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Abstract. Diffusion processes in gases play an important role in many areas of
Chemical Technology, aerodynamics, Astrophysics and Applied Physics. The study
of diffusion phenomena in multicomponent gas mixtures at different pressures and
temperatures makes it possible to understand the mechanisms of mass transfer
between components and their effect on the final separation products. This study
is aimed at describing the features of diffusion mixing of gases during the transition
from molecular diffusion to the zone of concentration gravitational convection. This
study is aimed at studying the processes of diffusion and convective mixing in
tricomponent gas mixtures. According to the results of the study, it was found that
convective flows significantly exceed molecular diffusion. The Biolab method was
used, the diffusion mixing of tricomponent gas mixtures was analyzed and the
formation of concentration convection in the diffusion cell channel in the gravity
field was demonstrated. Mathematical models have been proposed to describe
diffusion and convective mixing at different pressures and initial concentrations.
In addition, the results of the study, which revealed the dependence of convective
flows on pressure and temperature in the helium-propane-methane system,
confirmed the violation of mechanical equilibrium. Conditions for the formation
of diffusion stability in propane-hydrogen-carbon dioxide and propane-helium-
carbon dioxide systems were considered. The results show the influence of
thermodynamic parameters on the formation of diffuse mixing and convective
flows. The study proves the possibility of Molecular and convection mixing in gas
mixtures consisting of components with similar densities.

Keywords: diffusion, gases, mixtures, convection, concentration.

Introduction. Diffusion processes in gases are essential for solving a
wide range of problems in chemical technology, aerodynamics, astrophys-
ics, and other fields of applied physics. In particular, the analysis of diffu-
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sion phenomena in multicomponent gas mixtures at various pressures
and temperatures makes it possible to determine the specific features of
the mass transfer mechanism between components and their influence on
the final separation products. Such studies are also relevant for describing
the characteristics of gas diffusion mixing during the transition from the
molecular diffusion region to the region of concentration-driven gravita-
tional convection.

As experimental studies of diffusive mixing in three-component sys-
tems in a gravitational field have shown [1], under certain conditions,
convective flows arise, and their superposition with molecular transfer
leads to diffusive instability, or, in other words, to a disruption of mechan-
ical equilibrium. It should be noted that a state in which the acceleration
(df"=°) is zero is considered to be in mechanical equilibrium. In diffusion
processes, external forces can exert different effects on different compo-
nents. Mechanical equilibrium is maintained not only in states with zero
acceleration but also in those where the velocity gradient is insignificantly
small, resulting in the viscous pressure tensor remaining very low.

The disruption of mechanical equilibrium in multicomponent gas mix-
tures is currently insufficiently studied from both theoretical and experi-
mental perspectives.

The aim of this work is to investigate convective motions arising during
diffusive mixing in a three-component gas system within a vertical diffusion
channel. The obtained results will make it possible to assess the influence
of various mixing conditions on the characteristics of the final separation
products of mixtures, as well as to explore their internal properties.

Research method. For a deeper analysis of diffusion mechanisms us-
ing mathematical modeling, the concentration distribution of gas mixture
components in the diffusion channel was examined under constant tem-
perature and varying pressures.

Experimental studies of unstable diffusion in isothermal three-compo-
nent gas mixtures have shown that the transition of the system from a
stable to an unstable state is determined by the following parameters:
the difference in diffusion coefficients of the components, pressure, initial
mixture composition, different positioning of the initial gas mixtures rela-
tive to the channel, channel diameter and length, its orientation relative
to the vertical, temperature, and the rotational frequency of the diffusion
apparatus [2,3].

Under conditions of developed convection, the following effects were
observed: the presence of intensity peaks dependent on pressure, multi-
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ple transitions of the system from a stable to an unstable state, and anom-
alous enrichment of the gas mixture [4].

Based on experimental studies, it was shown that the occurrence of
diffusive instability in three-component gas mixtures is associated with the
fulfillment of a number of necessary conditions:

1) The binary gas mixture (1+2) is at the top, and the pure gas (3) is at
the bottom p2>p3>p;p 1+)<p3 D 13>D B

2) The binary gas mixture(1+2) is at the bottom, and the pure gas (3) is
atthe t» p2>p3>p;p(I+)<p<; D 1D R

3) The binary gas mixture (1+2) is at the top, and another binary mix-
ture (3+2) is at the bottom, p2>p3>p; p11+2<p3 D12>D B

4) The binary gas mixture (1+2) and the pure gas (3) can be either at
the top or at the bottom, p2>p3>p; p11+#2<p3 D13>D R

In this case, an unstable process is possible in any mixing direction,
but only under certain parameters, particularly at different pressures.

Thus, in addition to the necessary conditions for the onset of convec-
tion during diffusive mixing, the following additional conditions must also
be met:

1) The gas mixture must consist of components with diffusion coeffi-
cients that differ by several times;

2) The influence of pressure must be significant;

3) Instability arises within a specific range of component concentra-
tions;

4) Instability can occur regardless of the initial arrangement of compo-
nents in the diffusion apparatus;

5) Temperature affects the occurrence of instability;

6) Changes in the geometric parameters of the diffusion channel alter
the conditions of the diffusion-convection transition;

7) Reducing the viscosity of the diffusion mixture may increase the
likelihood of an unstable process.

