSIBISIOTCS
B OCOOEHHOCTSIX (DOPMBbI CBOOOJHOI IMOBEPXHOCTH,
KapTUHBI EpeHoca BelllecTBa BOJU3U TpaHULL pas/ie-
Jia, a TaKKe CBOMCTB U3Ty4yaeMbIX 3ByKOBbBIX ITAKETOB.
B nmanHoif paboTe BHepBbIC IETATBHO ITPOCICKIBA-
JOTCSI 4aCTOTHO-BPEMEHHbIE IapaMeTphbl aspo- U
TUAPOAKYCTUUECKMX CUTHAIOB, WHULIMUPOBAHHBIX
CBOOOHBIM TaJIeHUEM KarlIu.

Kanns xunkoctu (o6bemoM V,; u nuametpom D)
Maccoii m, TNIOTHOCTBIO P ;, KHHEMAaTUYECKOM BSI3KO-
CTBIO V,; U KO3(DOULMEHTOM NTOBEPXHOCTHOTO HaTsI-
KE€HMA G,, CBOOOJHO Majamlias B BO3AyXe (ILIOT-
HOCTb p,, KWUHEMaTUYECKAasl BI3KOCTb V,, JaBJICHUE
P,, temneparypa T,, ycKOpeHME CBOOONHOIO Tane-
HUA g) C BBICOTHI H, nepopmMupyeTcs noxn neficTBueEM
CWJI COMPOTHUBJIEHUS U TpallueHTa JaBjieHus. B3au-
MOJIEACTBUE KaIliv ¢ HaberaroMm MNoTOKOM BO3/1yXa
MPUBOAUT K UBMEHEHUIO e (hOPMBI OT cheprUUeCKO
JI0 KyIoJIoOOpa3HOi B 3aBUCHMMOCTU OT pasMepoB,

Macchl M BBICOTHI TTafgeHus [7]. B mrama3one mapa-
METPOB JAHHOTO 3KCIEPUMEHTAa MOXHO CUMTATh, YTO
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Puc. 4. Cnektpsl 3ByKoBbiX ITakeToB (II—1V) Ha Beixoae rugpodoHa.

0T, YTO 3BYKOBBIE MAKETHI pa3neyieHbl He TOJBKO BO
BpeMeHHU (puc. 2), HO 1 3HAYUTEJIbHO Pa3HECEHbI 110
YacToTe B IIIUPOKOM AuaraszoHe ot 5 1o 95 klir. Cpen-
HUE YacTOThl CIEKTPaJbHbIX MUKOB f, MO3BOJSIOT
OLIEHUTh XapaKTepHble pa3Mepbl BO3MYIIHBIX MOJIO-

CTEW COTJIacHO d = 656 [3]. dnsa makeros I1, III u IV

oHu cocTaBstior 0.4, 6.08 u 1.2 MMm.

JAIUTeTbHOCTh U3JTyUYEHUS MaKeTa pacTeT C yBe-
JIMYeHUuEeM pa3Mepa MoJIOCTU, KOTOPbIT onpeaeisi-
€T PE30HAaHCHYIO YacTOTY, a TakKXXe BpeMs nmepexojia
K paBHOBecHOU dopme. [TosyueHHbIe 3HaUEeHUSA /1,
1 d Ha TIOPSIIOK MEHbIIE XapaKTEepHBIX pacCTOSsI-
HUI, NpUBEIEHHBIX Ha cxeMe (puc. 1), 4To MO3BO-
JIIET CUMTATh M3Jydarollue MOJOCTU TOUYEYHBIMU
UCTOYHUKaMU. B TO Xe BpeMs 3HauyeHUS JJIUHBI
3ByKoBOU BoJIHBI makeToB II, IIT u IV paBHBI 7.5,
1.8 mu 30 cm B Bozme u 1.7, 0.4 u 6.8 cM Ha Bo3ayxe.
Takum oOpa3oM, TOABOAHBIE 3BYKOBBbIE BOJIHBI,
nepeHocumMblie naketamu II u IV, Henb3s cuuTaTh
chepryeckuMu B Iipeaesax xapaKTepHBIX paccTo-
SHHUM dKcnepuMeHTa (puc. 1).

OpnHako BoJiHa rtakeTa I11 ycioButo chepruyHOCTH
VIOBJIETBOPSIET, YTO IIO3BOJISIET IPOBECTU OIIEHKY
SHEPrUU M3JIYYeHUSI MO0 U3MEPEHHOMY 3BYKOBOMY
JaBJICHUIO

E= I4nR2Jdt,

T

rac R — PacCToAHUE OT HEHTpa I/I3J'Iy‘IaIOH_[€I7I I10JI0-
2

P
CcTu 10 ruapodoHa, J = — — IUIOTHOCTh IIOTOKAa
c

w
akyctudeckoit sHepruu [10], 7 — miuTeIpHOCTD Ia-

JOKJIAAbI AKAAZEMHWHN HAYK

KeTa. YUMTHIBAs HEOOJIbIIMe 3HAY€HUS TIyOMHEI I10-
TPY>XKE€HUSI MOJOCTU /,, B KaUeCTBe MPUOIMKEHHON
OLIEHKM R MOXHO B3SITb PACCTOSIHUE L.

WMHuTerpupoBanue B Mpenesiax JUIMTEIbHOCTU Ta-
kera III (7= 85 MKC) naeT 3HaUEHUE SHEPTUU U3ITY-
yeHus 1.6 - 1077 spr. DopManbHOE IPUMEHEHNE aHAa-
JIOTUYHOU MeToauku 1Jis raketoB 11 u IV mo3BossieT
OLIEHUTb MOPSAAOK 3Hepruu: 5 - 1077 u 1.3 - 107 spr
Lpa,U ‘nD’ u
12
TOTEHLMAJIbHAS TTOBEPXHOCTHAs E, = canz 3HEPrUuu
Karyii B MOMEHT €€ KOHTaKTa C MPUHUMAIOIIIEH T10-
BEPXHOCTHIO B yCI0BUsIX onbita (U = 3 M/c npu H=
=50 cm [9]) paBHBI cootBeTcTBeHHO 2900 M 58 3pr Ta-
KM 00pa3oM, XOTS Ha UINTyYEHUE pAcXOayeTcs mMaliast

4yacTb CyMMapHO# sHepruu £, u E,, (B OCHOBHOM 3HEp-
rvst uaet Ha ¢hopMHUpPOBaHNE TEUEHUI — TTOABOMAHBIX U
TOBEPXHOCTHBIX Y BO3MYIIHBIX MOJIOCTEN), YPOBEHb pe-
TUCTPUPYEMOT'O 3BYKOBOT'O JARICHMST OKA3bIBAETCS] BECh-
Ma 3HAYUTEILHBIM, YTO yKa3biBaeT Ha 3(PQGEKTUBHOCTD
peoOpazoBaHMsI HEOOJIBILION IO MEXaHNIECKOI SHEP-
TMU B aKycTH4ecKoe m3mydeHue. [1pu aToM mocienoBa-
TeJIbHOE (hOpMUPOBAHME TTOJIOCTEM PA3TMYHBIX PA3MEPOB
TTIOPOXKIACT 3BYKOBBIE ITAKEThI, PE3OHAHCHBIC YaCTOTHI
KOTOPBIX Pa3IMYaIOTCs B ACCSITKU pas.

cooTBeTcTBeHHO. KuHetnueckas E, =

DKcrepuMeHTHI BeIToHeHbI Ha YCY “T'OK MITMex
PAH” npum 4yacTuuHOil (PMHAHCOBOM IIOMIEpPXKKE
Muno6p-Hayku Poccuiickoit Denepaumu  (rocymap-
CTBeHHBIM KOHTpakT 16.518.11.7059) m Poccwmiickoit
AxkagemMumn Hayk (IporpamMma HaydHbBIX MCCJISIOBAHWIA
Ipesuauyma PAH “®yHnameHTaIbHbIE TTPOOIEMbI OKe-
aHojiornu: pU3MKa, reoIorus, OMOIOrsl, SKOIOTUs”).
Ne 5
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ANHAMMUMKA N3JIIYYEHUA ITIOABOAHOI'O 3BYKA
ITPN IMTAAEHUN KAIUIN B KUJAKOCTDb
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[MpencrasieHo akanemukom B.d. XKypasnesbim 15.11.2011 &

IMocrynuno 16.11.2011 &

[IpobGnema m3IydeHMsT 3ByKa MOTOKAMM KMIKO-
CTHU ¥ Ta3a IpuBJIeKaeT BHUMaHUe (DU3UKOB U MaTe-
MaTUKOB B CUJIy PacIpPOCTPAaHEHHOCTHU U TMpaKTHUe-
CKOW BaxXHOCTHU siBjicHUs [1]. PeakTBHBIE nBUTATE-
JIM, HACOCbl, BCHTUIATOPbI OTHOCATCA K YHNCITY
HanboJee MOIIHBIX MICTOYHMKOB “aKyCTUYECKOTO 3a-
IpSI3HEHUSI” OKpyXamuieir cpeabl. MHTEeHCHUBHBIM
MCTOYHHWKOM MOJABOJHOTO IITyMa SIBJISIETCS TOXIb [2].

bblia 3aMeueHa CBSI3b U3JIy4aeMOTro 3ByKa C Mpo-
1eccaMM 0oOpa30oBaHUS B >KMAKOCTU Ta30BbIX Iy3bl-
peit. HacToTa 3ByKa XOpoIIO COrjacyercsl C pacueTa-
MU O TIpUOIMKEHHBIM (opmysiaM ISl MOJOCTU
chepmueckoii dopmsl [3]. IIpu aTOM ocTaercs oT-
KPBITBIM BOIPOC 00 3HEpPreTHKe Mpoliecca uUsyde-
Hus [4]. Cpenn MexaHU3MOB TeHepallMy 3ByKa yKa-
3bIBAJIMCh PE3KOE BO3pacTaHWe BHYTPEHHEIO AaBiie-
HUST TIpU CXKATUW MY3bIpS TOM ACUCTBUEM CHII
TTOBEPXHOCTHOI'O HaTSKeHUS [5], B3amMoJeicTBUE
MOJI KOJIEOAHMIA ITOBEPXHOCTH ITy3BIps [6] 1 BO3mEli-
CTBUE KYMYJISTUBHOM CTPYMKU, BO3HUKAIOIICH MPU
pa3pbiBe MEPEMbIYKU, CBI3bIBAIOIIECH Ty3bIPph C MO-
BEPXHOCTBIO XKUAKOCTHU [7, 8], UTO COIPOBOXIAETCS
OBICTPBIM TAJeHUEM JaBJICHUST B OKPYXKaIOIIEH KU1~
Koctu [9]. OueHKM nmokaszaau, YTO COBMECTHOE Aeii-
CTBHE CUJI TOBEPXHOCTHOTO HATSXKEHUS U TUAPOCTA-
THYECKOTO JaBjcHUs obecrieunBaeT He Ooiee 10%
SHEPTUN PETUCTPUPYEMOI0 aKyCTUUECKOIo U3JTyde-
Hus [5].

B ombiTax ¢ BAyBOM Ta3a B XUJIKOCTb Uyepes Mpo-
(GUIMPOBaHHOE COIJIO U3IyYeHUE 3ByKa OOOCHOBBI-
BaJIOCh YMEHbIIIEHEM 00beMa My3bIPs IIPU pa3pbiBe
coeauHUTENbHOM mmepeMbrdku [10]. Hagano mporiiec-
ca M3JTy4eHUSI MOCJIeN0BATEIbHOCTH 3ByKOBBIX ITaKe-
TOB, MTHULIMMUPOBAHHBIX ITaIcHEM KaIlJIi Ha II0BEePX-
HOCTb BOZBI, TAKXE PETUCTPUPOBAIIOCH B MOMEHT
pa3pbiBa riepeMbluku [11]. B akcnepuMeHTax ¢ maaa-
IOLIMMH KaIrjIIMU 3aMe4€HO, UYTO ITapaMeTPhl 3BYKO-
BBIX TaKETOB (IJIWUTEJIbHOCTb, aMIUIMTYyJa, YacToTa)
CUJIBHO MEHSUIMCH JTaXke MPU COXpaHEHUU BHEITHUX
YCJIOBUMA.

Hucmumym npobaem mexanuxu um. A.1O. Hwarunckoeo
Poccuiickoit Axkademuu nayx, Mockea

Takum o6pa3oM, HaYaIO reHepaluy 3ByKa OTPhI-
BalOIIMMMCS Ta30BBIMU ITY3bIPSIMA B MOMEHT pa3phl-
Ba MEePEMbIYKM MOATBEPKIACTCS B PsiAe HE3aBUCHUMO
BBIMIOJTHEHHBIX 3KCIEPUMEHTOB M MOXET CUMTAThCS
yCTaHOBJIEHHBIM. OJTHAKO MeXaHWU3Mbl BO30YXKIEHUS
W TIOIJepKaHWsI U3JTydeHMsI, TpaHchopMaluy 3HEp-
T MEXaHUYECKOTO IBUXKECHUS B aKYCTUYECKYIO OCTa-
IOTCSI HEU3BeCTHBIMU. B naHHOI paboTe BIIEpBBIC
MIpoceKeHa CBS3b IPOLIECCOB U3IYYECHMSI 3ByKa C U3-
MeHeHreM (HOPMBbI U3 TydJaloIIeii ra30BOI MOJOCTH.

OKCIEepUMEHTHI TPOBOAWIM B TUAPOONTUYECKOM
bacceitHe pazmepamu 145 X 50 X 60 cM ¢ MJUTFOMIHATO-
paM# U3 ONITUYECKOTO CTEKJIa, 3aITOJITHCHHOM JIera3ii-
POBaHHOI BOIOITPOBONHOM BOmoit Ha TiryomHy 40 cM,
KOTOpasl CYIIECTBEHHO TIpeBbIIlIasia pa3Mephbl Ka-
Mejb, KABEPHBI U 00pa3yIOIIUXCsl Fa30BbIX Iy3bIPEid.
Bapmaimmu akycTU4ecKoro gaBjieHUsI peTUCTPUpPOBa-
JIMCh n3MepuTeabHbIM TuapodoHom 'M51b (monoca
2 Tix — 120 kIi1, yyBctBUTeIbHOCTH 30 MB/ITa, HepaB-
HoMepHocTb AUX — He 0osee 3 1b). KapruHa Teyenus
CHMMaJIach BLICOKOCKOPOCTHO Buaeokamepoit Optro-
nis CR3000 x 2 (ckopoctb cbeMku 1o 200000 xan-
poB/c). Och 3peHUsI KaMephl pacmoiarajach TOpU30H-
TaJIbHO Ha YPOBHE CBOOOIHOM ITOBEPXHOCTH.

CuHXpoHM3allMIO BUaeopsizia U (hoHOrpaMMm C
ruapocdoHa TPOU3BOJAWIN Ha CTaAUM U3IMEPEHUI C
TOMOIIBIO CITeIIMAIBbHOIO MTPOrpaMMHUpPYeMOTo 0J10-
Ka, KOTOPBIN BBITTOIHSIT IU(PPOBOE U3MEPEHNE CUT-
HaJIOB I10 YEThIPpEM aHAJIOTOBbIM KaHajam, obecrie-
YKXBaJl XpaHEHUE PE3YIbTaTOB BO BHYTPEHHE! namsi-
TU U Niepeaady B MepCOHabHBIM KOMITBIOTED Yepes
nHTtepderic USB (uaTepBan auckperusammum 0.025—
410 mxkc, iepuon noBropeHust 1—130000 mc). Kams
BBITIyCKajach U3 KaJuOpOBAHHOIO corjia (auamMeTp
0.4 cm), ycraHOBJIEHHOTO Ha BeicoTe H. B Kaxmoii ce-
pUM OMBITOB MPOU3BOAMIIN KaJIMOPOBKY MaciiTada
U300paXkeHusl TIpU 3alaHHOM paspeleHuu. bosee
noAapoOHOEe OIMMCaHNe YCTAHOBKM MpHUBeneHO B [12].
VYenoBus onbiToB (muaMeTp Karmau D = (0.5 cM, BbICO-
Ta mageHust H = 66 cM) obecrneynBanu GopMUpoOBa-
HUE TI0CJIeIOBaTe/IbHOCTU KaBEPH U TOJICTON KyMy-
JIITUBHOU CTpYWKM [1].

