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Abstract. Calculations of concentrations of cluster components in molecule-cluster mixture of argon were
shown. Pressure and temperature ranges where mesoscopic phase transition is observed are found on the example of
viscosity, thermal diffusion and in centrifuge. Phenomenon of mesoscopic phase transition in molecule-cluster
mixture lies in the fact that in certain area of macroparameters properties of gases correspond to the properties of
liquids.
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Annotanmst. [IpuBencHbI pacy&Thl KOHICHTPAIIMH KIACTEPHBIX CYOKOMIIOHEHTOB B MOJICKY JSIPHO -KJIACTEPHOH
CMCECH aproHa M BBUIBJCHBI OOJACTH AABICHUH M TEMIEPATYpPhl, B KOTOPHIX HAOIOAACTCA ME30CKOMMYCCKHUH
(ha30BBIH mEepexoa HA MpUMEPE BA3KOCTH, TepMoauddy3um, a Takke B neHTpudyre. Mesockommueckuit (ha3oBbIH
NEPEX0 B MOJICKY IIPHO-KIACTCPHOH CMECH IPOABIACTCA B TOM, UTO B OIPEACIEHHON 00J1acTH MaKponapaMeTpoB
CBOWCTBA TA30B COOTBETCTBYIOT CBOMCTBY JKHUIKOCTH.

Introduction Argon is usually used as a test substance in the investigations of gas properties and in
different technologies, which is connected to the relative simplicity of monatomic molecules and
inertness. In this paper we present calculations of some properties of argon at temperatures and pressures
(in near-critical region) where mesoscopic phase transition takes place [1-4]. In this area of
macroparameters molecular collisions lead to the formation of multimolecular formations — clusters,
containing up to ten molecules of argon. Such large clusters impose some properties of liquid on gas, and
molecule-cluster mixture is considered as a mesoscopic system that occupies an intermediate position
between the two phases of matter. Mesoscopic phase transition takes an intermediate position between the
phase transitions of the first kind and the second kind and has the properties of these transitions.
Mesoscopic phase transition has some properties of the phase transition of the first kind
(release/absorption of latent energy takes place in the system) and some properties of the phase transition
of the second kind: it takes place in the entire system without the formation of the phase boundary. This
phenomenon can be used in practice in the calculations of thermal phenomena. But the main application
of it can be found in the theory for the clarification of features of liquid and gaseous states.
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Method.In this paper we use method based on a physical model, in which every gas is considered as
a multi-component mixture consisting of clusters of different sizes — molecule-cluster mixture. The
physical properties of this mixture is largely determined by the concentration of cluster components, for
the calculations of which schemes based on dynamic equilibrium distribution of cluster sizes in the space

were used:
€5 = expl-plg - . 0
where g — number of molecules in the cluster,

C éc)— concentration of clusters containing g molecules,

C B 9 E Y 5 3
Cl( )_ concentration of molecular sub-component, which is considered as a one-dimensional cluster,

B— dimensionless factor that depends on the conditions (pressure, temperature and individual
characteristics of the gas).
Calculations of the thermal diffusion coefficient and formula of distributions of clusters in the field

of external forces are determined by solving the kinetic equation for the multicomponent mixture of dense
gases, which in this model has the following form [1-4]:
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where f,, —non-equilibrium distribution function of test particles,

I BO — spatially uniform function of the velocity of field particles,

—

& . — velocity of test particles in the primary inertial reference system,

—
p—
=i

=, — acceleration of particles of mass 77, by external force

Y — correlation function in a dense gas.

The surface density of particle flux f‘(x as a first-order moment of non-equilibrium distribution
function found by solving of (2) has the following form [4]:
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where /1, — partial number density of component of the mixture under the number O,

—

W - velocity of ordered motion (convection velocity, which is the same for all components of
mixture, since it is defined as a first-order moment with locally equilibrium function fof ),

D, - intrinsic diffusion coefficient,

DZ — thermal diffusion coefficient.

As seen from (3), flux of the particles of each component of the mixture under number O consists of
three components: convection, diffusion (conventional and thermal) and force drift.

In the one dimensional case this expression transformed into the following equation for one
component of the gradient of the partial number density:

— 135—



Joxnaovr Hayuonanvroti axademuu Hayx Pecnyonuxu Kasaxcman

dn,, mE, W (DI \daT| T,
—%=n_| - + + -1 — : “4)
dx kyT D, \D, ax | D,

Selecting size of the device I as length scale, and numerical density n, ., corresponding to the

origin of coordinates 71,(0) as scale, in isothermal conditions equation (3) can be reduced to
dimensionless form:

dN
“~--NB-Q, 5
e Q (5)
where XEi; EL; B=L :‘—Z ; QEL
i n(0) kT D n(0)D

As can be seen from (4) and (5), for the simple case of an ideal gas in gravitational field integration
of (4) gives well-known barometric formula. During the description of gas in the field of centrifugal
forces in centrifuge in the form of closed tube solution of equation (5) gives the known formula [3]:

n(X) mo’x>

—_ . — exp S ——

n(0) 2k, T
where (O — angular velocity.

For comparisons with the barometric formula, in the last formula axis OX directed from the
periphery toward the rotation axis of the tube.

The following section presents calculations of the thermal diffusion coefficient of argon in the region
of mesoscopic phase transition, as well as the results of the solutions of equation (5), taking into account
the impact of addition and removal of particles, ie. O #0.

] (6)

Discussion
Concentration of cluster components is necessary for the calculations of the properties of molecule-
cluster mixture.

Figure 1 shows the calculations of the concentrations on the basis of formula (1) and using the
parameters of argon under appropriate conditions [5].

g

Concentrations C ©

Fig. 1. Concentration distribution of argon clusters by their size at different temperatures.