Various kinetic, thermodynamic, and semi-empirical approaches are
used to describe anomalous diffusion. In our view, the most effective
method is to describe diffusive instability using linear stability theory, as
this allows for the formulation of the most general criteria for determining
the transition boundary between different regimes. Currently, this problem
has been solved for liquids [5]. For gases, a solution exists only in the
simplest case - for an infinite flat vertical slit and an infinite cylinder [6]. Of
course, such a problem formulation does not fully correspond to experi-
mental conditions, where confined diffusion channels are used. Neverthe-
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less, the simple geometry of the channel makes it possible to obtain an
analytical solution to the diffusion stability problem in a complex situation
where two “thermodynamic forces” and two independent concentration
gradients act simultaneously.

The transition between the «diffusion-concentration convection» re-
gimes in three-component gas mixtures can be described using a system
of hydrodynamic equations for turbulent parameters based on the Ober-
beck-Boussinesq approximation [7].

During the transition from the diffusive to the convective regime, non-
linear isoconcentration lines are observed. The stable mixing time of the
mixture is only a few seconds. Ifthe mixing is unstable, transfer pulsations
caused by the formation of convective structures can be recorded [8].

In the evolution process of finite disturbances, the type of convective
motion is determined based on nonlinear equations.

In this case, the equation for the finite (significant) disturbance dif-
fers from that for small disturbances, as it retains certain elements (uvu)
and(uF)c..

Thus, the dimensionless equations for the infinite disturbance take the
following form [9]:

+ —uVec= —Ac, + —iAc,
dt Pr, 1 Pr, 1 Pr, 2 2
dc2 )
-+ -vVec,
dt Pr 2 22 22
du 1
+ T -V(u-u) -Vp +Au+(Rakllcl+Razx2),
dt  Br
. . . oRAH4
Criteria parameters: m Diffusion Prandtl number, . -
i

Partial Rayleigh number. Where, A. - Dimensionless initial concentration

I
gradient of the i-th component, . - Parameters defining the relation-
u "2

ship between practical diffusion coefficients For this system of equations,
appropriate initial and boundary conditions are formulated to accurately
describe the physical scenario [10].

Results. To obtain a graphical representation of the mathematical
model describing the instability of mechanical equilibrium in a diffusion
channel, an algorithm was developed in Fortran. This algorithm employs
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numerical methods to solve the system of equations (1). Based on the
computed values, graphs characterizing convective diffusion were con-
structed using Tecplot 360 EX.

The study proposes a method for investigating the isothermal diffu-
sion process in three-component gas mixtures with varying transport co-
efficient ratios within a vertical cylindrical channel through 2D modeling.
Calculations were performed for systems He+CflsCH4 Cfl+H-CO~
C flgrHe-C02 with various molar fractions. For the first system, the param-
eters were set as follows: pressure p=0.8 MMa, temperature T=320.2 K,
and a time step of 0.005 seconds. The length and radius of the channelw-
ere L=165"103n, r =3 "W 3.

a) 6)
Figure 1- p=0.8 MIMa, T=320.2 K, The channel lengthis165 mm, and the
radius is 3 mm.
0,4He+0,6 C flgCH4for the system C flswere analyzed isoconcentration
lines.

Figure 1a shows the initial state of the components. At this point, the
concentration distribution of propane and methane remains unchanged,
indicating the absence of a mixing process. In Figure 1b, 0.005 seconds
after the start of the experiment, the onset of convection in the mixing
process is already noticeable.

Figures 1, 2, and 3 present the results of the numerical experiment,
describing the diffusion and convective mixing of a three-component gas
mixture 0,4He+0,6CflsCH4at a given pressure 0,8 Mmna and initial con-
centration over time.

The analysis of the study results shows that the violation of the me-
chanical equilibrium of the gas mixture leads to changes in the concentra-
tion distribution of the components over time (Figure 1). Depending on the
experimental pressure, a significant increase in convective mixing is ob-
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served over time, as evidenced by the further distortion of the isoconcen-
tration lines (Figure 1). As a result, a complex structured flow is formed in
three-component gas mixtures within a vertical channel, enhancing over-
all mass transfer under isothermal diffusion conditions.

Figure 2 - p=0.8 MIMa, T=320.2 K, The channel lengthis165 mm, and the
radius is 3 mm

0,4He+0,6CflI8&CH4 for the system C fl8were analyzed isoconcentration lines

Further analysis of the isoconcentration lines of the diffusion process
components in System 0,4He+0,6Cflg-CH revealed a pronounced insta-
bility phenomenon (Figure 2). The initial, slightly curved isoconcentration
lines indicate the onset of convection. As the mixing time increases, along
with the initial concentration of heavy components and the pressure, the
curvature of the isoconcentration lines intensifies significantly. The results
demonstrate that, at the early stage of convective flow development, the
concentration distribution is highly dependent on the experiment’'s dura-
tion and pressure. As these parameters increase, the curvature of the iso-
concentration lines acquires a complex nonlinear character. This confirms
the emergence of more intense flows that accelerate component transfer.
The development of convective flows in the diffusion channel leads to
a disruption of the mechanical equilibrium state and the emergence of
concentration gravitational convection during multicomponent diffusion. In
this scenario, an unstable diffusion process is observed.
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Figure 3 - p=0.8 MMa, T=320.2 K, he channel length is 165 mm, and the
radius is 3 mm.