Ha Bcex ctaausix 3BOJIOLMU TEPBUYHON U BTO-
PUYHBIX KaBepH B MPUHUMAIOILIEH KUIKOCTU 0Opa-
3yIOTCSl OJMHOYHBIE Fa30Bbl€ MYy3bIPbKU Pa3IUUYHbIX
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3HaueHUs #; U {, XapaKTepU3ylOT TOJOXKEHUS
MaKCUMyMOB (byHK1HIT [aycca, BXOMSIITNX B aIllIPOK-

CUMUPYIOIIYIO KPUBYIO, T, U T, — BpEMsI ClTalaHus, a

00paTHbIE BEJIMYUHBL O, = 1_ 3aTyxaHue CUTHaJIA.
Ti‘l
Kpupas 2 oopa3oBaHa 1ByMsI @YHKLIMSIMU C OJIH3-
KO PacnojoXeHHbIMU MakKCUMymamu (t, = t,), pU-
MBIKaOIIMMU K ee Hayany. Ha HauajibHOM y4yacTke 2

3aTyxaHue MaKCUMaiibHO o, =417 ¢!, a 3aTeM pe3ko
CHUXAETCH 10 oL, = 28 ¢~

KpuBas 3, koTopasg HauMHaeTCcsI B MOMEHT Kaca-
HUSI BTOPUYHOM KaBEepPHOU 3 BO3IYIIHOW ITOJOCTH 2

(t, = 213.9 Mc), onuchIBaeTCSl OMMHOYHOM OBICTPO 3a-

. -1
Tyxarouei (¢ koadpduuuenrom o, = 500 ¢ ) pyHK-
mueii [aycca. Jlajmee moaocTb pe30HUPYET C IepeMEH-
HbIMHW YaCTOTOM U aMILJIMTYIOM, KOTOpasl MOCTEIEH-

HO 3aTyxaeT 40 HyJis nipu ¢, = 230 Mmc.

OTpBIB MOJIOCTU 2 OT KaBEPHHI 3 COIIPOBOXKIACTCS
reHepanueii makera I1I, orubaromniass Koroporo ar-
MPOKCUMUPYETCS ABYMSI (DYHKUMSIMU C pasindaro-
IIMMUCST KOOpAUHATAMU MAaKCUMYMOB f, = 232.3 u
t, =237.3 Mc 1 3aTyxXaHus o, = 555 ¢~ — s mepBoit
¥ 3HAYMTEIbHO MEHBIINUM o, = 116 ¢~! — mist BrO-
poii. CymMapHas KpuBas 4 OBICTPO HapacTaerT, Clia-
JIaeT M BBIXOJAUT Ha TOJIOTMI Yy4YacTOK, oIpenesie-
MbIil HyHKIMEN ¢ KO3DOULMEHTOM 3aTyXaHUS O, .

MN3MmeHeHne NTMHAMUUYECKOTO COCTOSIHUS Ta30BOM
MOJIOCTH BJUSIET U Ha 4acTOTy u3iaydeHus. Yacrora
nakera Il BHauasle raBHO yMeHbImaeTcs ¢ 1.57 mo
1.41 xIi1, a 3aTeM MOHOTOHHO YBEJIMYMBACTCS MO
2.07 xIix (puc. 3B). COnpUKOCHOBEHUE MOJOCTU C
KaBepHol (¢ = 213.9 mMc) nmpuBoaUT K AeMmGpupona-
HUIO OCLILISIIMI (pUC. 3a) U pe3KOMY CITaay 4acTo-
o1 10 1.8 xIi1 (puc. 30). CiioXHBIN poIecC B3auMO-
JNEUCTBUA U3JTydarollel MOJOCTU C KABEPHOM ITPOSIB-
JIsIeTCsl B CYILLIECTBEHHOM YMEHBIIEHUU aMILIUTYAbI
3BYKOBOTO AaBieHUs (puc. 30) IIpu OTHOBPEMEHHOM
YBEJIMYEHUU CUJIBHO MEHSIOIIENCS YacTOThl B JUa-
na3oHe 2.31—1.88 xIir (puc. 36,B). MuHMMaIbHOE
3HaueHUe 1.6 KIiI JocTUTaeTCs mepen OTPHIBOM T0-
joctu 2 u cocrasiaet 1.6 kIir.

Mznyyenue makerta 111 compoBoxaaeTcst HapacTa-
HHeM 4JacToThl 1o 1.88 xIir mpu MakcuMaabHOI aM-
TUTUTYIe M3IYyYeHUsI U TUIaBHBIM crHagaHueM 1o f =
= 1.65 kIi1 npu 3atyxaHuu curHana (¢ > 270 mc).

B nenom HaOmoneHus 3a U3MeHEHUEM CBOOOI-
HOIi TTOBEPXHOCTH, (DOPMaMU ra30BbIX MY3BIPbKOB 1
X IepeMEeIIeHUSIMU TT0Ka3aJIx, 4TO I1agalolast Kam-
JISI TIOPOXKAAeT B IPUHUMAIONIEH XKMAKOCTHU IBE TPYyII-
bl KPYITHOMACINTAOHBIX U TPYIITY TOHKOCTPYKTYP-
HBIX TEYECHU.

Hawubosnee n3yueHbl TeueHUsI, BbI3bIBAIOIIME Xa-
pakTepHbIE BO3MYIIEHUSI CBOOOMHOI ITOBEPXHOCTH:

JOKJIAAbI AKAATEMHWHN HAYK

[TPOXOPOB, YHAILIEYKHWH

KaBepHBI, TTOCJICA0BATEIbLHO CMEHSTIOLLINE IPYT ApYyTa,
KYMYJISITUBHBIE CTPYH, PACXOISIIMEC KOJbLIEBbIE Ka-
MWUISIPHEIE BOJIHEIL, TUHAMUKA KOTOPBIX OIIpeaeIsIcT-
cs1 GajaHCOM CHWJI MHEPLIMY, TIJIaBy4eCTH, BI3KOCTU U
TMOBEPXHOCTHOI'O HaTsLKeHMd [1, 2].

Bropasi rpymnmna CKpBITBIX KPYIMHOMACIITAOHBIX
TeUYeHUI HE TMPOU3BOAUT BUIVMMBIX BO3MYIIEHUM
CBOOOTHOM ITOBEPXHOCTH M TIPOSIBIISIETCS B HEPETy-
JISPHBIX MIepeMEIIeHUSIX Ta30BbIX TTOJIOCTEI B TOJIIIIE
XKMIKOCTH, WX OTPBIBe M CIMSTHUU. HeperymsipHbie
TepeMeIIeHnsT 00pa3yIoIMXcsl Iy3bIpeid B TOJIIIE
KMIKOCTHM TIOKAa3bIBAIOT, YTO CHUJIOBOE BO3ICHCTBUE
CKPBITBIX TeYEHUI MpeobaagaeT Hal CUIaMU TLI1aBy-
gecTH. MeTombl BU3yaIM3allMd TaKUX TEYCHHIA He
pa3paboTaHbl, MX CTPYKTYpa 1 TUHAMHKA TTPAKTUIe-
CKM HE U3YYCHBI.

CoBceM He M3y4YeHbl MeJIKOMAaclTaOHble Teuye-
HUsI, OOyCJIOBJICHHBIE HEHCTBUEM CHUI TIOBEPXHOCT-
HOTO HATSDKEHUSI, OMpenessIiomne IUHAMUKY |
BHEPIreTUKY 3BYKOBOTO uanydeHust. [loa ux aencTBu-
eM (opMUpyeTCsl CIOXHBIN pesibed Ta30BbIX MOJO-
cTeil u KyMylaaTUBHBIX cTpyit [15]. CyiiecTBoBaHUE
HECKOJIbKUX BUJIOB TeUEHUI, 00pa30BaHHBIX yITaBIICH
Karuiei, KoTopoe Mpearosaraioch 3KCIepuMeHTaTo-
paMu ellle B HavaJie ITPOIIUIOrO BeKa [2], KOCBEHHO
TMOATBEPXKIAETCS TAaHHBIMK ONTbITaMuy. VX BIvsTHIE Ha
TUAPOIVMHAMUKY M aKyCTUKY BCIUIecKa Tafarolieit
Karuiy Hy>KJ1aeTcsl B JajibHeHIIeM U3yYeHU .

Pabora BeIITOIHEHA TIPY YaCTUYHON (PMHAHCOBOM
noaaepxkke MuHoOpHayku Poccuu (rOCKOHTpakT
16.518.11.7059) m Poccuiickoii AxageMun HaykK
(ITporpamma HayuHbIX uccliemoBaHuil [1pe3umnyma
PAH “®yHpaMeHTanbHbIe IIPOOJIEMbI OKEAHOIOT MU
¢u3MKa, reosaorus, OMoJIOrus, 3KOJIOTUsI”).
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OKCITEPUMEHTAJIBHBIE UCCJIIEJJOBAHUMA ITEPEHOCA
[IPUMECEM B COCTABHOM BUXPE
E.B. Crenanosa!, T.O. Yaruua’, 0.1, Yameukun', A.W. HeTpeHKo2

1
Hnemuym npoonem mexanuxu PAH
2 .
Quszuueckuti paxynomem MI'Y umenu M.B. Jlomonocosea

AHHOTaNUsA

BBIMONHEH UK 3KCNEPUMEHTANBHBIX HMCCIEJOBAHUM MEpeHOCa MapKUPYIOIINX
IpuMecet, Kak PacTBOPUMBIX (PacTBOP KPacUTEINs), TaK U HEPACTBOPHMBIX (pa3INYHBIE
THUIIBI Macel) B COCTAaBHOM BHXpE, B3aHMOAEHCTBYIOIINM CO CBOOOIHOI ITOBEPXHOCTHIO.
OMBITHI ITO3BOJIMIIN IIPOMOIETTMPOBATH BaXKHBIE OCOOEHHOCTH JTMHAMUKH Pa3JIMBOB Hed-
TH B OK€aHe, KOTOPbIe TPAaHC(HOPMHPYIOTCS B BEITSHYThIE HUTEBHAHBIE pyKaBa CIIHPAIb-
HOM WJIM HeperyJsipHOi GopMbl. KapTHHBI TAKMX TEUSHUH B J1a0OpaTOPHBIX YCTaHOBKAX
Ka4yeCTBEHHO MOJI00HBI HAOI0aeMbIM B OKEaHE M B paclpeeiCHUH pa3iuBIIeics Hed-
TH, ¥ B PACIONOKEHUH Mycopa UK OUTOTO JIbJa.

Beenenne. B quHaMuke NpUpoIHBIX CHCTEM OOIBIIOE BHUMAHHE yJEIsIeTCs U3y-
YEHHIO MEePHOIMUECKUX TeUEHHH — BUXPEHl W BOJH, KaK CTPYKTYPHUPOBAHHBIM JJIEMEH-
TaM, Tak ¥ MEXaHW3MaM IIepeHoca BemecTBa. Pa3BuTHe METO0B AUCTAHIIMOHHOTO 30H-
IMPOBAHUS CIIOCOOCTBOBAJIO IMONYYSHHIO OOJBIIOTO YHCIIA BIEYATISIIOMNX H300paxe-
HUI BUXPEBBIX T€UEHMI B aTMOC(epe U OKeaHe ¢ BBHIPaKEHHBIMHU CHHPAIbHBIMH PyKa-
BaMH, pa3JieJIeHHbIMHU MojlocaMu 06a3oBoro BeiecTsa [1-3]. BripaskeHHbIE criMpanbHbIC
pyKaBa PEerHCTPUPYIOTCS KaK B YCTAHOBHBIIUXCS TEUCHUSX, TAK U B HECTALIMOHAPHBIX,
CO3/IaHHBIX BOJIHAMH IIyHaMH IOCJIE CHIBHOTO 3emierpsiceHus [4]. OmgHako, B cuiry
KpyHMHOMacmTaOHOCTH U HECTAllMOHAPHOCTH H3Y4aeMOro Ipoliecca, OTCYTCTBHE Ha-
JEXKHBIX METOJOB NPEACKA3aHUs JIOKANIU3alUN BUXpel U3ydeHHe UX JUHAMUKH W BIIHS-
HUS Ha IIEPEeHOC BEIecTBa B NPHPOTHBIX YCIOBHAX 3aTpymHeHo. IlepeHoc mpmmeceit
BHUXPEBBIMH TEUESHHUSIMH JI0 CHX TIOpP OCTAETCSI HEAOCTATOYHO U3YIEHHBIM, YTO HE TT03BO-
JISIeT TIOCTPOUTH IOJIHBIE MaTeMaTHIECKHe MOJEINH, KOTOPbIe MOTIIN OBITh MPUMEHHMBI
IIPU pacyeTe MOCIEICTBUH SKOJOTMUECKUX KaTacTpod, IMOMOOHBIX pas3iuBy He()TH B
MeKcHKaHCKOM 3aJIuBe.

Busyanuszanust KoibIEeBOH U CHUPANBHOI CTPYKTYphl BUXPEBBIX TEUCHHUH B J1a00-
PaTOPHBIX YCIOBHAX OCYLIECTBISIETCS C TIOMOIIBIO PACTBOPHMBIX KpAacHTENeH, AbiMa [5]
Y MEJIKOJMCIIEPCHBIX YACTHUI[ B METOAE HJICKTPOIUTHYECKOM Mpenunuranuu [6].

B mocnennee BpeMst m3ydaeTcs MEpeHOC NPHUMECH W3 IIATHA, MOMENIEHHOTO Ha
CcBOOOJHYIO TTOBEPXHOCTH COCTaBHOTO BHXps [7]. OOpa3oBaHUE CIUPATBHBIX CTPYKTYDP
Ha0JII01aI0Ch HE TOJBKO B paBHOMEpPHO [Ipy MozenmpoBanny epeHoca u pacTBOPHUMBIX
(cmemmBaronmxcs) [8], 1 HepacTBOPHMBIX IpuMecel (pa3IH4HBIX BHIOB Macen [8])
KOMITaKTHOE IISITHO Ha TIOBEPXHOCTH BUXPsl TPaHCHOPMHUPYETCS B CHHUPAIBHBIC PyKaBa,
paslieneHHbIe MoJI0CaMH YUCTOW BoAbI. Takas mpocTpaHCTBEHHAs! CTPYKTypa KaueCTBEH-
HO COOTBETCTBYET HaOJII0faeMON B MPUPOJHBIX YCIOBHAX, YTO YKa3bIBAET HA BO3MOXK-
HOCTh CHCTEMAaTHUECKUX HCCIEAO0BAaHMN AWHAMHUKM IEPEHOCa HECMEUIMBAIONIUXCA U
HECMEIINBAIONINXCS TIPUMECeH B Ta0OPaTOPHBIX YCIOBHUSIX, 00ECIEUNBAIONINX BOCIIPO-
M3BOJMMOCTH HAYaJIbHBIX yCIIOBHIL.
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Pa3mepsl u TeMIl 3BONIIOLUH CIIUPAIBHBIX CTPYKTYP 3aBHCAT OT BCEX IapaMeTpoB
9KCTIepUMeHTa (paanyca U CKOPOCTH BpaIIeHHs ANCKA, TTyOHHBI )KUIKOCTH, KOJINYECTBA
TIPUMECH).

Bo Bcex MpoBeCHHBIX SKCIEPUMEHTAX NPUMECh HE MOXKET CUMTAThCs IIACCHUBHOM,
CMEIIEHHs] OTAENBHBIX OKpALIEHHBIX MOJIOC, MOJNIOXKEHHs Kalelb Macjia U OpUEHTaLUs
CIMPANBHBIX PYKaBOB HE OTPAXKAIOT KapTHHY TEUEHUS] B COCTABHOM BHXpE.

Bce mabmrojaemMbple KapTUHBI TEUEHHS yCTONYMBO BOCIIPOHM3BOMIATCS B IIpEAeNax
TOYHOCTH OIIBITOB.

Pabora BrINOIHEHA TIpH YacTHYHOH (HUHAHCOBOI noxnepxke MuHo6pHayku Poc-
cu (lockonTpakt Ne 16.518.11.7059), I'panT [Ipesunenta PO MK-4650.2011.1.
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KAPTUHBI IEPEHOCA MAPKEPOB B COCTABHOM BUXPE

- Bumoaneno modenupoeanue npoyecca nepeHoca npumeceti 8 6UXpesbix me4eHUsx, KOHmMaKmu-
yux co c60booHou nosepxrocmoio. Ilpocnedcena 360n104us KOMNAKMHO20 NAMHA MapKepa 6
UpaNbHble PYKABA HA NOBEPXHOCMU JHCUOKOCMU C NPUMBIKAIOWUM COCTAGHBIM 6UXPEM, KOMOPbLLU
ABANCA 8 YUNUHOPUHECKOM KOHMeUHepe YCMAHOBNeHHbIM HA OHE PABHOMEPHO 8PAUAIOUJUMCS
uckoM. Berdenernor xapakmepHvie hopmul nepeHOCa MapKepa 6 Moay HCUOKoCmu.

Kniouegvie cnosa: euxpesvie meuenus, pasnugvl Heghmu, OUHAMUKA HCUOKOCTIU.

PICTURE OF THE TRANSFER OF MARKERS IN COMPOSITE VORTEX

Transport of miscible or immiscible fluids in a compound vortex created by a uniformly rotat-
ing disk located on the bottom of a cylindrical tank is investigated. At the initial instant, a round
spot of a heavy dye or lightweight oil is deposed deposited on the free surface of the liquid at the
centre of the tank. In the course of the formation of the compound vortex, the marker is partially
‘entrained into the interior of the liquid and forms a body of revolution. On the free surface, the spot
loses the round shape, spiral branches stretch out from the appeared protrusions and cusps. The
- orientation of these arms is opposite to the direction of fluid rotation in the container. Geometrical
parameters of these structures for different flow regimes are studied.

Key words: vortex flows, oil spills, fluid dynamics.