As seen from Fig.1, in near-critical region (critical parameters for argon: 1 s = 1509 K, P.=5.0

MPa [5]) gas may contain clusters consisting of a dozen molecules. Such heavy clusters significantly
affect the properties of the gas, in particular it is they who affect the appearance of a mesoscopic phase
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transition, which is clearly seen from the plots of the temperature dependence of viscosity that shown in
Fig.2
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Fig. 2. Viscosity as a function of temperature:
1 —reference data [5] , 2 — calculations with the usage of cluster composition.

As expected, in the near-critical region of temperatures mesoscopic phase transition is observed.
Physical meaning of it lies in the fact that below this temperature, the viscosity of the gas changes with
temperature according to the characteristic of the viscosity of the liquid: when the temperature decreases
the viscosity increases. This feature is related to the influence of heavy clusters, which gain advantages
during the collisions with molecules and light clusters.

JH. Jeans introduced the concept of persistence of velocities after collision to describe this
phenomenon in the framework of elementary kinetic theory [4]. Equation (2) and the formulas for the
transport coefficients appearing in (3) contain certain features of the elementary kinetics and mathematical
apparatus also take into account this phenomenon.

Mesoscopic phase transition can be observed in the molecule-cluster mixtures in the presence of
temperature gradient, under the influence of which, according to (3) there is particles flux. In this paper
we used a physical model, which is basically consistent with the model of the Boltzmann known as
clementary kinetic theory, in which observed phenomena is given a simple visual interpretation. In
particular, within the framework of the elementary theory, flux of particles in (3) is a differential effect:
during the random motion particles pass cross-section of control area in the direction of the temperature
gradient and opposite direction. This difference is determined by the average value of the product of

density on the thermal velocity <nv> , which is more in gases in cold region, and in liquid - in hot region.

According to (3) in gases particle flux is directed along the temperature gradient and the thermal diffusion
coefficient is defined as a positive value, and in liquid particles flux is directed against the direction of the
temperature gradient and the thermal diffusion coefficient is defined negative. In molecule-cluster mixture
under certain conditions the molecule and light clusters correspond to the gas phase, and heavy clusters -
the liquid phase. For example, Fig. 3 shows the thermal diffusion coefficient calculations for clusters of
different sizes.
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Fig. 3. Thermal diffusion coefficient of cluster components at different temperatures:
lat T=310K;2at 7=300K;3at7 =270 K;4 at T =230 K.

As seen in Figure 3, the thermal diffusion coefficient at relatively high temperatures (points on lines
1 and 2) has a positive value for molecules that, according to (3) corresponds to the gas. At temperatures
close to the critical, thermal diffusion coefficient for all cluster components is negative, which
corresponds to the liquid. Moreover, for all the considered temperatures argon is in homogencous gaseous
phase. Thus, mesoscopic phase transition is observed in the phenomenon of thermal diffusion: entire
mixture has intermediate properties between gas and liquid, reason of which is the interaction of heavy
clusters with molecules and light clusters.

Results of calculations of distribution of particles in centrifuge are shown in Fig 4
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Fig. 4. Concentration distribution of clusters by their coordinate in centrifuge tube of length 1. = 20
cm at angular speed ® = 10 s and at dimensionless flow of addition and removal of particles Q = -

0.033: 1 — formolecules, g =1;:2- g=2;3- g=3;4-g=4;5-2=8;6-2=10.
As can be seen from Fig. 4, heavy clusters (€ > 6) are located only in the peripheral region of the
centrifuge like a liquid, i.e. they represent mesoscopic particles forming the mesoscopic phase transition.

Conclusion
1. Calculated concentration of cluster components in dense gases allowed to calculate the properties
that in good agree with the known experimental data in the corresponding area of macroparameters.
Calculations of viscosity, thermal diffusion coefficient and distribution of heavy clusters in centrifuge for
molecule-cluster mixture of argon allowed to reveal mesoscopic phase transition. According to these
properties in the region of phase transition molecule-cluster mixture occupies intermediate position

between gas and liquid.
2. Mesoscopic phase transition is related to the fact that heavy clusters have advantages in collisions
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with molecules and light clusters that allows them to carry molecule (cluster) feature over abnormally
large distance, so the properties of molecule-cluster mixture of gas acquire the characteristics of the
properties of the other phases of matter, in particular — of fluid. However, the formation of a new phase
with the visible phase boundary is prevented by collisions that lead to the decay of the clusters.

3. Heavy clusters are mesoscopic particles that occupy an intermediate position between the
microparticles, involved in the thermal random motion as molecules, and macrobodies belonging to
particular phase of matter, which is the feature of macroscopic bodies.
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AHHOTAIUSI. ADPrOHHBIH MOJIEKYJIa-KIacTepIliK KOCIACHIHJAFHI KIAacTepilik CYOKOMIIOHEHTTED KOHITEHTPAIMSICHIHBIH
ecernTepi KOPCEeTUeH, COHBIMEH KaTap TYTKBIPIBIK, TepMo i dy3ns kaHe TeHTpUdyra YIriepinae Me30CKOISIIBIK, (a3ablK
ayblcy OaliKamaThIH KBICBIM KOHE TeMIlepaTypa aiMakTaphl aHBIKTaTFaH. MoeKyIa-KIacTeplik KOCTACHHA ME30CKOMMSIIBIK,
(dazaIpIk aybicy Genrini MakpolapamMeTpriep aliMarblH/Ia Ta3JbIH KacueTTepi CYHBIKTHIKKA colfkec KeeTiHiHe CallKanaipl.
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