0,4He+0,6 C flgCH4 For the system C flswere analyzed isoconcentration
lines.

As evident from the computational results presented in Figure 3, in-
creasing pressure enhances the flow, as indicated by the significant cur-
vature of the concentration lines.

Figures 1-3 demonstrate that convective mixing conditions in the sys-
tem manifest within the initial seconds. It is shown that further pressure
increases lead to intensified unstable diffusion regimes.

For the system. 0,4He+0,6 C3H 8co2figure 4 displays isoconcentration
lines that remain uncurved, confirming the absence of convective distur-
bances during gas diffusion mixing; thus, the process remains stable. This
temporal concentration distribution indicates that, under these pressures,
the diffusion mixing process forms flows with low velocity and low average
kinetic energy.

Figure 4 - p=0.6 M ~, T=300 K, The channel lengthis165 mm, and the
radius is 3 mm
0,4He+0,6 Cfl--C O 2 for the system C fl8were analyzed isoconcentration lines.
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Based on the analysis of these three systems, it can be concluded
that pressure is a significant factor influencing the diffusion process cou-
pled with convection in the first system, while time plays a crucial role
in the second and third systems. When varying the molar fraction and
pressure, the process remained stable; however, increasing the time step
could potentially reveal the onset of convective flow. It's important to note
that the current version of the program lacks this capability. Additionally, it
was found that similar molar masses of the heavy (c fl) and intermediate
(Cc0o) components also impact the process. Notably, the gases used in all
three systems are of significant technical importance.

Conclusion. Based on the research, the following conclusions can be
drawn:

1. The analysis of experimental studies on diffusion in three-compo-
nent gas mixtures showed that convective flows significantly exceed the
corresponding molecular diffusion flows.

2. The diffusion mixing process of three-component gas mixtures was
analyzed using the two-flask method. When the composition was une-
venly distributed, concentration convection was observed in the diffusion
channel under the influence of a gravitational field.

3. Mathematical modeling results were obtained, describing the
diffusion and convective mixing of three-component gas mixtures
He+0,6 Cfl-CH, Cfl+H-C O, C flstHe-CO2 at various pressures and
initial concentrations.

4. In the helium-propane-methane systemwas found that under pres-
sure p=0,6-0,8 MMa and temperature T=300-320,2 K convective flows oc-
cur during the diffusion mixing process under pressure and temperature
conditions. The analysis of the obtained results confirmed the violation of
mechanical equilibrium in the studied system, leading to the formation of
a complex flow structure dependent on pressure, accompanied by molec-
ular diffusion in the vertical channels of three-component gas mixtures.

5. In the propane-hydrogen-carbon dioxide and propane-helium-car-
bon dioxide systems: For the first system, this stability was at pressure
p=0,4-0,6 MMNa and temperature T=285-300 K; for the second system, at
specific pressure p=0,4-1,0 MMNa and temperature T=300-350 K diffusion
stability was observed.

6. The influence of thermodynamic parameters on the emergence of
convective flows during the diffusion mixing process was confirmed.

7. As demonstrated in this study, in initially gravitationally stable gas
mixtures consisting of components with similar densities, the mixing pro-
cess can occur both at the molecular level and in a convective regime.
These results can be determined either through costly experimental stud-
ies or using the numerical method presented in this work.
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Monpabekosa M.C.1, Acembaesa M.K.1, MykamegeHkbi3bl B.1 3. CepiK 3.1,
Mospkos N.B.2

1Bn-dbapabu atbiHgarbl Kasak ynTTbiK yHMBepcuTeTi, Anmarhl K., KasakcTaH
2(nTTbIK 3epTTey Mackey MeMEKETTIK KypblaibiC yHUBepcuTeT Mackey K.,
Pecei

MPOMAH KOCbmFAH YWKOMMOHEHTTI FA3 KOCMANAPbIHOA
AVNDY3UNANBIK APANACTbBIPY KE31HAE KOHBEKUWAHBLL NANAA
BEONYbIHA TANOAY

TYWingeme. Tasgapgarbl AMcdY3VANbLIK NPOLECTER XUMUAMLIK TEXHOMOMUS,
aspoAvHamuka, acTpodusvka xaHe kongaHb6anbl u3nkKaHbIH KenTereH canana-
pblHAA MaHbI3fbl pen atkapagbl. p TYPAi KeicbiMAap MeH TemnepaTypanapaarsi
KONKOMMOHEHTTI ra3 kocnanapbiHAarsl AN QY3nsIbIK KyBblabicTapabl 3epTTey
KOMMOHEHTTEP apacbiHAarbl Maccaasimacy MexaHU3MAepiH X3He oniapAblH COHrbI
6eny OHiMaepiHe acepiH TYciHyre MYMKiHAIK 6epefi. Byn 3epTTey Monekynasnbik
AnddysmanaH KOHLEHTpaUnabiK rpaBuTaunsIbiK KOHBEKLUS alimarbiHa eTy Ke-
3iHAe rasgapgbiH AndPy3unaibik apanacy epekweniktepiH cunatrayra 6arbittan-
raH.byn 3epTTey YLIKOMMNOHEHTTI ra3 kocnanapbiHaa Audy3nssibiK aHe KOHBEK-
TUBTIK apanacy npouecTepiH 3epTTeyre GarbiTTasnraH.