Beenenne

Passutre TexHoznoruii B XX BeKe CYIIECTBEHHO yBEIHYHIIO 00beM JOOBIMH U TPAHCIIOPTHPOB-
Ki BEIIECTB B JKMIAKOH M ra3oobpasHod ¢a3ax, 1 BEpOATHOCTh HE3AIUIAHMPOBAHHBIX Pa3IMBOB.
Yacts BEIECTB TEPsETCS PU TPAHCIIOPTHPOBKE M NONAJAET U HA NOYBY, IOBEPXHOCTE PEK, 03€p U
0KCaHOB H B HX TOJIILY, YTO IPHBOJAUT K 3arpA3HEHHIO OKpPYXaroIeH cpelibl 3KOJOTHYECKH Orac-
HbMH (HeTh ¥ He(pTEnPOMYKThI) M JaXke SNOBHTHIMH BEIIECTBaAMM (B Ka4eCTBE MPUMEPAa MOXKHO
yKa3aTh pa3JHYHbIE LNEJ0YM U KUCHOTHI). Pa3nuBel 60ab1HX 00BLeMOB HE(PTH NPHBOJAT K TsKe-
JIbIM 9K0IorMYeckuM karactpodam [1]. DddexTuBHOCTE MEPONPUATHI NO JIe3aKTHBALMH Pa3/IMBOB
H YMEHBILEHHUIO TSHKECTH MX MOCJEJCTBUI 3aBHCHUT OT psfa (PakTOpOB, B YHCIO KOTOPBIX BXOAWT
MOJEIMPOBaHHE NEpeHOca BelecTBa. TeopHs BUXPEBBIX TEYEHUH B MOJEIH MUICAIBHOMN JKHIKOCTH
B nokosmelcs [2] wim Bpamarome#ics cpene [3] U pacueT nepeHoca BEIIECTBa OCHOBBIBAIOTCH Ha
APHOPHBIX NPEATION0KEHUAX O JHHAMHUKE ABJICHUSA, TAKMX KaK (TIaCCHBHOCTb NPUMECH» U «Typ-
OyIeHTHBINA XapakTep MepeHocay.

Onnako, (hakTbl NOCHEAHUX JIET YKa3bIBAIOT, YTO MACHTH(PHUIHpYEMbIE HA MOBEPXHOCTH OKeaHa
He)TAHBIC IIATHA PErHCTPUPYIOTCS B ()OPME TOHKHX BBITAHYTHIX PYKaBOB, pa3/€NICHHBIX 110JI0CAMH
YUCTOH BOJbI [4] M CIIOXKHBIX CHHPAJIBHBIX CTPYKTYP, OJMH H3 IIPUMEPOB KOTOPBIX NPHBEAEH Ha
puc. 1, a.

B nononHeHue K TEOPETHYECKUM HCCIICAOBAHHMAM, HAaYHHAS ¢ Hayajla NpOLUIOro BeKd, IIPoBO-
JATCS SKCIIEPUMEHTAJILHBIE UCCIIEI0BAHUs PAaCIPOCTPAHEHUs! IPUMECH B BUXPEBBIX TEYEHHUSX.
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Puc. 5. Pacnpedenenue macia no nosepxnocmu dacuoxkocmu ¢ cocmashoim euxpem (H =40 cm,
R=75cm): a) Q=210 06/mun, V; =90 mn, 6) Q=260 06/mun, V) =150 mn.

JaxioueHune

[IpoBe/ieHHbIE ONBITHI MOKA3aIH, YTO KOMIIAKTHOE MSTHO, KAK CMEIIHMBAIOLIENCs (aHUIHHOBBIC
YEpHMIIa) C OCHOBHOH KMIKOCTBIO, TAK M HECMEUIMBAIOIIEHCs (ITOJICOTHEYHOE Maciio) IPHMECH,
BHECEHHOE Ha MOBEPXHOCTh BPALIAIOIIEHCS KUIKOCTH, TPaHC(HOPMHPYETCs B OBEPXHOCTHBIE CITH-
paJibHBIE pyKaBa.

Pasmepsl ¥ TEMIT 3BOTIOLMH CITUPAIBHBIX CTPYKTYP 3aBUCST OT BCEX IApaMeTpOB AKCIIEPUMEH-
Ta (pagMyca ¥ CKOPOCTH BpalleHHs JIUCKA, INTyOMHBI JKHIKOCTH, KOJIMYECTBA IPHUMECH ).

B Tonuy uAKOCTH pacTBOPHMBIH KpacHTeNb NEPEHOCHTCS BIOJIb BUHTOBBIX JIMHHMN, HABHTEIX
Ha BEPTHKAIBHBIA LUJIMHD, IHAMETP KOTOPOrO 3aBHCHT OT HA4aJbHOIO IMOOXKEHHs MSATHA H Ma-
pameTpoB TeueHus. Macyo o6pasyer koMnakTHOE Teno, (popmMa MOBEPXHOCTH KOTOPOT'O 3aBHCHT OT
MapaMeTpoB TEUCHHUSI.

Bo Bcex mpoBesieHHBIX 9KCNIEPUMEHTaX NPUMECh HE MOXET CYHTATHCS NACCHBHOM, CMEIIEHH
OT/ICJIBHBIX OKPALICHHBIX I0JIOC, MTOJIOXKEHHUS Kanellb Mac/ia ¥ OpUEHTAIHsl CIIMPATBHBIX PYKaBOB HE
OTPaXXarOT KapTHHY TEYEHHs B COCTABHOM BHXpE.

Bce nabmofaemble KapTHHBI TEYEHHMS YCTOMYHMBO BOCIPOW3BOIATCSA B HpeAeNax TOYHOCTH
OTIBITOB.

DKCIIEpUMEHTAIBHBIE MCCIIEI0BAHNS BbIONHEHB! Ha ctenne BTK YCV “T'®K UITIMex PAH”
(T'ocynapcrBennsiii konTpakt Ne 16.518.11.7059).
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HYDRODYNAMICS OF THE MOVING PLATE IN AN INHOMOGENEOUS FLUID

R.N. Bardakov, 1a.V. Zagumennyi
A. Ishlinsy Institute for Problems in Mechanics of the RAS
Institute of Hydromechanics NASU

In the problem of studying and calculating the flow pattern of smooth homogeneous
viscous liquid barriers traditionally distinguish several stages: empirical, which lasted until
the early XX century, the development of boundary-layer model, initiated by the work of
Prandtl, whose results are summarized in [1], and modern, which takes into account the ef-
fects of buoyancy [2] and the complex structure of the current obstacles to even a simple
form.

More detailed calculations have shown that in an inhomogeneous fluid near the edges of
the plate having the characteristic of the singularity, which serve as sources of internal waves
[3]. With increasing speed the singularity generate characteristic sequence of streaky struc-
tures that steadily observed in the experiment. The results of calculations of the flow pattern
[4] performed in the model formulation in good agreement with the data shadow observations.

In the first stage analytical methods studied model solution of the linearized problem of
motion of the plate along the underlying plane, whose properties are studied numerically and
by asymptotic methods. The resulting solution is used as the basis for constructing an algo-
rithm for solving the complete nonlinear problem of computing the flow induced by a plate
moving uniformly and horizontally in free space filled with an exponentially stratified fluid.
The obtained numerical results are compared with experiment.

The unperturbed density distribution of a viscous stratified vertically and incompressi-
dlnp -l
dz

frequency N =./g/A . The fundamental system of equations of the mechanics of an inho-

ble fluid is determined by the salinity p(S(z)) and characterized by scale A =

>

mogeneous fluid is given by
p(%+ (VV)VJ =-VP +pVvAv +pg

%+(VV)S=KSAS, S=5)(2)+S(x,y,2.t) (N
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COMPARATIVE ANALYSIS OF THE SYMMETRIES OF THE
THERMOHYDRODYNAMICS EQUATIONS AND SIMULATION CRITERIA

V.G. Baydulov
A. Ishlinsky Institute for Problems in Mechanics of the RAS

e-mail: bayd@ipmnet.ru

In recent years, the group analysis is widely used in geophysical fluid dynamics as a
tool for comparing the properties of various systems of differential equations that are used to
model of the similar phenomena or even one and the same process. The development of sym-
bolic computation is extremely extended possibilities of mathematical modeling of the proc-
esses in the environmental systems, including the questions of uniformity of the transition
from basic systems of differential equations to simplified systems more convenient for the de-
scription of the selected range of phenomena. These approaches were developed the end of
XIX century with the introduction of simplifying approximations (Boussinesq free convec-
tion, nonlinear waves), the development of theories of the boundary layer and different ver-
sions of the theory of turbulence. The approximations are the basis construction of model sys-
tems of equations that can change the type of equations and their invariant properties, includ-
ing corresponding to the basic physical principles.

The theory of continuous groups (Lie groups) is still one of the few mathematical tools
that can be unified used for the analysis of a wide range of nonlinear models. It should be
noted that the efficiency of practical use of the theory of groups has grown considerably in re-
cent years, since the methods of symbolic computation have allowed the realization of highly
complex and multi-level algorithms for computation of symmetries.

In this context, it becomes the actual problem of comparative analysis of the general
properties of various systems. In this work by the continuous groups’ methods the first per-
formed a comparative analysis of the invariant properties of the models of the mechanics of
inhomogeneous fluids, taking into account the effects of stratification and dissipation.

For a medium with the thermodynamic state far away from points of phase changes the
system of equations of two-component fluid mechanics is based on the balanced relations that
are followed from the basic conservation laws [1 — 3]
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When the reference frames moving in the transverse direction (the operator TXz ) is ex-

panding admitted symmetry and are also equivalent to the reference frame moving with the
rotation and deformation ¥, =7, (x,t). Usually attention is paid to the dependence of the

law of motion only on time [6], and the generator TXz is written in the form

TXZ =%2 (t)ﬁy + Xz’tav .

From this analysis it follows that among all the models discussed, only the fundamental
system of (2 — 5) is invariant relatively the ten-parametric Galileo group. In general, the tran-
sitions from the system (2 — 5) to (8) and (12) have singular character that is associated with a
decrease in the order of the system. In the approximation of a homogeneous isothermal fluid
some of the variables is lost, as well as boundary conditions and the corresponding compo-
nents of currents. In simplifying the model by eliminating the effects of dissipation excessive
boundary conditions are also appeared (in the transition to boundary-layer model — one, and
from the Navier — Stokes equations to the Euler equations — two). Part of the initial boundary
conditions of viscous problem is excessive and in general all of them can not be satisfy. In
particular, solution of problems for an ideal fluid are singular on the characteristics.
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DIFFERENTIAL MODELS OF NON-HOMOGENEOUS FLUID MECHANICS
Yu.D. Chashechkin

A. Ishlinsky Institute for Problems in Mechanics of the RAS
e-mail: chakin@ipmnet.ru, yulidch@gmail.com

Analytical modeling of fluid flows was initiated by L. Euler who applied Newton's
principles to motions of continuous media and derived the first set of governing equations.
The Euler's seminal paper containing equations of motion and continuity was finished by
statement that “Nevertheless everything what contains theory of fluids is enclosed in these
two equations (§ 34), so for continuation of the study we do not need in new principles of me-
chanics but only instruments of analysis which are still not developed enough for this pur-
poses” [1]. Although J.-R. d’Alembert and L. Euler discovered a body resistance paradox in
the potential flow and redundancy of physically reasonable boundary conditions the Euler's
set of equations remains the subject of active analysis as important part of the theory of fluid
flows. Sixty five years later the French engineer C.M.H. Navier basing on de Laplace hy-
pothesis of the molecular structure of matter supplemented the Euler's equations by additional
terms describing action of shear stresses in a flow [2]. New equations were met skeptically by
contemporaries, who accepted them as a hypothesis that needs in experimental confirmation.

The equations were several times re-derived until G.G. Stokes gave them a modern
form and could constructed a number of key solutions, describing a pipe flow, sound attenua-
tion, propagation of linear and nonlinear gravitational waves [3]. Formulation of substances
[4] and internal energy (basing on heat [5] or temperature concepts) principles of conserva-
tions together with derived by D.I. Mendeleef equations of states for gases and solutions [6 —
8] leads to collecting basic equations [9] into compatible fundamental set [10].

In parallel with creation of models based on “first principles” a large family of constitu-
tive models based on concepts of “random motions” and rules of averaging introduced by
O. Reynolds [11, 12] were developed [13]. To describe particular experiments with character-
istic features (mostly with pronounced wave motions) abridged version of the fundamental set
were adopted [10]. So now a lot of co-existing theoretical models of flows are used for inter-
pretations of a large number of particular experiments with more or less high degree of corre-
spondence. Variety of models did not improve understanding of environmental processes and
forecasting of catastrophic events and complicates the interpretation even laboratory experi-
ments.

As result two main ways in an experiment organization are explored. The first way is
the organization of descriptive exploratory experiments using traditional and new instruments.
The second way is experimental testing of hypothesis. The second way is more difficult and
needs in understanding of phenomenon that is in development of a mathematical model, con-
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around the sphere and double dark vertical lines near the sphere poles in Fig. 4, a shows the
near field region where non-linear effects are valuable. Dark horizontal lines inside internal
wave beams of large amplitude are non-linear envelope produced due to interaction between
singular perturbed components. Various running short horizontal interfaces do not disturb the
stratification in Fig. 4, b.

Fig. 4. Schlieren images (slit-filament) of flows induced by oscillating sphere
(D=45cm):a—d) Tp,=11.2,11.2,11.2,7.3s; H =1.0,5.4, 2.8, 2.8 cm;

©/N=0.73,0.43, 0.8, 0.8 s~

Sharp mushroom-like interfaces are formed in domains of convergences of high gradient
envelopes of the wave beam directly in the fluid body without any contact with solid boundaries
(Fig. 4, c¢). the high gradient interfaces outline gradually the whole near field domain around
moving sphere.

The vertical size of vortices exceeds the vertical swing H of the sphere. Dark lines on
edges of the wave beam in Fig. 4 visualize high gradient interfaces bounding running internal
waves beam. In domain of convergence interacting interfaces produced “trauma” of stratifica-
tion and semi-closed mushroom-like structures and closed vortex loops.

Varieties of flow components must be visualized by distant and measured by contact
probes with a high temporal and spatial resolution with control of accuracy during the ex-
periment.

Conclusion. Mathematically defined vector space and motion are distinguished from
physical description of continuous medium deformations and fluid flows which are self-
consistent variations of basic physical quantities presenting in resolvable models (momentum
p, density p and pressure P form minimal family of flow parameters).

Set of fundamental equations constitutes adequate basis for mathematical modelling and
describe large scale and fine flow components. In fluids with small dissipative factors solu-
tions describe large scale regular perturbed components and family of fine singular perturbed
components. Results of complete calculations are in reasonable agreement with precision ex-
periment.

Fluid flows are complex phenomena which must be studied in a wide range of spatial
and temporal scales by sensitive instruments with control of absolute accuracy during the ex-
periment.
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ACOUSTIC SIGNALS EMITTED IN THE PROCESS OF A DROP FALLING
ON THE SURFACE OF THE LIQUID

V.E. Prokhorov
A. Ishlinsky Institute for Problems in Mechnics of the RAS
e-mail: prohorov@ipmnet.ru

The impact of a drop on the free surface initiates a number objects such as the caverns
arising sequentially, ascending jet, cascades of the eddies, on the background of large and
small scale underwater and surface flows. These phenomena are attractive for investigators in
view of practical importance and perspectives for various purposes, especially for acoustic
applications [1]. The sound emission produced by falling rain drops carries important infor-
mation of rain intensity and acoustic noises of the ocean [2].

Systematic registration of the sound following the falling drops was initiated in the
twenties of past age [3]. Relationship between frequency of the emitted and dimension of the
oscillating air bubble is used in estimations up to now [4].

In well known paper [5] a few mechanisms of sound emission have been suggested
among them hydraulic (at initial impact of the drop with the surface) and resonant (oscilla-
tions of the air cavities) dominate. Further investigations revealed a stable spectral maximum
within 10-15 kI'1; in the acoustic records of the rain [2].

For refinement of the sound emission the techniques and apparatus have been developed
in which high-speed video record is synchronized with underwater sound pressure registration
[6].

Typical experimental technique is issuing a drop from the nozzle placed at a certain
height, measuring final drop velocity, detecting sound signals, drawing empirical curves and
diagrams in a field of dimensionless numbers (of Weber, Reynolds, Bond and Froude) which,
as expected, could be basic parameters to create model of sound generation by drops. This
way did not give noticeable advance. Although it was revealed that emission is chiefly caused
by oscillations of gas cavities, however, mechanism has not been found to provide transform
of mechanical energy into acoustic oscillations.

This work presents the experiments in which correlation between the sound emission
and shape variability of radiating air cavity is first traced.

The experiments are carried out in the laboratory tank 145x50x60 cm) supplied with
optical glass portholes. The tank was filled with gas-free tap water to a depth of 40 cm that is
much greater of the drops, caverns and arising air cavities dimensions. Acoustic pressure is
fixed by hydrophone GI51B (bandwidth 2 I'm — 120 kHz, sensitivity — 30 mB/I1a, amplitude-
frequency characteristic unevenness — 3 dB at the most). The flow picture is recorded by the
high-speed camera Optronis CR3000x2 (in the experiments fps varies from 4000 to 20000
k/s). Camera lens axis is horizontal at the level of a free surface.