3epTTey HaTWXKesepi GoMbIHWA KOHBEKTUBLL arbiHAapAbly, Monekynanbik gnddy-
3uafaH anTapnbikTan acbin TYCETIHI aHbikTanabl. Ewon6anbik 3410 KongaHbiabim,
YLWKOMMOHEHTTI ra3 kKocnanapblHblH AU Y3NSAIbIK apanacybl TanfaHAbl X3He
rpaBuTaumnsa epiciHgeri Anhdysnanbik yawbIK KaHasblHAa KOHLEHTpaumnsa KOHBEK-
LUMSICbIHBIH KanbinTacybl kepceTingi. IpTYp/i KbiCbiIM MeH 6acTankbl KOHLeHTpa-
uusinapaa anddysna MeH KOHBEKTMBLU apasiacyfbl cunatTainTblH MaTtemaTtuka-
NbIK Mofenbaep ycbiHbiAbl. CoHbIMeH kaTap, [enuii-nponan-meTad xYWecinae
KOHBEKTUBTIK arbiHAapAbll, KbiCbIM MeH TemnepaTypara Tayesnginirii aHbikTaraH
3epTTey HIaTWXenepi MexaHukanblk Tene-TeHA W 6y3biiyblH pactaabl. [po-
NaH-CyTeK-KeMipKbILIKbIA a3 X3He NponaH-renui-keMipkbIlKbi ras xYVenepis-
ne andy3nsanbiK OpPHbIKTLIILIKTEIH Nanga 600y xarganapbl KapacTblpblagbl.
Hatwxenep TepMoanHaMumKanbik napameTpnepaiH Anddy3usnbik apanacy XaHe
KOHBEKTUBTT arbiHAapAbly naliga 6onybiHa acepbl kepceTefi. 3epTTey Thirbi3abl-
bl YKCAC KOMMNOHEHTTEPAEH TypaTblH ra3 kocnanapbiHAa MOJieKynasblK X3aHe KOH-
BEKUMANbIK apanacygblH MYMKIHAIMNH ganengenai.

TYWiHgi cB3aep: gndpdysnsa, rasgap, kocnanap, KOHBEKUUS, KOHUEeHTpauus.
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MonpabekoBa M.C.1, AcembaeBa M.K.1, MykamepgeHkbi3bl B.1, 3. Cepuk 3.1,
Mosipkos N.B.2

1Kaszaxckuin HauymoHanbHbIn yHUBEPCUTET NMEHN anb-Papabu, r.Anmarsl,
KasaxcTtaH

2MockoBckuii [ocyAapCTBEHHbIA CTPOUTENbHBIA YHUBEPCUTET, 1. MockBa,
Poccusa

AHANMN3 BO3HNKHOBEHWA KOHBEKLUWW NP AND®PY3NOHHOM
CMEWNMBAHNIN B TPEXKOMIMOHEHTHbIX TA30OBbIX CMECAX C
OJOBABJ/IEHVEM MPOMAHA

AHHOTaUMs. Anddy3nMOHHbIE NMPOLIECCHI B ra3ax UrpatoT BaXkHY0 poJib BO MHOMMUX
061acTAX XMMWYECKO TEXHOMOTN, aspOANHAMMKIA, acTPOU3NKA 1 NPUKNAAHOM
hu3nkn. M3ydeHne ANGDDY3UOHHBIX SBMEHUT B MHOTOKOMMOHEHTHbIX [a30BbIX
CMecsX Npy pasNnyHbIX JaBNEeHUAX U TemnepaTypax no3BossieT NoHATb MeXaHu3-
Mbl Maccoo6MeHa Mex[y KOMMOHEHTaMU U UX B/IMSIHWE Ha KOHEeYHble MPOAYKTbI
pasgeneHus. 3TO UCCNefoBaHWE HanpaBfeHO Ha onucaHue ocoBeHHocTel And-
(py31OHHOTO MepemelLnBaHnsl ra3oB Npu Nepexose oT MOJEKYNSpHOM Anddy3nm
K 061aCTV KOHLEHTPALMOHHOW rpaBUTALIMOHHOW KOHBEKLMUW. STO UccneaoBaHue
HanpaB/IEHO Ha M3yuyeHue MPoLEecCoB AN IY3NOHHOTO U KOHBEKTMBHOIO nepeme-
LUINBAHMSI B CMECSIX U3 TPEXKOMMOHEHTHbIX ra30B.