Video and acoustic records are synchronized by programmable PC-interface providing
12-bit AD-conversation, data storage and transmitting to PC (0.025+ 410 wS of sample times,
1+ 130000 mS of repetition periods). The drop is issued by the calibrated nozzle (0.4 cm in
diameter) from height H =87 cm. In each measurement series a scale calibration of the im-
age is carried out. Detailed description of the experimental setup is given in [7, 8]. In the cur-
rent experiments drop diameter (D =0.5 cm) and depth of fall (H =66 cm) provide forma-
tion of the sequential caverns and thick cumulative jets.

Air bubbles and their congregations of different sizes are visualized in the intaking lig-
uid at all stages of the primary and secondary caverns.
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FUNDAMENTALS OF THE NON-EQUILIBRIUM STATISTICAL
THERMOHYDRODYNAMICS OF TURBULENCE

S.V. Simonenko
V.1 Il’ichev Pacific Oceanological Institute, Far Eastern Branch of the RAS, (POl FEB RAS),
Viadivostok, Russia
e-mail: sergeysimonenko@mail.ru
Website: http.//www.drsergeyvsimonenkohondgibc.ru

The non-equilibrium statistical thermohydrodynamic theory of
the three-dimensional small-scale dissipative turbulence combines the
thermodynamic [1, 2], hydrodynamic [3 — 5] and statistical [1, 4, 6 —
8, 12] theoretical approaches. The non-equilibrium statistical thermo-
hydrodynamic theory [10, 11] was synthesized based on the funda-
mental foundations: 1) the generalization [9] of the classical expres-
sion [2] for the macroscopic kinetic energy, 2) the generalization [8]
of the classical formulation [12] of the law of large numbers, 3) the
generalization [10] of the classical formulation [1] of the first law of
thermodynamics.

1. The Macroscopic Non-Equilibrium Kinetic Energies of the Small Fluid Particle.
The classical expression g = ¢; +ge, [2] for the macroscopic kinetic energy per unit mass
€ was generalized [9] by founding the expression

_ coup
€ =& +& tEstEg, +Epes (1.1)
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FLOW STRUCTURE STABILITY IN COMPOUND VORTEX
WITH CONTAMINANTS

E.V. Stepanova, T.O. Chaplina
IPMech RAS, e-mail: step(@ipmnet.ru
M.V. Lomonosov MSU, physics dept., e-mail: chaplina_to@inbox.ru

The flows in the Ocean and Atmosphere combine different types of motion: streams,
waves, vortices, etc. Picturesque flow patterns reveal the transport solid bodies, miscible or
immiscible admixtures in the flows of different types. The spiral patterns visualize vortex
flow structure. With the growth and development of industry more and more chemically ac-
tive substances and compounds are polluted into the environment. To control the level of pol-
lution and environmental safety, the mass transfer from a compact source, that is affected by
streams, vortices and waves should be evaluated and studied carefully.

Theoretical studies of vortex flows are based on the theory of an ideal quiescent [1, 2]
and rotating [3] fluid, using a priori assumptions about the dynamics of the phenomenon.
Many works are devoted to study of the passive admixture spread in the vortex flows [4 — 6].
At the same time in some experiments the admixture were found in compact areas that have
typical forms of “dye walls” [4, 7] and helical structures, the patterns of such structures are
widely represented in the well-known albums and books [8 — 10].

Investigations of flow patterns in the environment are difficult due to their occasional
appearance and fast evolution. Laboratory experiments provide wide range of possible flow
realizations with the stationary characteristics and reproducible parameters and at the same
time allows registering all the necessary information to describe the flow in tiny details.

The goal of the investigation is to register the matter transport in compound vortex and
confirm the stability of the flow structure despite the presence of various admixtures.

The flow investigated in the laboratory conditions is a typical vortex flow with cylindri-
cal symmetry. When vortex flows are studied in experiments the rotating disk placed in the
center of the bottom of the cylindrical container is chosen to produce stationary vortex flow.
The generated flow is a compound vortex. It consists of vortex with the vertical axis, witch is
the axis the axis of container too and the toroidal vortex with closed axis that encircles the



Fig. 3. Dye distribution pattern (H =30 cm, R=5.0 cm, Q=200 RPM):
a—c) t=18 39, 304 s.

The structure of the dye distribution in the liquid body is preserved the same whether
one ore more colored dye drops are used. The dye from the surface drop goes downwards in
vertical helical lines. Two vertical cylindrical areas of different colors are formed in the body
of compound vortex after the drops were placed onto free surface. Tinted areas are slowly
elongated downstream. The velocity of elongation is higher for the dye introduced farther
from the vertical axis of liquid rotation.

Conclusions. The admixture behavior was active in all taken experiments with different
types of touches. Its distribution on the surface does not correspond to the average flow pat-
tern of the basic current. The displacement of individual oil droplets and the position of the
spiral arms do not reflect the water flow pattern in compound vortex. Similar patterns are ob-
served in natural aquatic systems contaminated with light immiscible admixtures, such as
fuel, oil and others. Comparisons of optical registration of oil spills in nature and patterns of
vortex flows of oil in the laboratory show that, despite differences in the characteristic scales
and the physical flow parameters (linear and angular velocity) have a number of common
parts.

Similarity of the forms of surface patches indicates the possible existence of universal
mechanisms of formation and redistribution of surface contamination. The experiments re-
vealed important properties of these structures are formed from miscible and immiscible lig-
uids: compact ink or oil spot on the free surface of the compound vortex transforms into spiral
arms system; sizes and periodicity of spiral arms depend on all the flow parameters, filamen-
tous elongation does not widen with increasing of time as commonly assumed, and form a
compact spots. All the mentioned features of flow are to ponder on the mass transport in the
vortex systems and to notice the active character of admixture transport whether it is soluble
or immiscible.

All the taken experiments with different types of miscible admixtures showed stability
of the dye distribution patterns their structure and dynamics as on the free surface, as in the
liquid depth.
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m+1
Amaie®) = Y _e(t+k) (()™RC ),
k=0
consequently
m+1
2 k 2
MAp 18(t) =0, DAp 16(t)= Fip 1167, Fpyy = Z (Cms1)
k=0

1
TFm+1

T
and so almost surely Z(Am+1x(t))2 NS , T — .
t=1

Consequently modified method decreases values of Fourier coefficients for small peri-
ods and so large periods with 10, 7, 6 years become more important.
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REGULAR AND SINGULAR COMPONENTS OF THE VISCOUS CONTINUOUSLY
STRATIFIED FLUID TAKING INTO ACCOUNT DIFFUSIVITY EFFECTS

A.Yu. Vasiliev
A. Ishlinsky Institute for Problems in Mechanics of the RAS
e-mail: corwin@ipmnet.ru

We are constructed of 3D periodical flows generation problem
in a viscous exponentially stratified incompressible fluid taking into
account effects. Method of calculations basing on expansion of algo-
rithm developed in [3 — 5]. We have shown that for real stratified fluid
is necessary to consider influence of all dissipative factors (viscosity,
stratification, diffusion).

1. Introduction. The linearized problem of computing the viscous homogeneous fluid
excited by a plane, oscillating along its surface, was examined in the XIX century [1]. Further
development of approximate models obtained [2]. Accounting for the effects of stratification
possible to find not only one-dimensional, but two-dimensional and three-dimensional
periodic flows that form part of an oscillating flat surface [3, 4]. In this case calculated as the
large-scale internal waves [3] and the accompanying fine-components, which are located on
the contact surfaces and edges of the beam in the bulk liquid [4]. The results of calculations of
wave beams in good agreement with previously obtained asymptotic estimates [5] and data
from laboratory experiments [6]. Comparison of existing models of the radiation of internal
waves is given in [7].

However, task [3, 4] is incomplete because it does not take into account the physical
nature of stratification due to the inhomogeneity of the composition (salinity), temperature
and compressibility of the medium (pressure). The full description of the density in the
equations of mechanics [8] is given by equations of state. In this case the fundamental system
of equations there are mass transfer and temperature, which includes the kinetic coefficients
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face. Among the considered types of wave sources piston source is most effective. When tak-
ing into account nonlinear regular and singular components interact with each other, which
creates the possibility of generating internal waves, even in cases when the oscillation fre-
quency exceeds the frequency of the source.

In general case there are the two types of flow: regular solution (internal waves) and
three types singular a component of flow (boundary layers). Two of them have no analogue in
a homogeneous fluid, their thickness are defined dissipative by factors (diffusion and
viscosity), parameters of environment and geometry of a problem. Domain of influence of the
basic dissipation factors is found. Viscosity and diffusion are the basic factors near of the
source. The obtained results show that it is necessary to consider influence of dissipative fac-
tors (viscosity, stratification, diffusion) for the analysis of bodies’ movement in the viscous
stratified fluid. For different type of the source are calculated velocity, density, pressure and
forces.

Table 1. Comparison of the displacements on the beam axis
h(O,q) for 2D (Yu.V. Kistovich, Yu.D. Chashechkin) and 3D

Type of source Strip Rectangle Disc
Frict 7\.0 a 1 7\.0 ab 1 }\‘O R2 1
riction 13273 2/3 43 a3
Sy g 3~ q 5% ¢*?
_ hoa 1 ho ab 1 ho R* 1
Piston 2/3  _1/3 - —
c ] Apa a Aoab b
omposite 4B a3 53 453
6411\;3 q2/ 3 6% 3 q4/3

Conclusion. We developed an approach [3] to solving the problems of generation of
periodic flows, including regular and singular perturbations in the viscous component of a
continuously stratified fluid with allowance for the effects of diffusion.

Regular part of the solution, built using the theory of singular perturbations, describes
internal waves, the calculation results are consistent with the observations of shadow and
contact measurements of fields periodic internal waves excited by an oscillating band in its
own plane.

The number of singularly perturbed solutions is determined by taking into account the
depth of dissipative factors and geometry of the problem. The compact source in addition to
the beam of internal waves forming three singularly perturbed solutions, two of which are due
to the effects of viscosity, and the third — diffusion. In the limiting case of increase in the size
of the parties consistent source of the problem becomes two-dimensional, and in the limiting
case of a transition to a homogeneous fluid - in the Stokes problem.

Nonlinear effects can be expected in the vicinity of an oscillating body, and in the arecas
of convergence of singularly perturbed solutions directly in the bulk fluid.

Acknowledgements. The work was supported by Ministry of Education and Science of
Russian Federation (State contract 16.518.11.7059).
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ANALYTICAL AND NUMERICAL CALCULATIONS OF THE FLOW PATTERN
AROUND A MOVING PLATE IN A STRATIFIED FLUID

la.V. Zagumennyi
Institute of Hydromechanics of the NASU, Kiev, e-mail: zagumennyi@gmail.com
R.N. Bardakov
A. Ishlinsky Institute for Problems in Mechanics of the RAS, Moscow,

e-mail: bard@ipmnet.ru

The nonuniformity of dissolved substances distribution in the natural systems causes
formation of a variety of fluid motions absent in the case of homogeneous liquid. Among
them there are internal waves which are an important element of ocean and atmosphere dy-
namics. They transport energy and impulse to a great distance, intensify heat-mass transfer
and form medium fine structure. A great number of theoretical and experimental works is de-
voted to the investigation of attached internal waves which appear as a result of obstacle
movement in a continuously stratified fluid [1 — 5]. Analytical investigations of the problem
are usually carried out in the linearized formulation with the imposition of artificial boundary
conditions (the approximation of underlying plane) [2, 4]. It makes difficulties for carrying
out quantitative comparisons with experimental data and results extrapolation to a range of
practically important parameters. Numerical approaches allow considering the problem on
obstacle movement in the free space within the full formulation accounting for the effects of
nonlinearity and diffusion [5].

We consider the problem on uniform movement of a plate along a sloping trajectory us-
ing both the analytical and numerical approaches. As a basis of our investigations the set of
fundamental equations is analyzed including the Navier — Stokes accounting for the gravity in
the Boussinesq approximation, the continuity and diffusion equations and the closing state
equation

a_v+v(v.v)=—LVP+vAv—sg,

ot P00

divv =0, §+V~V8=KSAS+U—Z,
ot A (1)

P =poo (exp(—2/A)+S)=po+PooS

A=|dinp/dz|", N = /%%, Ty, = 2n/N.

The boundary conditions are no-slip for velocity components and no-flux for substance on the
strip surface and attenuation of all perturbations at infinity

0s 1 0z
Uxls =Upcose, v, =Upsing, |—| =——,
Xy 0 ¢ z |2 oSmo I: on :l . A on
In the analytical approach the system of equations is linearized, diffusion effects are neglected
and no-slip boundary conditions are imposed along the whole trajectory of movement [4]

v, §| =0. )

X,Z—> 0

ov oP ov oP
PO =~ +tPOVAUx, Po—Z=———+povVAU; —pg,
ot 0x ot 0z 3)
a_p+vzaﬂ:0’ %4.%203
ot 0z ox 0z
Uxly =Ugcosq, vgls =Upsing, Ux,vz|xe:‘%fL,L] =V, Uy |x’z_>DO =0. “)
Z=
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Fig. 3. The fields of horizontal (a,b) and vertical (c,d) velocity components generated
by uniform movement of a horizontal plate over an underlying surface:

Uy=047cm/s, L=25cm, N=0.86s, ¢=0°, h=50cm (a,c) and h=15cm (b,d).

In the case of a plate movement in a stratified fluid at some distance from the underly-
ing plane the flow pattern starts to change drastically compared to the case of a plate in free
space (Fig. 3). Such investigations are of a great practical interest because taking into account
ground effects or closeness of a moving body to other objects is very important in environ-
mental fluid mechanics. Introducing the underlying plane leads to formation of reflected
waves which essentially distort the general flow structure and break the flow symmetry ob-
served in the case of a moving plate in free space. Moreover a noticeable changes in drag and
lift forces along both sides of the plate are observed at its approaching to the underlying sur-
face.
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Research under the grants 09-05-90902, 10-05-90905-mob _sng st headed by Prof. Yuli
D. Chashechkin.

REFERENCES
Lighthill J. Waves in Fluids. — Cambridge: Cambridge University Press. 1978.
Bardakov R.N., Chashechkin Yu.D. A stratified flow fine structure near a horizontally
moving strip / JSME International Journal. 2006. V. 49. Ne 3. P. 601 — 604.
3. Chashechkin Yu.D., Mitkin V.V. A visual study on flow pattern around the strip moving
uniformly in a continuously stratified fluid // J. Visualiz. 2004. V.7. Ne 2. P. 127 — 134.

N —


Victor
Машинописный текст

Victor
Машинописный текст


Cnucok my0aukanui no drany 4 rockourpakra 16.518.11.7059

I. ByanukoB A.A., XKapxo II.B., Hameukun [O.JI. DkcnepuMeHTanbHOE MOIEIUPOBAHUE
mpoliecca nepeHoca miaBaronmx 00bEKTOB B «MyCOPHBIX OCTpoBax». Bectnuk MI'Y. Cepus 3.
®usuka n actpoHomus. 2012 Ne 4. C. 83 — 88.

2. Yanmmnaa T.O., CrenanoBa E.B. Yameukun [O.J[. OcobGeHHOCTH mepeHOca TpUMECH B
CTallMOHAPHOM BUXPEBOM TeueHUM. BecTHrK MocCKoBckoro YHuBepcutera, cepus 3: Ousuka u
Actponomus. 2012. Ne 4. C. 69-75.

3. Yameukun lO.J[. OcHOBaHMSI MEXaHMKHU HEOJHOPOIHBIX KUIKOCTeW. EcTecTBeHHBIE WU
texuudeckue Hayku. 2012. Ne 3(59). C. 31-41.

4. CrenanoBa E.B. Yammna T.O., Tpodumoa M.B., Yameukun FO.[[. CrpykrypHas
YCTOMYMBOCTh MpoOIlecca MEepeHoca BellecTBa M3 KOMIAKTHOTO MSATHA B COCTAaBHOM BHXDE.
N3Bectuss PAH. ®usuka armochepst u okeana. 2012. T. 48. Ne 5. C. 578-590.

5. Kaymanuenko B.A., Yameuknn 1O.JI. OOpa3bl Tomorpaduu B CTPYKType CYCIICH3UH B
crosiunx BojiHax. Jlokmamer PAH. 2012. T.446. Ne 3. C. 283-287.

6. YON juSdiz S.1 ., 10teHOSE Tt SShtftedBidsoz- ds) difkiHse0kd ] sy inise
histelzClsztedLOYdd 0 oV iy ROsh R COfwR tonsotstese fiskj? d lsskSdn hizht jdLd.
uBBERdS futd - sjChikste HESCEOHED J jMHEzG0EBHEE CdkW jis jdydd.

¢ sy nOdssicOkdLOydd @ o iir R0 dn COYEYR e it~ M dHSES

p |2
AChY jteddz jais T, s jstedd, M ikdwe. phstOn0kt: R IsteOn 10145&‘ s Izﬁbts s ct‘éz"?
lzdzha%ﬁts% jlse.: 2612(.19:{ 2%;6%. ;I.J141-15(ngSBN 978-&9(;9(%-0604-?. 2 celjzHoEnked

7. a0HOCED Ty AJHESHARORACO o riyrr0E=h j2 Cotfzd osHGREE f oBHEGE-MSE joses tonkotstse
BJZC0. BBk fhd - s jChiste HECEOHE J jHHEGOESHES? ClkW jte jaydd. ¢ty hhr
homssecokdLoydd o orfirr0shdn Cotivn BhsesSEBY Bk jdish = MHSEhSJ2: AShY jbddsddisT,
sistedd, tedizs>ikdve. ¢hst0nr0t+: R cdst0R0ENS2 cBhizHOENSo jtd 2 Zdde jtehdis ise.:
2012. 7T 246 ). &. 21-26. ISBN 978-5-9926-0604-1.