Pe3synbTaThl MCC/Ef0BaHNS NOKa3asn, YTO KOHBEKTUBHbIE MOTOKM 3HAUMTESLHO
NpPeBoCcXoAsAT MONMEKyNAPHY0 AMddy3nio. MpUMeHeH ABYXKONECHbIi MeToa, npo-
aHa/IM3MpPoBaHO AMMDY3NOHHOE CMELLIEHUE CMeCceil TPEXKOMMNOHEHTHbIX ra3oB U
nokasaHo (POPMUPOBAHME KOHBEKLMW KOHLEHTpauuii B KaHane AMgAY3MOHHbIX
Ayeek B rPaBUTALMOHHOM nosie. Bbiny NpeasiokeHbl MatemaTuyeckue Mopdeny,
onucbliBaowme ANGEY3N0 1 KOHBEKTVBHOE BMELIATE/IbCTBO MPU Pa3/IMUHbIX
[aBMEeHMAX U HauyalbHbIX KOHLEeHTpauusx. Kpome Toro, pesynbTaTthl MUcCrenoBa-
HUS, BbISIBUBLLME 3aBUCMMOCTb KOHBEKTUBHbIX MOTOKOB OT JAB/EHUs1 U Temnepa-
Typbl B cucteMe enuit-nponaH-MeTaH, NOATBEPAUIN HApyLIEHNEe MeXaHU4yeckoro
paBHoBecusl. PacCcMOTpeHbl Clydau BO3HWKHOBEHUSI AM(EY3MOHHOM YCToRUMBO-
CTU B cucTemax lMponaH-Bogopoa-yriekucnblii ra3 1 nponaH-reinii-yrneknucbli
ras. PesynbTaTtbl NOKa3biBalOT BAUSHUE TEPMOAVHAMUYECKUX NapaMeTpoB Ha 06-
pasoBaHue ANGEY3NOHHBLIX U KOHBEKTUBHbIX MOTOKOB. ViccneaoBaHue AokasbiBa-
€T BO3MOXHOCTb MOJIEKY/IAPHOMO M KOHBEKLIMOHHOTO NepeMeLIMBaHua B ra3oBbIX
CMecsiX, CoAepXalMx KOMMOHEeHTbl aHaNOrMUYHON MAOTHOCTU.

KntoueBble cnosa: Audy3uns, rasbl, CMecu, KOHBEKL WS, KOHLeHTpauus.
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EcTecTBeHHble HAYKN, NHXUHUPUHT N TEeXHONorum

MAKANAHbBIH AYAOAPMACHI / MEPEBOJ, CTATbW

Monpga6ekoBa M.C.1 AcembaeBa M.K.1 MykamegeHKbI3bl B.],
Cepuk 3.1 Nosipkos N.B.2

1Kasaxckuin HaumoHasnbHbI yHUBEPCUTET MMEHN anb-Papabu,
r. Anmartbl, KasaxctaH

2 MocCKOBCKMUA [ocyaapCTBEHHbI CTPOUTENbHbIA YHUBEPCUTET,
r. MockBa, Poccusi

AHANN3 BO3HNKHOBEHWNA KOHBEKUWWA MPU AN®DY3VMOHHOM
CMEWNBAHNN B TPEXKOMIMOHEHTHbLIX TA30BbIX CMECAX C
OJOBAB/NIEHVEM MPOMAHA

BeepneHune. Audpdy3noHHbIE MpOLEecChl B ra3ax Heo6xoaumbl Ans pe-
LUEHUST LUMPOKOTO Kpyra 3a4ay B XMMWYECKOW TeXHOMornn, aspoauHamMu-
ke, acTpodhmsnke v apyrux obnacTax npuknagHon usnki. B yacTHOCTMH,
aHanun3 A dy3NOHHbIX SB/IEHNIA B MHOTOKOMMOHEHTHbIX Fa30BbIX CMECSX
npu pasnnyHbIX AaBNEHUSIX U TeMMepaTypax No3BosisieT onpeaennTb 0Co-
GEHHOCTU MexaHM3Ma MaccoobMeHa MeXay KOMMOHEHTaMU U UX B/IMSIHUE
Ha KOHeuYHble NPOAYKTbl pasfeneHusi. NMogobHble MccnefoBaHWs Takke
aKTyanbHbl A8 onucaHusa ocobeHHocTel AUGdY3VOHHOIO CMeLlnBaHns
rasoB npv nepexoge OT 061acTV MONEKyNspHoin andpdysnm k obnactu
KOHLIEHTPaLMOHHOI rpaBUTALMOHHON KOHBEKLIN.

Kak nokasanu akcnepuMeHTaslbHble UcCefoBaHusi Auddy3MoHHOro
CMeLINBaHUS B TPEXKOMMOHEHTHbIX CUCTEMax B rpaBUTaLMOHHOM Mosie
[1], npu onpeAeneHHbIX YC/NOBUSIX BO3HMKAKOT KOHBEKTUBHbIE MOTOKM,
Cynepnosnumst KOTOpPbIX C MOJIEKY/ISIPHbIM NEPEHOCOM MPUBOAUT K And-
(hy3VMOHHOI HEeYCTOMUYMBOCTU, UK, MHAYe FOBOPS, K HAPYLUEHMIO MeXaHu-
yeckoro paBHoBecusi. CnefyeT OTMETUTb, YTO COCTOSIHWE, MPU KOTOPOM
yckopeHue (d-0-=0) paBHO Hynt, HaxXoAMTCA B MeXaHUW4YecKoM paBHOBe-
cun. B gudycpy3mnoHHbIX Npoueccax BHELHWE CU/bl MOTYT OKa3biBaTb pas-
NIMYHOE BO34EWCTBME HA pasHble KOMMOHEHTbl. B MexaHM4eckoMm paBHO-
BECUM HAxXOAATCS He TOMIbKO COCTOSIHUSI C HY/IeBbIM YCKOPEHUEM, HO U Te,
B KOTOPbIX FPafieHT CKOPOCTEW He3HauuTe/NlbHO Masl, a MOTOMY BSI3KOCT-
HbIA TEH30p JaB/IEHUS TaKXe 0CTaeTCsl 0Y4eHb MaslbiM.