80

BMY. Cepus 3. PU3UKA. ACTPOHOMMUS. 2012. Ne 4

JKcnepuMeHTaJbHOE MOJENMpPOBaHMe Mpolecca NepeHoca MiaBalomMX
00BbEKTOB B «MYCOPHBIX OCTPOBaX»

A. A. Byauukos ¢, I1. B. 2Kapkos !?, 10. 1. Yameukun?<

' Mockosckuii cocydapcmeennoili ynusepcumem umenu M. B. Jlomonocosa, usuueckuil gaxyromemn,
Kagedpa usuku mops u 6800 cywu. Poccus, 119991, Mocksa, Jlenunckue eopuotl, 0. 1, cmp. 2.
Huemumym npobaem mexanuxu umenu A. [0. Huaunckoeo PAH.

Poccus, 119526, Mocksa, npocn. Bepradckoeo 101, kopn. 1.

E-mail: “aa.budnikov@physics.msu.ru, ° physicmsu@mail.ru, °chakin@ipmnet.ru

Crarbsa nocrynuna 24.02.2012, nopgnucana B neuars 11.04.2012.

B nabopatopHoii ycTaHOBKe H3yueHbl ABHXKEHHS MOJMIPONUIEHOBBIX MApKeEpPOB B COCTABHOM BHUXpe
B KayecTBe MojeJ/d IepeHoca Mycopa B okeaHe. [lokasaHo, 4TO NIpU [IBHUXKEHHUU HA [IOBEPXHOCTH BUXPH
MapKep BpalllaeTcsi KaK BOKPYT LIEHTPA BUXPS, TaK ¥ BOKPYT COOCTBeHHON ocH. OrpenesieHbl 3aBUCUMOCTH
YIJIOBBIX CKOPOCTEH BpallleHHs] MapKepoB OT PACCTOSIHUS 10 LIeHTPa BUXPS, 3HAUEHHsI KOTOPBIX, MPH (PUK-
CUPOBAaHHBIX BHELIHUX YCJOBUSIX 3aBUCAT OT pasMepoB MapkepoB. Halinena cenapatpuca, paspensiolias
00/1aCTH HayasbHbIX MOJIOXKEHUH, U3 KOTOPbIX MapKep [pH JAaJjbHellleM ABHXKEHHH CMeLlaeTcsl K LEeHTPY
BHUXPS WJIM K CTEHKAM KOHTeHHepa.

Katouesvie c108a: MycOpHbIe OCTPOBA, COCTABHOI BUXPb, TPAEKTOPHH MePEMeLLeH sl TBEPLOTEIbHbIX MapKepOB.

YIK: 550.3. PACS: 92.05.Bc.

Beenenne

Hauunasg ¢ 1980-x rr. BHHMMaHUe OOLIeCTBEHHOCTH
U Hay4YHBIX KpPYroB IpHBJEK (AKT YBEJHUEHUS KOJIH-
yecTBa JApeH(ylollMX I[JIACTUKOBLIX OTXOJOB B BOAAX
MupoBoro okeaHa. V3mepeHHe KOHIEHTpaLHH MNJIACTHKA
B MOBEPXHOCTHBIX BOJAX CeBepPHOH uacTh THXOTo OKe-
aHa [l] BbisIBHJIO TMOBbILIEHHE KOHLEHTpPALKWH B 00Jja-
CTSX, TOJBJACTHBIX OINpPEeeNI€eHHBIM OKeaHHYeCKHM Teue-
ausaM. B 1997 r. Yapaesom Mypom Oblio 06HapykKeHO
OrPOMHOE CKOIJIEHWe MJacTHKa B THXOM OKeaHe B pai-
oHe CeBepo-THXOOKEaHCKOH CHCTEMbI TeYeHWH, HAa3BaHHOE
«Great Pacific Garbage Patch». [lnomans «MycopHoro
Truxo0KeaHCKOro MATHA», MO PasHBIM OLlEHKAaM, COCTABJISET
ot 700 Thic. 10 15 MaH KM?, a o6mas Macca Mycopa mpe-
Boimaer 100 muiH T [2] ¥ 0pu 3TOM MOCTOSIHHO YBEJHUYHBA-
etcs. [lnaBatoutuii Mmycop npencraBisieT co60il B OCHOBHOM
MeJIKHe KYCKU IJIaCTHKA, KOHIEHTPHUPYIOUINECS B BEPXHEM
(mo 30 m) caoe Bomst (puc. 1) [3].

Puc. 1. TunnyHble YaCTHUILBI IJIACTHKA B 11poOe M3 MPHUIIO-
BEPXHOCTHOTO CJIOSI 3arpsi3HeHHOH 06J1acTH

Brocsiencteun nonoOHble CKOMJIeHHsT ObLIM OOHApy»Ke-
Hbl M B JIPyTHX OKeaHax, B TeX MeCTax, TJe CHCTeMa
TeyeHHH 00pasyeT yCTOHUNBbIE LUPKYJISLHOHHbIE 30Hb. Ha
CErOHSLIHUI eHb U3BECTHO O NATH HauboJiee MaCCUBHBIX
CKOIJIEHUAX MyCOopa: OABYyX B TI/IXOM, ABYyX B ATJIaHTI/ILIe-
CKOM ¥ ofHOM B MHumuiickoM okeaHe [4, b]. Ilns HabJrone-
HHUS 32 OOHAPYXKEeHHBIMH MYCOPHBIMH OCTPOBaMH U H3yuye-
HMS CBSI3AHHBIX C 3arpsisHeHueM npobiem B 2009 r. cosnan
«MHCcTHTYT T BomoBopoToB» (5 Gyres Institute) [6].

[lpoGnema  HccnenoBaHHS — «MYCOPHBIX — OCTPOBOB»
OCJIO?KHSIETCS T€M, YTO TPAHCIIOPTHBIE MapLIPyThl MOPCKUX

CYLOB TMpOXONAT MHMO 3THX paioHOB, a HaOMIeHUS
CO CIHYTHHKa HE€ MNpeACTaBJAATCA BO3MO2KHbBIMHU H3-3a
NPO3PaYHOCTH MJIACTHKA, MEJKHX Pa3MepOB IJaCTHKOBBIX
4yaCTHl, U U3-3a TOro, 4Tto 00J/IbLLIMHCTBO YaCTHUL, HAXOOAHUTCHA
TOJI, TIOBePXHOCTBIO BOIAEL. B TO e BpeMs HelpencKasyemMoe
NOBEJIeHUe «MYCOPHOI'O MSATHa» [PeNCTaBJseT OOJIbLIYIO
OMAaCHOCTbH /151 IPUOPEKHBIX TEPPUTOPHUH.

Teopetuueckoe onucaHue MepeHOCA MycCOpa CHJBHO
OCJIO’KHEHO BCJIEACTBHE OOJBIIOr0 uncaa (PaKTOpOB, OKa-
3bIBAIOLIUX BJAHSHUE HA JAHHBIH npouecc. B naHHo#i cutya-
1y J1abopaTopHOe MOIENUPOBAHUE, MT03BOJISIOIIEE KOHTPO-
JIUPOBATb BHELIHHWE MapaMeTphl, MOXKeT MOMOYb B OLEHKE
BJIMAAHWSA PA3JIMYHBIX q)aKTOpOB Ha OIWHAMHUKY KaK CaMoro
MYCOPHOT'O OCTPOBA, TaK M HA AWHAMUKY 3JEMEHTOB, ero
COCTAaBJISIOIIUX.

Llenp HacTosimied paboTBl — 3KCIEepPUMeEHTAaJbHOE H3Y-
YEHHWE [OHHAMHUKHW I[JlaBalOIIMX 4YaCTHULl Ha T[OBEPXHOCTH
COCTABHOTO BHUXPSI, MOIE/NHPYIOLIETO BUXPEBYIO CHCTEMY CO
CTOKOM B LIEHTPe U MPUTOKOM KHUIKOCTU Ha Nepudepuu.

1. JlabopaTropHas ycTaHOBKa

DkcrnepruMeHTh npoBesieHbl Ha creHae BTK Yuukans-
HOH ycTaHOBKH YCY «[uuapodusuuecKuil KOMILJIEKC mAJIs
MOZIEJIMPOBAHHS THAPOIMHAMHUYECKHX IIPOLECCOB B OKPY-
JKAKWIEH cpefie U HUX BO3LEUCTBHUA HA MOABONHBIE TeX-
HUYeCKHe 0OBEKTbl, a TaKXkKe PAcCIpOCTPaHEHMs TpHUMecel
B okeane u atmochepe (I'PK MITIMexPAH)».

Cxema nabopaTOpHOH YCTaHOBKM NpUBeJieHa Ha puUC. 2.
OcHoOBOH ycTaHOBKM siBjsieTcsi pafouas siyeika — ULH-
quagp [ BeicoTod 70 c¢M W BHYTPEHHHM IHAMETPOM
29.4 cm. [lnst yMeHbLIEHHS] ONTHYECKMX HCKAXKeHHH npu
(poTorpadupoBaHNU TeUeHUH LUJUHAP MOMEIIaics BHYTPb
OTKPBITOrO napaJijiesenudresna pasmepamu 64 x 45 x 70 cm.
B MeTajsinyeckod pame 2. CKBO3b reOMETPUUYECKHH LEHTp
KOHTeHHepa Yepe3 YIUIOTHHUTENbHBIH CaJbHHK [POXOIHUT
BaJ, COEIMHEHHBIH HANpsAMyl0 C 3JeKTPOMOTOpPOM 6,
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Modeling of «garbage island» formation in the vortex ocean
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The polypropylene markers set movement in composite vortex in a laboratory setting studied. Trajectories of the
markers which parameters, under the fixed external conditions, depend on their initial position are tracked. At
movement the marker rotates both round the whirlwind center, and round own axis, corresponding angular speeds
are defined. The separatrix, dividing areas of initial positions from which the marker at the further movement is
displaced to the center of a whirlwind or to container walls was found.
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Nsyuena xapThHa IepeHoca BellecTBa B COCTaBHOM BHXPEBOM TeYEHUM, KOHTAKTUPYIOLIUM CO CBO-
6oHOH noBepxHOCTbIO. [IpociierxkeHa 3BOIOLMS KOMIIAKTHOrO MsiTHA MapKepa (aHMJ/IMHOBbIE YepPHHUJIA MJIH
TIOACOJIHEUHOE MAcJio) B CIHpasbHble pyKaBa Ha MOBEPXHOCTH BHXPS, KOTOPBIH c031aBaJjCsi paBHOMEPHO
BpAIIAOMHAMCS JTUCKOM B [IUJIUHAPHYECKOM KoHTelHepe. OmnpenesieHbl TapaMeTprl CTPYKTYPHBIX 3J1€MeHTOB
TeyeHHH. ['eoOMeTpUsl CIUPa/NbHOrO TeUeHHs CTPYKTYPHO YCTOHUMBA B LIMPOKOM [HUalasoHe [apaMeTpoB
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OIIBbITOB.

Kaiouesvie c108a: cOCTaBHOM BUXPb, IPUMeECh, CIIMpasbHble PyKaBa.

YIK: 551.46. PACS: 92.05.Bc.

Beenenne

[To mepe pocra KOHOMHMKH M DPa3BUTHSI NPOU3BOACTB
B TPUPOIOHYIO Cpely TMomnanaeT Bce OOJbllee KOJUYECTBO
XUMHYECKH AKTHBHBIX BELIECTB W COEIUHEHHH, B TOM
4rCe IKOJIOTHUECKH OMACHbIX, KOTOPbIE MOMaIaloT U B BO3-
oywHell GaccefiH, n B runpocdepy. Ilepuonuuecku npo-
UCXOMST KaTaCcTPO(bl Ha MPOU3BOACTBAX C yUaCTHEM $0-
BUTBIX BeIECTB, B YACTHOCTH JHOKCHHa (KaracTpodbl
B bxonane, Uunus, 1984, Ceseco, Uranus, 1976, copocel
B Amyp, Kuraii, 2005, aBapust Ha 3aBoze mo nepepaboTke
sinepHoro toruinBa, Cessaduin, Bennkobpuranus, 2005).
Jliisi KOHTPOJIsT YPOBHSI 3arpsisBHEHHOCTH U 00ecredeHwus
9KOJIOTUYECKOH 6e30MacHOCTH WK [axe MAJisi MJIaHHpPOBa-
HUsl 3BaKyalWH JiIofied HeoOXOOMMO OLIEHMBATh MEPEHOC
BelleCcTBa HU3 KOMIIAKTHOI'O HMCTOYHHKA B CJI0O2KHUBIINWXCHA
THIPOMETEOPOJIOTHUECKUX yCaoBUsxX., Ha mepeHoc Bere-
CTBa BJHSIIOT TedeHHss B Tuapocdepe — aHajIoOr BeTpa
B aTMocdepe, BUXpU ¥ BOJHHL (cToKcoB npeiid). Haubosee
IIOJIHO TEOPETHUYECKHU U IKCIIEPUMEHTAJ/JbHO U3Y4YE€HO BJIUfA-
HUe TeuyeHWH, Kak JaMHHAPHBIX, TaK U TYpOYJeHTHHIX, Ha
nepenoc Bemectsa [1]. TeopeTuuecku uccen0BaH nepeHoc
BEIlleCTBa B HEJMHEHHBIX BOJHAX [2].

PasBuTHe TeXHMYECKHUX CPEINCTB IOJyuYeHHs HH)OpP-

Mauuu 00 ylaJleHHbIX M KpyIHOMacliTaOHbIX OObeKTax
TNO3BOJIUJIO MOJNYYUTb U MOCTPOUTb OOJBIIOE KOJIUYeCTBO
BIEYAT/SIOUINX H300paXKeHHH BUXPEBBIX TEUEHHH B aTMO-
cepe U OKeaHe C BbIpaKeHHBIMH CIIHPaJbHBIMHU PYKaBaMH,
pasaesieHHbBIMH [10J0CAMH 0a30BOT0 BEILECTBA, a TaKXKe
u300paxKeHUH pa3J/M4YHbIX KOCMHYeCKUX 0ObEeKTOB, Hecy-
wMx cxoxue veptbl (puc. 1). BblparkeHHbie criMpasibHbie
CTPYKTYpPBl PETHCTPUPYIOTCS KaK B YCTAHOBHBILIHMXCS, TaK
¥ B HECTALHOHAPHBIX TEUEHHUSX.

Teopernueckue uccienoBaHHsS BUXPEBHIX TeYeHHH oOc-
HOBBIBAIOTCSI Ha TEOPHUH HAEA/bHOH XHIKOCTH B MOKOS-
wekics [5, 6] u Bpawartueiicsi cpene [7] ¢ uCnosb3oBaHUEM
aTIPHOPHBIX MPEIIONOKEHUH 0 THHAMMKE SIBIEHHSA. DBoJib-
IOH LHMKJ paboT MOCBAILIEH H3Y4eHHIO paclHpoCTPaHEHHS
B BHUXPEBBIX TEUEHHSIX NPHUMECH, KOTOpas MpeJIoJaraeTcs
naccuBHOH [8, 9]. B paHee BBINOJHEHHBIX 3SKCIIEPHMEH-
Tax MOKa3aHO, 4TO MpPUMeCh B [VIOOANBHO BPALIAMOINXCS
JKUJIKOCTSIX COCPEOTOYMBAETCA B KOMIAKTHBIX 00JIACTSAX,
MMEIOMHX XapaKTepHYI0 (hOPMYy CIHPAJbHBIX CTPYKTYp —
«cren kpacku» [10, 11], npexncraBieHHBIX B psife myOJH-
kauui [12, 13].

[lpn MopmenupoBaHHHM NepeHOCA W PACTBOPUMBIX (cMe-
LLIMBAIOLIMXCS), U HEPACTBOPUMBIX MpPUMeCeH (pas3J/ihuHbIX

Puc. 1. V306paxkeHusi CoupasbHBIX CTPYKTyp: cnupanbHas rajsaktika NGC 1566 [3] (a) u KpacHoe MATHO Ha
IOmurepe [4] (6)
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paJibHBIX DPYKaBOB MPOTHBOMOJNOKHBL, POCT chupasbHBIX
PYKaBOB MPOUCXONUT BO BCEM MHMAaNa3oHE HCCJEIOBAHHBIX
napamMeTpoB TeYeHHs.

Bo Bcex mMpoBeNeHHBIX IKCIIEPHMEHTaX IPUMECh He
MOKET CUHTATbCS MACCHBHOM, CMELIeHHS OTHENbHBIX II0-
JIOC TIPUMECH, MOJIOXKEHHs KalesJb Macja H OpHeHTAlUs
CiMpaJibHbIX PYKAaBOB HE OTPaxarT KAPTUHY TEYEHHUA
B COCTaBHOM BHxpe. Bce Habumiogaemble KapTHHBI Teue-
HHUSI YCTOHUYHBO BOCIIPOMU3BOMSTCSI B TIpelesaX TOYHOCTHU
OIBITOB.

Hab6nonaembie 0coOeHHOCTH paclpeesneHUss Mapkepa,
KOTOPHIH COXpaHseTcs B CHHPANbHBIX PyKaBax, pasieseH-
HBIX [10JIOCAMHM YHUCTOH BOIBl B JIAOOPAaTOPHBIX BHXPAX,
COoryIacyloTCcsi C KapTHHAMH Te4YeHWH B TNPHUPOAHBIX YCJO-
BUSIX. Teopusl TakKWUX MPOIECCOB B HACTOsllee BpeMsi He
paspaboTaHa.

Pa6oTa BhIMoNHeHa NpU (QUHAHCOBOH mopaep:kke MuUH-
o6puaykn P® (rockontpakt Ne 16.518.11.7059).
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Contaminant transport features in stationary vortex flow
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The experimental modeling of the admixture transport in vortex currents with the Iree surlace is taken. The
evolution of the compact admixture spot (aniline ink or sunflower oil) into spiral arms on the free surface of
the vortex driven by the rotating disk at the bottom of cylindrical container is observed. The parameters of the
basic structure elements of the current are estimated. The general spiral flow geometry is stable under all the

experimentally checked conditions.
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OCHOBAHHSA MEXAHHKH HEOJHOPOIHBIX )KHIKOCTE#

Ilposeden cpaenumenvuviii ananus Kumemamuxku dsuoicenuii BEKMOPHOZ0 NPOCMPAHCMEA U Meyenull
criowHoll cpedvi. Obockosan wibop dynoamenmanonoii cucmemsl YpasHeruii u3 COBOKYNHOCIMU NPaKmu-
HECKU UCNONbIYVIOWUXCA MOOeNel, NONHbIE Pewenus Komopoli ONUCLIBAIOM 6Ce KOMNONEHMbL MeveHui — u
Kpynnomacumabnvie, u monxocmpykmypnusie. O6cyncoaomen mpebosanun k Memoouxke adexeamnozo xc-
nepuMenma 6 2uOpoaspoOOUHAMUKe, PAIPEUIAION}e20 GCe KOMNOHENMbI MeyeHuil ¢ KOHMPONeM moyYHoCmu 8
xo0e onsimos.

Kniouessie cnosa: eexmopnoe npocmpancmso, HEOOHOPOOHAA JCUOKOCTNL, KUHEMAMUKA.,

FOUNDATIONS OF MECHANICS OF INHOMOGENEOUS FLUID

A comparative analysis of the kinematics of the continuum vector space motions and flows of continuum
media is presented. The foundations for selection of the Sundamental equations set from practical used mod-
els are discussed. Complete solutions of the set describe all flow components — both the large-scale compo-
nents and a fine flow structure. The requirements for an adequate methodic of experiment in hydrodynamics,
visualizing all flow components with control of accuracy during the experiments are discussed.

Key words: vector space, inhomogeneous liquid, kinematics.

Beenenne

Ipomenunennas pesomouus XVIII — XIX Bekos copnana co cMeHod Stama IMITHPHYECKOTO
Pa3BHTHA IMAPOJNHAMHKH, OTMEYCHHOIO TAKHMH JIOCTHXKEHHSMH KaK MPOTAKEHHBIE BOIOBOIEI
(akBeayKH), OPOCHTENBHbIE CHCTEMBI, CYIOXOAHbIE KAHAMBL, NIapycHBIE Cy/a, 3TaloM CO3/IaHHs Ha-
YUHO 00OCHOBaHHBIX MOJIXO/IOB, OCHOBAHHEIX HA COBMECTHOM MATEMATHHYECKOM H nabopaTtopHOM
MOACTHPOBAHHH TEXHHYECKHX YCTPOHCTB M TeXHOMOTHIT. Pa3BHTHE TeopeTHyeckol rHAPOIHHAMHE-
KH Ha OCHOBC «IICPBEIX NPHHIMIIOB — 3aKOHOB MPHPOJILI», TIPE/ICTABICHHBIX B (opme auddepen-
UHATIBHBIX YPABHEHHH, CIIOCOGCTBOBAIO YTTyG/IeHHIO MOHMMAHKA NPHPO/L! TEUEHHH U CO3IAHMIO
METOIHK BBICOKOTOMHBIX BOCIIPOM3BOHMBIX SKCIIEPHMEHTOB,

Onmuako, B cHIIy MaTeMaTHUECKOi CIIOXKHOCTH, CHCTEMBI ONPE/ENAIONMX YpaBHeHHH, KaK rpa-
BHJIO, HEMOCPCACTBEHHO HE PELIATHCh, @ CBOAHJIMCH K YNPOIICHHBIM: pedyyupoeantsim (Hanph-
MEp, MyTEM JHHCAPH3ALMHK YPAaBHEHHH, NpeHeOPeKEHHeM HEOJHOPOAHOCTBIO COCTABA CPEM MM
ACHCTBHEM JMCCHNATHBHEIX (AKTOPOB) M KOHCMUMYMUBHbIM MOOERAM, CpeH KOTOPBIX Haubomb-
1Ue€e pacnpoCTPaHeHHE MONyYHIIH pas/iiyHble BEPCHH Teophy TypOynenTHocTH. [Ipn mepexoze ot
OJIHOM CHCTEMbI ypaBHEHHIi K APYTOH, KaK IPABHIIO, He MIPOBEPAJINCH YCIOBHS COXPAHEHHS CMbICIA
(pH3MUECKHX BEIMYHH, KOTOPLI ONpenenseTcs 6a30BEIMH (hopMynamu TEOpHH, H CTENEHb COOTBET-
CTBHA Npeobpa3oBaHHEIX CHCTEM HCXOAHBIM. B KadecTBe OfHOro M3 IIPHMEPOB MOXHO OTMETHTE
9SBOJTIOLMIO CO/ICPKAHMSA TAKOTO NapaMeTpa, Kak CKOPOCTh JHCCHIALMHA MEXAHHYECKOH SHEPIHH —
NPOHM3BO/HON BE/IHYHMHBI, ONPEACIAEMO CABHTOM CKOPOCTH B KIaCCHYECKOM MIOJXO/JE, H HOBOH
HEC3aBHCHMOM NEPEMEHHO B TEOPHAX TypOy/IEHTHOCTH.

PesyneTarel npoBeaeHHOrO B MOCIE/HEE BpEMS TEOPETHKO-IPYNIOBOr0 aHANN3A, TOKA3aBIIHE
CYICCTBCHHBIC PA3IHYAA CHMMETPHIl Pa3NUYHEIX CHCTEM YPABHEHHI B COBPEMEHHOH THIPOIHHA-
muKe [1-4], ykassiBaroT Ha HeoGXOAMMOCTH aHANH3A NIPHHIMIIOB BBIOOpa AHATH3HPYEMBIX CHCTEM
YPaBHEHHH H Pa3spaGOTKH METOJOB MOCTPOCHHS MOMHBIX PEIICHHI CIIOKHBIX CHCTEM C Y4ETOM ye-
JIOBHSA COBMECTHMOCTH BXOJAIINX B HUX YPaBHEHMIA,

Illnpokoe pacnpocTpaHeH#e ONTHYECKHX METOAOB HAGIIOACHHH TI03BOJHIO BBIABHT «TOHKYIO
CTPYKTYPY CPE/BI» — CEMEHCTBA BLICOKOrPAJIMEHTHBIX IIPOCIIOEK ¥ TIPOTSKEHHBIX HHTEH — B LTHPO-
KOM JiHara3oHe THHEHHBIX Pa3sMepOB NPHPOIHBIX CHCTEM: OT ralaKTHYECKHX MacliTaboB B eJIHHH-
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CkopocTh HIKOCTH, HENIOCPEJACTBEHHO He HabnodaeMblli ITapaMeTp TeueHuH, MoxkeT ObITh
paccHHTaHa N0 H3MEPEHHAM MIHOBEHHBIX 3HAYCHHH IUIOTHOCTH BELIECTBA H HMITYJIbCA.

PaspaboTka METO/IOBH HHCTPYMEHTOB H3MEPEHHS IJIOTHOCTH HMITY1bCA TEUECHHS CTAHOBHTCA
0J(HOH K3 Hanbosee aKTyaNbHBIX 3a1ad IPHKIATHON a3POTHAPOIHHAMHKH.

Oxcnepumenthl nposeaeHsl Ha YCV «'®K UIIMex PAH» npu ¢uHaHcoBO#H nopnepxkke Mu-
nucTepcrsa obpasoBanns u HaykH Poccuiickoii ®eaepammu (lockonTpakT Ne 16.518.11.7059).
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CTPYKTYPHAS YCTOMUYUBOCTL ITPOILIECCA IIEPEHOCA
BEIIIECTBA B COCTABHOM BUXPE
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BrinosHeHO MoeIMpoBaHUe KapTUHBI TIepeHoca TpUMeceii B BUXPEBBIX TEUSHUSIX, KOHTAKTUPYIOIIUX CO
CBOOOIHOI MOBEPXHOCTHIO. [IpocexeHa 3BOJIOLIMSI KOMITAKTHOTO TISITHA MapKepa B CIIUpabHbIE pyKaBa
Ha MTOBEPXHOCTH COCTABHOTO BUXPSI, KOTOPBIH CO3aBAJICSl pPABHOMEPHO BpaIIaAIOIIMMCS TUCKOM B LIIMJTUH-
JIpUYECKOM KOHTeitHepe. B KauecTBe MapKepOB UCHOIb30BANCh AHWUJIMHOBBIC YEPHUJIA U TTOACOTHEYHOE
macio. OripeneneHbl mapaMeTpbl CTPYKTYPHBIX 3JIEMEHTOB TeueHUi. [eomMeTpusi crimpaaibHOTO TeYeHUS
CTPYKTYPHO YCTOMYMBA B IIIMPOKOM JMAIIa30HE IMapaMeTPOB OMNbITOB.

KiroueBbie ciioBa: JlabopaTopHBIil 9KCIIEPUMEHT, BUXPHU, TEPEHOC BEIECTBa, CMUPATbHBIE CTPYKTYPHI,

MacCJIIHOEC TEJI10.

BBEAEHUE

B nuHamuke IpUPOAHBIX CUCTEM — aTMOC(hEpPHI U
OKeaHa — 00JIbllIoOe BHUMAaHUE yIeJIseTCsl U3yUYeHUIO
MEPUOJNYECKMX TCUCHUU — BUXPEU M BOJH, KakK
CTPYKTYPUPOBAaHHBIM 3JIeMEHTaM, TaK U MEXaHU3-
Mam nepeHoca Bemectsa [1]. [Tocnemuss tema npu-
obpeTtaeT Bce 0oibliiee 3HAYEHUE B CBI3U C 000CTpe-
HHEM 3KOJIOTMUYECKUX MPOoDJIeM eCTECTBEHHOTO U aH-
TPOIIOTE€HHOTO MPOMUCXOXIeHUsI. Pa3zBUuTHE METOIOB
JNUCTAHIIMOHHOIO 30HAMPOBAHUSI CIOCOOCTBOBAIO
MOJIyYEHHUIO OOJIBIIIOTO YKMciia BIeYaTasonnX N300~
pakeHUI BUXPEBBIX TEUCHUI B aTMOcdepe U oKeaHe
C BBIPAXEHHBIMU CHUPAJTbHBIMU pyKaBaMU, pasjie-
JICHHBIMU TI0JIocaMu 0a30Boro BemlecTBa [2—4]. BeI-
paxkeHHbIE CNUpaJbHbIE pyKaBa PErucCTPUPYIOTCS
KaK B YCTAHOBUBIIUXCS TEYEHUSIX, TAK U B HECTAI[UO-
HapHbIX, CO3MaHHBIX BOJIHAMM ILIyHAMU MOCJI€ CUJIb-
Horo 3emJjerpsiceHus1 [5]. OmHako, B CHIy KPYITHO-
MaclITaOHOCTM U HECTAallMOHAPHOCTU M3Yy4aeMoOro
rpoliecca, OTCYTCTBMSI HaJIeXKHBIX METOJOB MpeICcCKa-
3aHUS JIOKAIU3alluu BUXpE, U3ydeHUEe X TUHAMU-
KM Y BJIMSIHUSI Ha TIEPEHOC BellleCTBa B MPUPOIHBIX
YCJIOBUSIX 3aTpyldHEHOo. TeopeTuueckue ucciaeaoBa-
HUSI BUXPEBBIX TEUEHUI OCHOBBIBAIOTCSI HA TEOPUU
HaeaabHOM XUAKOCTU B ITOKOILelcs [6, 7] u Bpala-
foueiics cpene [8] ¢ ucnoab3oBaHMEM aNpPUOPHBIX
MPEaIooXEeHU O OIUHAMHUKeE sBiAeHUS. Bbobmioit
LIMKJI pabOT MOCBSIIIEH U3YYEHUIO PACIIPOCTPAHEHUS
B BUXPEBbIX TEUCHUSIX TIPUMECH, KOTOpasi mpeAroia-
raetcs naccuHoit [9, 10]. B To ke Bpems B HEKOTO-
PbIX 9KCIIEPUMEHTAX MOKa3aHO, YTO MPUMECH MOXKET
COCpeoTauynBaThCSI B KOMITAKTHBIX O0JAacTsIX, UME-
IOILIMX XapakKTepHyio popmy “creH Kpacku” [11, 12]

Y CITUPAJIbHBIX CTPYKTYP, IIMPOKO MPeACTaBICHHbBIX
B U3BECTHBIX aJibOOMax U MoHorpadusx [13, 14].

B nocinenHue roabl pacrpocTpaHeHUE TOJIYYUIN
JlabopaTOpHBIE WCCIECIOBAHUS BUXPEBBIX TEUYCHUM,
KOHTaKTUPYIOLIUX CO CBOOOIHOW MOBEPXHOCTHIO,
npoaosKarole skcrepumeHTsl k. Teitmopa u
P. Jlonra [11, 12]. MeTtoauka rnpoBOAMMBIX SKCITEpU-
MeHTOB [15] Ga3upyeTcs Ha MeTodaxX BU3yaau3alluM
KOJIbIIEBOW U CIIUPAJIbHOU CTPYKTYP BUXPEBBIX TeUe-
HUI pPacTBOPUMBIMU KpacuUTedsiMU, AbiMOoM [13],
MEJIKOAMCIIEPCHBIMU YaCTULIAMU B METOE DJIEKTPO-
JIMTUYecKOoM mpeuunurauuu [16]. Busyanmusupyro-
I MapKep BBOAUTCS W Ha CBOOOMHYIO ITOBEpX-
HOCTb, M B TOJIILY XUaKocTh. DUKcalns JIoKaaIn3a-
111U, BpeMeHU (DOpMUPOBaHUS U (DOPMBI ICTOUHUMKA
MOBBIIIAET TOYHOCTh MHTEPIIPETALIMU PE3YIbTaTOB.
B nmocnenHee BpeMst usydyaercsl mepeHocC MpUMeCH U3
MsATHA, TTOMEIIEHHOTO Ha CBOOOJHYIO MOBEPXHOCTH
cocrtaBHoOro Buxps [17].

IIpu MoagenupoBaHUY MepeHOCa U PACTBOPUMBIX
(cMelIMBaloIMXCsI), U HEePacCTBOPUMBIX IMpUMeceit
(pa3nuuHbIX BUAOB Macen [18]) koMImakTHOe TISITHO
Ha TTOBEPXHOCTH BUXPSI TPaHC(HOPMUPYETCS B CITH-
pajibHble pyKaBa, pasie/icHHbIe MOJOCAMU YUCTOM
Boabl. Takasi MpOCTpaHCTBEHHAas CTPYKTypa Kaue-
CTBEHHO COOTBETCTBYET HAOII0OAeMOI B MPUPOIHBIX
ycioBusx [2—4]. B otiimumre oT mpupoOaHBIX YCIIOBUM,
B JabopaTopuu obecrneuyrBacTCsl BbICOKasl CTEIEHb
BOCIIPOM3BOIVUMOCTY HAYAJIbHBIX YCIIOBUIL B YCTAHO-
BUBIIEMCS] BUXPEBOM TEUCHUU.

Llens manHO# pabOTHI — TIPOBEPKa CTPYKTYPHOM
YCTOMYMBOCTH KapTUHHI IIepeHOCca MapKepa B CTallH-
OHApHOM COCTaBHOM BHUXp€ M3 KOMITAKTHOTO MSITHA,
BHECEHHOTO Ha CBOOOIHYIO ITOBEPXHOCTD KUIKOCTH.
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YepHMIa) C OCHOBHOM XKUIKOCTBIO, TAK U HECMEIIIH -
Baroleiicsa (MoJCOJTHEYHOe Macjio) IIpUMecH, BHe-
CEHHOE Ha MOBEPXHOCTh BpAIllAIOLIENCsT KUAKOCTH,
TpaHCcHOPMUPYETCS B CIUPATbHBIE PyKaBa.