HapylieHrne mexaHM4eckoro paBHOBECUS B MHOTOKOMMOHEHTHbIX raso-

146



HoBocTu Haykmn KasaxcTaHa. Ne 1(164). 2025

BbIX CMeCSIX B HacToslLLlee BpemMsi HefoCTaTOUYHO M3YYEHO Kak C TeopeTuye-
CKOW, Tak 1 C 3KCNepUMeEHTa/IbHON TOYKN 3pEHUS.

Llenbto gaHHol paboTbl ABNSETCA UCCNefoBaHWe KOHBEKTUBHbIX ABU-
XXEHUI, BO3HMKaKLWUX Npu AUPAY3MOHHOM CMeELUMBaAHUM B TPEXKOMMO-
HEHTHOI rasoBOil cUCTeMe BHYTPU BepTUKasibHOro AUEY3NOHHOIO Ka-
Hana. MonyyeHHble pe3ynbTaTbl NO3BONAT OUEHUTb BAUSHUE Pa3/INYHbIX
YC/I0BUI CMELUMBAHUSA Ha XapaKTepUCTUKM KOHEYHbIX NPOAYKTOB pasge-
NleHna cmeceil, a Takke UccnefoBatb UX BHYTPEHHUE CBOWCTBA.

MeTog uccnegosaHusa. na 6onee rnybokoro aHannsa MexaHn3mMoB
anddpysun ¢ ncnonb3oBaHMeM mMaTeMaTuyeckoro MofenupoBaHus pac-
CMOTPEHO pacnpegeneHve KOHUEeHTpauulii KOMNOHEHTOB rasoBoli cmecu
B AU PYy3MOHHOM KaHane npu MOCTOSAHHOW TemnepaTtype W pas/inyHbIX
OaBneHusXx.

OKcnepvMeHTabHble UCCeAoBaHnsa HeycToiumeol anddy3nm B U30-
TepPMUYECKUX TPEXKOMMNOHEHTHbIX ra30BbIX CMECAX Nokasasin, YTo nepexos
CUCTEMbI 13 YCTOMYMBOrO COCTOSIHUSA B HEYCTOWUMBOE OnpeaenseTca cnemy-
IOWMMK NapamMeTpamMun: pasHuuei KoadpduuneHToB Anddy3nMmn KOMMOHEH-
TOB, OaBfiEHWEM, NCXOAHbIM COCTaBOM CMECM, pas/iMyHbIM pPacnofoXeHu-
€M HauvasibHbIX ra30BbIX CMeceli OTHOCUTESIbHO KaHana, AnameTpoM 1 Anu-
HOW kaHana, ero opveHTauuen oTHOCUTE IbHO BepTUKanu, Temnepartypoii, a
Takke 4yacToTol BpalleHus guddpysmnoHHoro annaparta [2][3].

B ycnoBusx pasBuUTOl KOHBEKUUWN GblNN 3ahukcnpoBaHbl cnegyrouime
aphekTbl: HanMune MakCMMyMOB WUHTEHCUBHOCTM, 3aBUCALLMX OT AaBne-
HVS; MHOTOKpaTHbI/ nepexon cUcTemMbl U3 YCTOMYMBOrO COCTOSIHUS B Hey-
cToiiuMBOe; aHoManbHoe oboralleHne ra3oBoli cmecu [4].

Ha ocHOBe aKcnepvMeHTaslbHbIX WUCCMefOBaHWA MokasaHo, YTO BO3-
HVKHOBEHUEe AN(Y3NOHHOW HEYCTONUYMBOCTU B TPEXKOMMOHEHTHbIX ra3o-
BbIX CMECSX CBA3aHO C BbINOSIHEHUEM psfa HEOO6XOAMMbBIX YCOBUIA:

1) 6uHapHas rasoBas cMmecb (1+2) HaxoouTCa B BEPXHEN yacTu, a uu-
CTbIil ra3 (3) B HWXHEW xarblHaa, p2>p3>pLp ~ A p ; D13>DA

2) buHapHasa rasoBas cMmecb (1+2) HaxoAWUTCH B HUXKHEN YacTu, a uu-
CTblin ras (3) B BEPXHEW, p2>p3>pl P(1+)<P3 D 13>D R

3) 6uHapHasa rasosas cMmecb (1+2) B BepxHel yactu, 6uHapHas cMmecb
(3+2) B HWXHEI YacTu, p2>p3>p; p(1+)<p3 D12>D R