Pa3zmephl 1 TeMIT 3BOJIIOLIMY CITUPATBHBIX CTPYK-
TYp 3aBUCSIT OT BCeX MapaMeTpOB AKCIepruMeHTa (pa-
Iyca U CKOPOCTH BpAIlCHUS TMCKa, TITYOWHBI KU -
KOCTH, KOJIMYECTBA IPUMECH ).

Bo Bcex mpoBeeHHBIX 3KCIEPUMEHTAX MIPUMECH
HE MOXET CUYUTATHCS MACCUBHOM, CMEIIIEHUS OTIECITb-
HBIX OKPAIIIEHHBIX MTOJOC, TTOJIOXEHUS KATleJIb Maciia
U OpUEHTALMsl CIIMPAJIbHBIX PYKAaBOB HE OTpakaloT
KapTUHY TEYEHUS B COCTABHOM BUXpE.

Bce HaﬁJ’[IOI[aCMLIC KapTUHBI TCUCHUA YCTOﬁQHBO
BOCITPOM3BOAATCA B ITpEACIaX TOYHOCTHU OITBITOB.

PaGota BeInmoIHEHA MTPU YaCTUYHON (PMHAHCOBO
nomaepxke MwuHoOopHayku P®  (IockoHTpakT
Ne 16.518.11.7059), Poccuiickoit akageMuy Hayk
(ITporpamma Ilpesunnyma PAH I1-20, “DyHgameH-
TaJbHBIE MPOOJEMBI OKEAHOJIOTMM: (pU3MKa, Te0JI0-
rusi, 6uosaorusi, skonorust”, Ipanr Ilpe3sugenra PD
MK-4650.2011.1.
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Abstract—We simulate the pattern of impurity transport in vortex flows contacting the free surface. We trace
the evolution of a compact spot of a marker into spiral arms on the surface of a composite vortex created by
a uniformly rotating disk in a cylindrical container. The markers are aniline ink and sunflower oil. We calcu-
late the parameters of structural elements of flows. The geometry of the spiral flow is structurally stable in a

wide range of experimental parameters.

Keywords: Laboratory experiment, vortices, substance transport, spiral structures, oil body.
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MEXAHUMKA

OBPA3bI TOIIOT'PA®UNUN B CTPYKTYPE CYCIIEH3NN
B CTOAYUX BOJJIHAX

© 2012 r. 10. 1. Yameukun, B. A. Kamanyenko

[Mpencrapneno akaneMukom A.I. Kynukosckum 31.05.2012 ¢

IMocTtyrmno 31.01.2012 &

HccnenoBaHue TMHAMUKU U CTPYKTYPbI CYCII€H-
3UMA — TPAOULIMOHHAS 3aa4ya MEXaHUKU KUAKOCTEN
[1], nHTEepec K KOTOPOIi COXpaHSIETCS U B HACTOSIIIEE
BpeMsl BClieACTBUE (PYHAAMEHTAILHOCTUA TeMbl [2] 1
OOLIIMPHOCTHU CNIUCKA MPUTOXKEHU, B KOTOPOM BaX-
HO€ MECTO 3aHMMAIOT TIPOOJEMblI TEXHOJOTHUU U
OoKpyxatolleil cpenbl. B Teopuu paszpabdaTeiBaroTcs
MOJIeJIM MepeHoca BelllecTBa HeCTallMOHAPHBIMU Te-
YyeHUsIMU [ 3], onpenessiroTcs yciaoBust nuddepeHImn-
alyu U HaKOTIJIEHUST AUCTIEPCHBIX (a3 B onpeneieH-
HBIX 9acTsax noroka [4]. Ha nmpakruke B rumpocgdepe
C BOJJHOBBIMHU TEUEHUSIMM CYCIIEH3UI CBSI3aH Tepe-
HOC W HAaKOIUIEHWE OTJIOXEHWM, U3MEHSIOINX pe-
nbed nHa [5], KOTOPBINA MPOSBISIETCS HAa CITyTHUKO-
BBIX (poToTrpadusIX IMMOBEPXHOCTH INTyOOKOTO OKeaHa.
JAuCcTaHIIMOHHBICE METOIbl KOHTPOJSI Tonorpaduun
JIHA B MOCJIeIHYE TOIbl MOJYYUIN IIMPOKOE Pacpo-
CTpaHEeHME B MPAKTUUECKON 6aTUMETPUN, HECMOTPS
Ha OTCYTCTBME MaTeMaTUYECKUX MOJEJIelt ITPOoLeCCOB
GOopMUPOBAHUS TAKUX U300paKeHuI [6].

ki1 1adbopaTOpHBIX MCCASAOBAHUI IIEpeHOCa Be-
11IecTBa BOJJHAMM 1 O0Opa3oBaHUs JOHHBIX (popM OT-
KpbUla MMoHepcKas padoTa [7]. B mociaenHue romsl B
OCHOBHOM H3y4alOTCsI CBSI3M CTAaTUCTUUYECKUX XapaK-
TEPUCTUK TEUEHUs ¢ TpoleccaMu (hopMUPOBaHUS U
pa3pylleHNsT BOJTHOBEIX pu(esieil, a TakKe Iepexona
JOHHBIX OCaIKOB BO B3BeIIEHHOE cOCcTOsTHME [8].

B coBpeMeHHBIX JTMHAMUYECKIX MOJEIISIX BOJIH B
HEOIHOPOIHBIX CpeAax SHEProHeCyIIre KPyITHOMAC-
IITaOHbIE KOMIIOHEHTBI JOIIOJIHEHBI OOraThiM Ce-
MEMCTBOM TOHKOCTPYKTYPHBIX KOMITIOHEHT, BIIMSIIO-
IIYX Ha JUCCUTALINIO, JIOKAIM3aIINIo 00JIacTeil C BbI-
COKOI 3aBHUXPEHHOCTBIO M TepeHOoC BelecTBa [9].
B psime onbITOB ObIT 0OTMeueH 3P dheKT KOHIIEHTpa-
UM PaCTBOPUMEIX IIpUMeCeil Ha TOHKMX ITPOCIOM-
Kax B 1oJyie BHyTpeHHUX BoJH [10]. OnHako n3MeHe-
HUSI TIPOCTPAHCTBEHHOM CTPYKTYPBI CYCIIEH3UM B
TOJIIIE KUAKOCTH, BOBJICUCHHOI B BOJIHOBOE Tede-
HUE, paHee He n3yJannch. B maHHoIt paboTe BiepBhIe
MPOCJIeXKEH TPOLIECC CTPYKTYpHU3alluKY TTIepBOHAYAb-
HO OOHOPOOHOM CYCIICH3WHU B II0JIE CTOSTYMX BOJIH,

Hucmumym npobaem mexanuxu um. A.1O. Hwarunckoeo
Poccuiickoit Axkademuu nayx, Mockea
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MOCTENEeHHO 3aXBaTbIBAIOIIUI BCIO TJyOUHY TTPSIMO-
YTOJIBHOTO JIAGOPAaTOPHOTO COCYIA.

OTIBITHI BBITOJTHEHBI B Ipo3payHoM cocyae (50 x 4 x
x 40 cM), KOJIEOIIOIIEMCSI B BEpTUKAIILHOM HaIlpaB-
JIeHUU B peXrMme OCHOBHOro pezoHaHca Papapes
[11]. Pabouast cpema — BogHasl CYyCIIEH3UsI, AUCIepC-
HYI0 (ha3y KOTOPOI COCTABIISLIM YaCTUIIBI A TIOMUHM -
€BOWl MUTMEHTHOM IyApbl IJIACTUHYATONH (POPMBI C
SKBUBAJICHTHLIM auaMeTpoM 10 MKM U ruapaBiadde-
CKO# KpymnHocTbio nopsaaka 1072 cm/c. KonueHrpa-
nust C mucriepcHoil da3bl coctaBmsuia 300—400 4a-
ctul Ha 1 cM® ¥ IIpakTUYecKu He BIIMSUIA HA IUIOT-
HOCTh M 3(PPEKTUBHYIO BI3KOCTL CyCIIeH3WM. s
CO3JIaHMsI CJI0sI HECBSI3HBIX OCaJKOB Ha JHE cocyla
MPUMEHSUICS aTlOMOCUIMKATHBIA MPOIaHT (4acTu-
mel guametrpoM 0.063 + 0.007 cM mpu OKPYIJIOCTH
0.8—0.9).

B naHHBIX ombITax pasMax KojeOaHWii YaCTHII
KUJIKOCTH BOJIM3U AHA Ha YacTOTE TIEPBOUM BOJTHOBOM
MonIbl ® = 5.19—5.45 ¢! cocrasnsan A = 4.5—10.8 cm,
BeJIMYMHA JOHHOU ckopoctu U, =13.1-30.0 cm/c.

ITpu ® = 5.36 ¢! BOJIHOBOE TeUYEeHME KUIKOCTH B CO-
Cyle C TOPU3OHTAJIbHBIM cioeM TojuHoi 0.15 cm
MOHOJMCHEPCHOTO MPOTIaHTa MPUBOAMIO K (hOPMHU-
POBaHUIO TPEX CTALIMOHAPHBIX JOHHbBIX (POPM C HEU3-
MEHHBbIMM TTapaMeTpaMu (IJMHa YW BbICOTA KaxKIoOu
l.=5cwMm, h,= 0.9 cM) B LIeHTpaJILHOI YacTu cocy/a.
Takue dopMbl TPAAUIIMOHHO OTHOCAT K CTallMOHAp-
HbIM JIOHHBIM OOpa30BaHUSIM M3 HECBSI3aHHBIX 4Ya-
CTUII TIecKa, JJIs ONMCAaHUsI KOTOPBIX B JMTepaType
HCTIOJIB3YETCSI TEpMUH “BHXpeBbie pudean” [5].

BosHoBbIE ABUKEHUST CYCTIEH3UM PeTUCTPUPOBA-
Jm undposoit Buacokamepoiit DIMAGE Z2 (gactorta
kagpoB 24—30 x/c, F/2.8-3.6) B TOABMXHOM KECTKO
CBSI3aHHOM C cocyaoM cucteme KoopauHart. Ilocre-
Jytoliiasi 00paboTKa BUASOKAIPOB OCYLIECTBIIsIaCh B
obonouke GetData Graph Digitizer 2.22 n Imagel
1.43u. PazperieHue BUAEOU300paKEHUST COCTABJISLIIO
0.15 mm/nukcens. Ha oGpabaThiBaeMbIX BUACOKAA-
pax o0JjlacTu C MOBBIIIEHHOW KOHIIEHTpalluei auc-
TIepCHOM (pa3bl BRITJISIACIN 00Jiee CBETIBIMU, C MEHb-
IIIMM COJEp>KaHUEM YaCTULl — TeMHbIMU. J1J1s1 orpe-
JleJIeHUsI TIPOCTPAHCTBEHHO-BPEMEHHBIX MacIlITaboB
U3MEHEHUS KOHILIEHTPAllMU WCMOJIb30BAIOCh AMC-
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Puc. 4. Dpomouust aucrnepcHoro ob6naka Il Hag meH-
TpasbHbIM pudesem (puc. 1): a — ropu3oHTaIbHAasI KOOp-
JUHaTa lIeHTpa Macc obJiaka; 6 — BepTUKaJIbHBIM (/) ¥ TO-
PUM3OHTAIbHBIN (2) pa3Mephl, 4 — TOPU3OHTAJIbHASI KOOP-
JIVHAaTa I[IeHTpa Macc objaka, 3, 5 — UHTePITOJIIIMOHHbIE
KpUBBIE.

BaJIe pOCTa CTPYKTYPHUPOBAHHBIX 00JIAKOB HaJI ITecya-
HbIMU pudeIsiMU, TIpUBEIeHbI Ha puc. 4.

N3MmeHeHre TOpU30HTAIBHOIO MOJIOXEHUS X(7)
eHTpa Macc obyaka Il (puc. 1, 2), npuBeaeHHOe Ha
puc. 4a, mpencTaBisieT coO0Oi yepegoBaHue Kojieba-
HMI ¢ OOJIBLIMM M MajibiM pa3dMaxoM. PazMax 0oJib-
IIMX CMEIIeHUIA MOHOTOHHO pacTeT BO BPEMEHHU, a
MaJjibIX YObIBaeT. XapaKTep KPpUBOW OTpakaeT CIOXK-

Tabmmua 1
¥y, eM Crnin/Cimax !
—2.2 0.8/1.5 4.1,4.6,6.5,8.2
3.2 0.6/1.5 2.7,4.0,6.5,8.2, 11
—5.0 0.6/1.5 1,2.7,4,5.5,6.5, 8.1
—6.2 0.6/1.4 1.4,2.2,3.3,54,8.1
—6.7 0.5/1.5 0.6,1.4,3.6,5.6,6.5,8.1
IMpumevanue. /,;, = 0.1 cM, /5 = 11 cM.

JOKJIAAbI AKAAJEMHWHW HAYK

HOCTh TEUEHMUST OKOJIO TOIOTpaduu, B KOTOPOM MPU-
CYTCTBYIOT BOJIHOBBIE M OBICTpPOIIEpEMEHHBIC IIPO-
CTPAHCTBEHHO HEOJHOPOAHbIE BHUXPEBBIE KOMIIO-
HEHTHI.

OTHocuUTeJIbHbIE JIMHEHHbIE pa3Mepbl (HOPMUPOB-
Ka Ha /) obaaka 1o ropu3onTanu (/) u Beptukanu (2),
MpUBeICHHbIE Ha pUC. 40, OMMUCHIBAIOTCS MOKa3aTe/Ib-
Holt dyHKIMe#R at”. UHTepnoasuys mpeacTaBIeHHbIX
AKCIIEpUMEHTATBHBIX TAaHHBIX (KpHBasd 3) JaeT 3HaUe-
Husg a =0.36, n = l

2

BepTukanpHass KoopamHaTa IIeHTpa Macc, Mpen-
cTaBJieHHas1 Ha puc. 40 MOHOTOHHO PacTeT CO Bpeme-
HEeM, 9KCIIepUMEHTaIbHbIE TOYKH (4) ¢ MaJbIM pa3-
OpOCOM IPyNNUPYIOTCST OKOJIO KpUBOU 5 Y (f) = a1,

ay=0.18,n = %

Bun 3aBHCHMMOCTH TIO3BOJISIET KIIACCHU(PUIIMPOBATh
TIpolLIecC pocTa odiaka Kak 1 dy3rMOHHBII U OLICHUTh
3 PeKkTUBHBII KOAQOULIMEHT UHAYLIMPOBAHHOMI O~
bysun Dy ~ 5 cMm/c?. 3HayeHre Ko3((PULIMEHTA D,
onpenensieT 3PPeKTUBHBIN TUPPY3MOHHBII MacIITad

2D
ESEDD) = E—f = 1.4 cM, 3aMETHO TIPEBOCXOISIIINI €To

. ™ _
MOJIEKYJISIpHBIN aHajor — MmaciTtad Crokca §, =

=0.06 cMm. HeomHOpogHOCTH € MaclITaboM S&D)

MpeacTaBeHb B MiepeuHe 3HaueHui [ Tab. 1 1ist mpo-
MEXYTOUHBIX CITEKTPaTbHBIX ITUKOB.

Bo Bcex IIPOBCACHHLIX OIIbITaX CTPYKTYpU3allWid
COXpaHsJIaChb B TCUHEHMUE BCETO MHTEPBajia BOJTHOBOI'O
OBM2KCHUA CYCIICH3MM M HUCYE3ala B TCUYCHUEC HEC-
CKOJIbKMX MHMHYT IIOCJIC IPpEKpalllCcHUA IMapaMEeTpu-
YECKOro BO36y}KI[CHI/IH BOJIH.

DKCIIeprUMEHTHI BBITTOTHEHBI Ha cteHae [1P-2M
YCV “I'®dK UIIMex PAH” (rockoHTpakT MUHOOD-
Hayku Poccum 16.518.11.7059) npu yactuaHom -
HaHcoBoli noanepxke OOMMITY PAH (ITporpam-
ma OD-13 “Buxpu 1 BOJIHBI B CJIOXKHBIX cpenax’).
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Beeoenue

N3yuyenune cTpyKTypbl U JMHAMHUKU TEYEHUH B KaIljle, HAXOIALIENCS Ha TBEPIOM ITOIIIOXK-
K€, — OJIHA U3 TPAJAMLMOHHBIX 33]a4 MEXaHUKHU KuAkocTed. CucTeMaTH4ecKue UCCIea0Ba-
HUi, Oepymue cBoe Havyano eme B XIX Beke [1, 2], BBIABUIN CYIIECTBEHHOE BIHMSHHE II0-
BEPXHOCTHOM KOHBEKIMM, W3MEHEHMs (PA30BOTO COCTOSHUS, XapaKTepa B3auMMOJAEHCTBHS C
OKpYXKarollel cpefoi U MOJI0KKON Ha MEPEHOC BELIECTBA BHYTPHU KUIAKOM Kariau u Gpopmu-
pOBaHUE TEKCTYphI €e CyXxoro ocrarka [3]. BricbIxaromue Kamid MOPCKOM BOJbI 00pa3yroT
"coJIeBO# TyMaH'" — B3BEIICHHBIC MEIJICHHO OCEAIOIINE YaCTHUIIBI coti B atMocdepe, oOpa-
3YIOLIUE LIEHTPBI KOPPO3UU HA METAJUIMUECKUX MPEAMETAX.