4) 6uHapHasa cMmecb rasos (1+2) 1 4MCTbIi ra3 (3) MOryT HaxoauTbCs
NM60 B BEPXHEN, NMOO B HWXKHE YacTu; p2>p3>pLp ~ ~ p ; D13>D2Z B 3TOM
C/lydyae HeyCcTON4YMBBIA NpoLecc BO3MOXEH Npu l060M Hanpas/eHun cMme-
LUMBaHWSA, HO TOSIbKO MpWU OnpeAeneHHbIX napaMmeTpax, B YaCTHOCTU, Npu
pasnn4yHbIX AABEHUAX.
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Takum o6pa3omM, NOMUMO HEOBXOAUMbIX YCNOBUIA AN BO3HUKHOBEHUS
KOHBEKUMM npu AN GY3MOHHOM CMeLLMBaHUKN, LO/KHbI BbIMNOHATLCA
cnepyrolme [ONONHUTESNbHbIE YC/TOBUSA:

1) razoBast CMeCb [0/MKHA COCTOATb U3 KOMMOHEHTOB, KO3(D(PMLMNEHTI
Anddy3nn KOTOPbIX Pas/inyalTcs B HECKO/IbKO pas;

2) BNMsIHWE AABNEHUSt AO/HKHO ObiTb 3HAYNTE/TbHBIM;

3) HeycToWuMBOCTb BO3HUKAET B ONpefesiEHHOM Auana3oHe KOHLEH-
Tpayuuii KOMNOHEHTOB;

4) HeyCTOMUMBOCTb MOXET HabnoaaTbCa He3aBUCUMO OT Ha4vyaslbHOro
pacnonoXeHUsi KOMNOHEHTOB B AndhY3MOHHOM annapare;

5) TemnepaTtypa BNusieT HA BO3HUKHOBEHUE HEYCTONYMBOCTY;

6) M3MEeHeHVe reoMeTpuMYeckux napameTpoB AnGdY3MOHHOrO kaHaia
N3MeHsIeT ycrioBusa Anddy3nOHHO-KOHBEKLIMOHHOIO Nepexoaa;

7) NpU CHWXEHMMN BA3KOCTU AMADIY3NOHHOW CMecu BepOsTHOCTb BO3-
HVKHOBEHUS1 HEYCTONYMBOro npoLecca MOXeT yBe/IMYnMBaThCs.

[ns onvcaHuss aHomasibHOW Auddy3Mnm UCNO/b3YIOTCSH pas/nyHble
KMHeTUYeckne, TepMOoAMHAMUYECKME U MNOMYyIMAMPUYECKME MOAXO0AbI.
Hanbonee achhekTMBHLIM, Ha Haw B3rnsg, sBAsSeTCcA onucaHue gnddy-
3MOHHOW HEeyCTOMYMBOCTM C UCNO/Ib30BAHMEM METOA0B TEOPUW JIMHENHON
YCTOMUYMBOCTU, Tak kak 3TO Mo3BOASeT cpopMynmpoBaTb Haubonee o06-
Lme KpuTepumn aaa onpeneneHns rpaHulbl nepexoga oT O4HOMO pexuma
K Apyromy. B HacTosiliee Bpemsl 3Ta 3ajava pelleHa Ans xugkocTel [5).
[lns ra3oB pelleHue CcyLecTByeT /Mllb B CAMOM NPOCTOM c/lyvyae — Afis
6ECKOHEYHOW M/I0CKO BEPTUKAIbHOW LWEeNNn U 6ECKOHEYHOro uuanHgpa
[6]. Pa3ymeeTcs, Takas NOCTaHOBKAa 3a4a4yuM BO MHOTOM He COOTBETCTBYET
3KCNEePUMEHTY, FAe UCMOJ/Ib3YTCS OrpaHUuYeHHble AndPY3NoHHbIE KaHa-
Nbl. TeM He MeHee, NpocTasi FeOMETPUST KaHana No3BONSET NOYYNTb aHa-
nTuYeckoe pelleHve 3agaum Auddy3nMOHHON YCTONUMBOCTU B CMIOXHOWA
cuTyauun, Korga OAHOBPEMEHHO AeWCTBYIT [Be «TepMoAvHamMuyeckme
CU/bI» U Ba HE3aBUCKMbIX KOHLEHTPAaLMOHHbIX rpagueHTa.

Mepexon Mmexay pexumamu «amddysnsa-KoHLEHTPaLVUOHHAs KOHBEK-
UMsi» B TPEXKOMMOHEHTHbIX ra30BblIX CMECAX MOXHO onucatb C UCNOJb-
30BaHMEM CUCTEMbl TMAPOAMHAMUYECKUX ypaBHEHU Ania TypOyneHTHbIX
napamMeTpoB, OCHOBaHHOW Ha npubnmkeHun Obepbeka-byccuHecka [7].

Mpu nepexofe oT ANddY3MOHHOTO K KOHBEKTUBHOMY PEXUMY Habsto-
[alTCA HeJIMHelHble N30KOHLEHTPaUVOHHbIE NMMHUKU. Bpems ycTonunBoro
CMEeLUNBaHUSA CMECU COCTaB/ISIET BCEr0 HECKO/IbKO cekyHAa. Ecnn cmelun-
BaHWe HecTabunbHO, MOXHO 3adMKcupoBaTb Myfbcauuy nepeHoca, Bbl-
3BaHHble (POPMUPOBAHMEM KOHBEKTUBHbIX CTPYKTYp [8].