N3ydyeHue ruipolMHaMUKN KallJld MPEJCTABIAET U OOIICHAaYyYHbIH, U MIPAKTUYECKUM HMH-
Tepec. [Iporeccsl CTpyKTypH3aluy BelIeCcTBa B KAIUIIX COCTABIIAIOT OCHOBY psijia ObICTpopas-
BUBAIOIINXCS HAHO- U MUKPOTEXHOJIOTUH [4], nCcnonp3yroTes it GOpMUPOBAHUS TEKCTYPHI
penbeHBIX MOBEPXHOCTEN [5], B MPOU3BOJACTBE XUMHUYECKH M OMOJOIMUYECKH aKTHBHBIX Be-
miectB [6]. OnHa U3 3a7a4 COBPEMEHHBIX HCCIIEIOBAaHUI — IOUCK METOJOB YIPaBJIEHUS
CTPYKTYpPOIl TeUeHMsI U TEKCTYpOH CyXOro OocTaTKa Karllh. AHaJINW3 TEKCTYphl (aiuii, oopa-
3YIOIIMXCS TIPU BBICBIXaHUH (JETHUAPATALNH) Kareidb ONOIOTHIECKUX JKUAKOCTEH Ha TBEPIIBIX
MIOJIJIOJKKAX, MOJIOXKEH B OCHOBY HOBBIX HMHTErPAJIbHBIX METOJOB MEIULMHCKON JUarHOCTH-
Ku [7].

IIpouecc BbICBIXaHUS Kallelb MHOTOKOMIIOHEHTHBIX PaCTBOPOB BKJIIOUAET HECKOJIBKO I10-
CJIEIOBATENbHBIX 3TANlOB: HAYAJIbHBIM THAPOAMHAMUYECKUN (HA HEM JKUJKOCTb IPEICTABIISET
co0oii cabblii pacTBOP BXOSAIIUX B €€ COCTaB BellecTB [8]), mocienyromue — reaeodpazoBa-
HUA ¥ Kpuctaium3anuu [9]. TekcTypa cyxoro ocrarka HaunHaeT (OpMHUPOBATHCA YK€ Ha Ha-
YaJIBHOM TMAPOJMHAMUYECKOM JTalle, Ha KOTOPOM IIPOUMCXOAUT IPOCTPAHCTBEHHOE IIepepac-
IpeJielIeHUe NePBOHAYAIbHO OJHOPOAHO PACHPECIIEHHBIX KOMIIOHEHT MCTUHHBIX WM KOJ-
JIOUJIHBIX PACTBOPOB.

B mpouecce BbichIXaHHs B Karwie GOPMHUPYIOTCS TPAJAMEHTHI TEMIEepaTypbl, KOHIIEHTpa-
IIUM PAaCTBOPEHHBIX BEUIECTB (B3BELICHHBIX YACTHUIl) U KOA(PQHUIHMEHTa MOBEPXHOCTHOIO Ha-
TSOKCHUs. BO3HMKaromue rpafieHThl MOPOXKAAIOT KaK MEJICHHBIN TU(y3HOHHBIN TIEPEeHOC
BeiecTBa U 3Hepruu [10], Tak u 6onee akTUBHbIE T'MJIPOAMHAMUYECKUE T€UCHUS. Y IIPOIIEH-
Has MaTeMaTudeckas MoJesib (POPMUPOBAHUS TOHKUX IUIEHOK MPHU BBICHIXaHUU MOJIMMEPHBIX
U KOJUIOMJHBIX PAcTBOPOB INpeaoxkeHa B [5], MexaHu3Mbl (pOpMUPOBaHUS CTPYKTYp OCTaT-
KOB KaIleJIb CJI0’KHBIX OMOXKUAKOCTENH paccMOTpeHbI B [11].

TpaguuuoHHO MoJjaraercs, 4YTo Cpelu FMAPOJANHAMUYECKHUX IIPOLIECCOB B BBICHIXAOLIEH
KaIwie JJOMUHUPYET IMOBEPXHOCTHAsI KOHBeKIws [2, 12, 13]. Ha ¢popmupoBanue Takux mnpea-
CTaBJICHUH, BO3MOKHO, ITOBJIHUSJIO OTCYTCTBHE TEXHUYECKHUX CPEICTB BU3YyAJIM3aLMU U U3MeE-
peHuil TedyeHuii BHyTpHu Kanesb. OJIHaKo, HEpaBHOMEPHOCTh MPOILECCA BBICHIXAHMUSI, CII0KHAS
TEKCTYpa CyXUX OCTAaTKOB (0COOEHHO KaIlelslb, COACPIKAIIMX JIETYUHe KUJKOCTH) YKa3bIBAIOT
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HBIX YaCTHIl U KO3(pPHUIIMEHTa MOBEPXHOCTHOTO HATSHKEHUS, TaK U pa3MepoB Karuid. B cioxk-
HBIX PAacTBOPAX C M3MEHEHHUEM OTHOCHTEIHHOW KOHIIEHTPAIMU PACTBOPECHHBIX BEIISCTB (HA-
OmrogaemMoit uddepeHImanuy KOMIIOHEHT I100abHOE TEUCHHE MOXKET pa30MBaThCs Ha OT-
NENBHBIC STYCHKH, KaK 3TO HAOII0JaeTcs B Clydyae MHTEHCUBHOTO BBICHIXaHHS OBICTpOUCIA-
PAIOIIUXCS KUJTKOCTEH.

[TosrydeHHas 0 BCEi COBOKYITHOCTH IPOBEJICHHBIX OMBITOB CXE€Ma TCUCHUsS B KaIlie Cy-
IIECTBEHHO OTIMYAETCs OT MpejIoKeHHoU B pabdorax [11,17,19], B KOTOpO# KUAKOCTH OMyc-
KaeTcsl B IEHTpe Karwii. B HuX (akTudecku ciydae npeHeOperaercs BIUSHUEM THIPOIMHA-
MUYeCKHX 3(P(HEKTOB B BBICHIXAIOIIEH Karljie HEOAHOPOJIHOW JKUJIKOCTH M HEIOOLICHUBACTCS
BJIIMSTHUE TPABUTAIIMOHHONW KOHBEKIIMH Ha MacCOIIEPEHOC.

Buwvieoowr

[IpoBeaeHHBIE ONBITHI MOKA3aJIM, YTO HA TUJIPOJAUHAMUYECKON CTaJMH MPOLECCHI BHICHI-
XaHUs B KaIUISIX MHOTOKOMITOHEHTHBIX JKUJIKOCTEH (YMCTBIX U UCTUHHBIX PACTBOPOB, UX CMeE-
ceil ¢ CyCrneH3us MU U3 HAaHOYACTHIl) 00pa3yloTCs BhIPAKEHHBIE TEUCHHUS, KaK JIOKaIbHbIE, 3a-
HUMAIOLIUE YacTh KAIUIM, TaK U IJ100albHbIE, 0XBAThIBAIOLUE BECh OOBEM.

Kaptuna rmoGanpHOro TeueHus, crenuduueckas A I'PaBUTAMOHHOW KOHBEKIMH B
T€OMETPHH KaIlly, IIPEACTABICHA TOPOUAAIBHBIM BUXPEM C BEPTUKAIBHON OCBIO B LIEHTPAIb-
HOH YacTu Kamiu. TOHKasi CTPYKTypa 3BOJIOLMOHUPYIONIUX KOMIOHEHT TEUEHUU ONpeness-
€TCS COCTAaBOM M T€OMEeTpHeil Karu. B akTUBHON (a3e ncnapeHwust JeTydyuX BEIIEeCTB Ha OC-
HOBHOE TE€YEHME HAKJIaJbIBAIOTCS MHTEHCHUBHBIC MEIKOMACIITa0Hble BO3MYIICHHUSI, 00YCIOB-
JICHHBIE IOBEPXHOCTHOW KOHBEKIIMEH.

Brichixatomiye cycrneH3ud MUKpPO M HAHOYACTHUI[ OKCHAA KpeMHHUS (DOPMHUPYIOT Xapak-
TEpHBIE TEKCTYpPHI, 00pa30BaHHBIE CUCTEMOW BIJAMH U TPEIIUH. B CTPyKType TOHKOTO CIIOs
MEPEMEHHOMN TOJILHUHBI MEXKIY KPOMKOW KaIlJld U KOJIbIIEBBIM BAJIMKOM BBIPAKEHA CUCTEMA
paaManbHBIX W apKaJHbIX TPEIIMH. B 1eHTpax OOJbIIMHCTBA TPEIIMH OCTAIOTCS rpeOHU Ha-
HOuacTHIl. TekcTypa TBEpAOro OCTaTKa KaIUIM CYCIIEH3MU COXPaHSeT HHPOPMAIIHIO 00 SHEp-
FeTUYECKUX U MACIITAaOHBIX XapaKTePUCTHKAX TEYEHUN B Karlje.

B ¢a3e ncnapenust oCTaTKOB XKUAKOCTU MPU BBICHIXaHUH KaIlJIM pacTBOpa 3TaHOJIA C Ha-
HOYACTHIIaMH KpeMHHUs HOpMUpYETCs peryiisipHas pagualibHas CTPYKTypa.

B ocTtarkax MCTUHHBIX PaCTBOPOB MUHEPATBHBIX COJIEH, BHICHIXAIOIIUX ¢ 00pa3oBaHUEM
00BEMHBIX KPUCTAIIOB, (DOPMUPYIOTCS YIIOPSAOUEHHBIE CUCTEMBI, OTPAYKAOLIUE TEOMETPUIO
IJ100abHOTO TEYEHHS], U 00JIACTH XaOTHYECKH PACIIONIOKEHHBIX MEJIKUX KPUCTAIIOB, UILTIO-
CTPUPYIOIIUX MOJIOXKEHUE (PUKCUPOBAHHBIX U IMOJBUKHBIX KOHTAKTHBIX JIMHHM.

Pabora BbImonHeHa npy YacTHYHOW (UHAHCOBOM moaiepxke Poccuiickoil akageMuun Ha-
yk (IIporpamma Ilpesuanyma PAH "Muposoii okean", POOU (rpant 12-05 -00128-a). Dkc-
nepuMeHThl BoimojHeHbl Ha creHne MT YCV "T'OK UllMex PAH" nmpu noanepxke Mu-
HoOpHayku Poccun (OLII «MccnenoBanus u pa3pabOTKU MO TPUOPUTETHBIM HAIPABICHUSM
pa3BUTHS HAYYHO-TEXHOJIOTHYecKoro komiiekca Poccun Ha 20072012 roasn», ['ockoHTpakT
Ne 16.518.11.7059).
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W3ydyeHue CTpyKTyphl U JUHAMUKH TE€UYEHUU B BBICHIXAIOILIECH Karlie, HAYaThIX B KOHIIE
XIX Beka [1, 2], BBIABHIIO BIUSHUE IMOBEPXHOCTHONH KOHBEKIIUU, U3MEHEHUS (a30BOTO CO-
CTOSIHMSI, B3AaUMOJCHCTBUSI C OKPY’KaIOIIEH Cpeioi MM MOJUI0KKOM Ha MEePeHOC BEIIeCTBa U
(opMUPOBaHUU TEKCTYpHI OcTaTKa [3].

[Ipouecc BhIChIXaHUS Kalelb MHOTOKOMIIOHEHTHBIX PACTBOPOB BKIIFOUAET HECKOJIBKO TO-
CJIEIOBATENbHBIX 3TANlOB: HAYAJIbHBIM THAPOAMHAMUYECKUN (HAa HEM JKUJKOCTb IPEICTABIISET
co00i1 ca0plii pacTBOpP BXOSIIUX B €€ COCTaB BEILIECTB), U MOCIEAYIONINE reie00pa3oBaHus
u kpuctamzanuu [4, 5]. TekcTypa cyxoro ocrarka HauMHaeT (OPMUPOBATHCS yKe Ha Ha-
YaJlbHOM THAPOJAUHAMUYECKOM JTare, Ha KOTOPOM MPOUCXOAUT IPOCTPAHCTBEHHOE Tepepac-
IpeJleJIeHUE MEePBOHAYAIBbHO OJHOPOAHO PAaCIPECIEHHBIX KOMIIOHEHT MCTUHHBIX WM KOJI-
JIOUJTHBIX PACTBOPOB.

B mpouecce BpichIXaHHs B Karwie GOPMHUPYIOTCS TPAJAMEHTHI TEMIEepaTypbl, KOHIIEHTpa-
[[UU PACTBOPEHHBIX BEIIECTB (B3BELICHHBIX YACTHIl) U KOA(PQUIIMEHTa TOBEPXHOCTHOTO Ha-
TSOKCHUS. BO3HMKaromue rpaiieHThl MOPOKAAIOT KaK MEIJICHHBIN TU(y3HOHHBIN TEPEeHOC
BEIIIECTBA U dHEPTUU [6], Tak U OoJiee aKTUBHBIE THAPOIUHAMUYECKUE TCUCHHUS. Y TIPOIICHHAs
MaTeMaTH4ecKasi MOAETb (OPMHPOBAHUS TOHKUX IUICHOK INPH BBICHIXaHUU TTOJIMMEPHBIX H
KOJIJIOWIHBIX PACTBOPOB MpEUIOKeHa B [5], MexaHU3MbI (JOPMHUPOBAHUSI CTPYKTYP OCTATKOB
KareJb CIOXKHBIX OMOXKHIIKOCTEH paccMoTpeHsl B [7]. HepaBHOMEpHOCTH Ipoliecca BbhIChIXa-
HUS, CIOXHAasi TEKCTypa CyXUX OCTaTKOB (OCOOEHHO Karellb, COJEPKaLIUX JIETy4ue KHUJIKO-
CTH) YKa3bIBAIOT Ha 3aMETHYIO POJIb HE TOJBbKO MU(D()Y3UOHHBIX, HO U THAPOIUHAMUYECKUX
nporeccoB. Panee BnusHIE T€YCHUI HAa TUHAMUKY (DOPMUPOBAHHS CTPYKTypa TEUCHUH B Ka-
IUIe, BBICBHIXAIOIICH Ha MOJJIOXKKE, CUCTEMATUYECKU HE U3Yydajoch, XOTSA B OTIEIbHBIX pado-
Tax OTMEYAJIOCh BO3MOXKHOCTb MX CYIIECTBOBAaHHUS M BIUSHUS Ha IepeHoc BemiecTBa [8]. B
JTaHHOW paboTe MpociekeHa IBOIOLNS TEUCHHI, BO3HUKAIOIINX BHYTPH Karellb MHOTOKOM-
MOHEHTHBIX XKUAKOCTEH, BBICHIXAIOIINUX Ha IUIOCKOM MOJUIOXKKE, ONPEAEICHO WX BIMSIHHE Ha
MEPEHOC BellecTBa U GOPMUPOBAHUE TEKCTYPhI OCTATKA.

B ombiTax u3yyanoch BBICBIXaHHWE Ha CTEKJIIHHOM IMOJJIOKKE Kallelb BOJAHBIX U BOIHO-
COJIEBBIX PACTBOPOB SIMYHOTO Oenka. [IpenBapuTensHO MPUTOTOBIEHHBIE PACTBOPHI MOMEIIIA-
JIUCh Ha MPEAMETHBIC CTEKIIa C MTOMOIIbI0 MUKpoxo3aTtopa. Kamim oobemMom 5—20 MKIT BBICY-
HIMBAJIMCH MIPH HOPMAJIbHBIX KOMHATHBIX YCIOBUSX WM B TepMolkady. YCcIoBUS dKCHEpU-
MEHTa PEruCTPUPOBAIUCH C IOMOIIBIO U3MEPUTENS BIAXKHOCTU U Temneparypsl UIBTM-7 ¢
MOTPENIHOCThI0 He Oonee 3%.

Kaptuna TeueHuii B karie Ha0JI0aIach C MOMOIIBIO ONTHYECKOr0 Mukpockona (Leica
MZ16a unu buomen 2) ¢ yBennuenueM 7.1-115 u 40-600 kpaT COOTBETCTBEHHO M PErUCTPH-
poBarnack nudpoBeME (HOTO U BUICOKaMepaMu. BBo n300pakeHni B KOMITBIOTEP OCYIIECT-
BJIsUICA 4Yepe3 craHmapTHbii uHTepdeiic USB ¢ momomipio BuaeoHacagok. B mukpockore
buomen 2 wucnomp3yercs pydyHas HAcTpoWka. ABTOMAaTH3MPOBAaHHBIH MHKpockonm Leica
MZ16a no3BoJsieT Mo 3a/laHHOM MporpaMMme ONEpaTHBHO yCTAaHABIMBATh pa3Mep HU300paxe-
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(rpant 12-05 -00128-a). DxcnepumenTs! BoinonHeHbl Ha cTenae MMT YCV "T'OK UlIMex
PAH" npu nonnepxke Munodbpnayku Poccun (OLII «VMccnenoBanus u pa3paboTKu 10 MpH-

OPUTETHBIM HANPABJICHUSAM DPAa3BUTHS HAyYHO-TEXHOJOTHMUYECKOro KomIuiekca Poccum Ha
2007-2012 roasi», 'ockontpakt Ne 16.518.11.7059).
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