B npouecce 3BOMOLUN KOHEYHbIX BO3MYLULEHWUA TUN KOHBEKTUBHOIO
OBWXEHUS onpefeniieTcs Ha OCHOBE HeJIMHEWHbIX ypaBHEHWA.

B aToM cnydyae ypaBHEHWE KOHEYHOro (He MeHee 3Ha4yMMOro) BO3My-
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WEHNsI OT/INYAETCA OT YpaBHEHUS] MasiblX BO3MYLLEHUIA, Tak Kak 34ecb Co-
XPaHSTCA 3MEMEHTbI (uVu) W (uV)c.. TakuM o6pas3om, 6e3pasmepHble
ypaBHEHUS1 6ECKOHEYHOro BO3MYLLEHUS MPUHMMALOT cregyowmii sug [9]:

c 1
A+ uve TIac2
dt Pr2 Pry, PrZ
Ay Lawve A 1aaa. 1A o
dt  Pr2 A2 Pr22 Pry,
du 1
+ V(ueu)=-Vp + Au + (Ratrlic1 + Razc2)y
5t Pr2
dive =0
KputepunasibHble napameTpsbl: - AndpbdpysmnoHHoe uncno MpaHa-
A3A.H4 oo o
Tna, . - napuuwansHoe uucno Panes. Ige, A - 6e3pas3mepHbiii
HavasibHbI TPagMEHT KOHLLEHTPaL MK i-T0 KOMMNOHEHTA, B napawe-

Tpbl, ONpeAensolwmne COOTHOLEHNE Mexay npakTuyeckumu”oadhpuym-
eHTamun anddy3vn. ANs aHHON CUCTEMbl YpaBHEHMWI hOpPMYyNMpyoTCs
HayasibHble U rpaHnyHble ycrosus [10].

PesynbTatbl. ANnsa nonyyeHus rpadpmyeckoro npencrasB/ieHUss maTe-
MaTM4eCcKo MoAenu, OnuchbiBawlleli HeyCTOMYMBOCTb MeXaHU4ecKoro
paBHoBecus B AUY3MOHHOM KaHasie, 6bl1 HanucaH anroputM Ha A3bl-
ke nporpammMmuMpoBaHus Fortran ¢ MCNOfIb30BaHMEM YUCNIEHHOTO MeToAa
peleHns cuctembl ypaBHeHui (1). Ha OCHOBe BbIYMCIEHHbIX 3HAYEHUIA B
nporpamme Tecplot 360 EX 6b1aM NOCTPOEHbI rpadmkn, Xxapaktepusyio-
LMe KOHBEKTUBHYIO anddy3uio.

B pabote npegnoxeH meTon uccnefoBaHus ANGQY3MOHHOTO U30-
TEPMUYECKOro rnpouecca B TPEXKOMMNOHEHTHbIX ra3oBbIX CMecsX C pas-
JINYHBIMU COOTHOLUEHUAMWN KO3(MPULNEHTOB NEpeHoca B BEPTUKASIbHOM
UUMHAPUYECKOM KaHasle ¢ noMolbio 2D-MogenupoBaHuns. Bbluncnexus
NPOBOAWUANCL AONA CUCTEM He+C3H8CH4 CIHg+H2CO2 Cfl+He-CO2C
pas/IMYHbIMU MOMSIPHLIMU AoNAMK. [1nS nepBoit cucTeMbl BblIN 3afaHbl
napaMmeTpbl: AaBfieHne p=0.8 MMa, Temneparypa T=320.2 K, BpeMeH-
Hoin war 0,005 c. AnnHa 1 paguyc KaHana COCTaBNs/IM b=165"l 3u,
r=3'w .
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a) 6)
1-pucyHok. p=0.8 MMNa, T=320.2 K, g/anHa kaHana 165 mm, paguyc 3 MM
0,4He+0,6C3H SCH4ana cuctembl C flSWU30KOHLEHTPALMOHHbIE JINHWK

Ha pucyHke la noka3aHO Hauya/lbHOE COCTOSIHME KOMMOHEHTOB. B aToT
MOMEHT pacnpefefnieHne KOHUEeHTpauuii npornaHa u MeTaHa ocTaeTcsl He-
M3MEHHbIM, YTO CBMUAETE/IbCTBYET 06 OTCYTCTBUM NpoLecca CMeLlBaHus.
Ha pucyHke 16, yepe3 0,005 cekyHAbl MOC/e Havyana IKCNepPUMEHTa, yxe
3aMeTHO BO3HUKHOBEHWE KOHBEKLMM B MPOLIECCe CMELLMBAHUS.

Ha pucyHkax 1, 2 n 3 npeacTaB/ieHbl pe3y/bTaTbl YUC/IEHHOTO 3KC-
nepyMeHTa, onucbiBawwme Anddy3nio U KOHBEKTUBHOE CMellvBaHue
TPEXKOMMOHEHTHO ra3oBOi CMecKu 0,4H e+0,6 C fls-CH 4 NpW AaB/IEHUN 0,8
MMa ¥ 3aJaHHOW Ha4ya/lbHOWM KOHLEHTpaLuM B pa3HOe BpeMs.

AHanns pesysbTaToB UCCNeAOoBaHWs MOKa3biBaeT, YTO HapylleHue
MeXaHM4YeCcKoro paBHOBECUKS ra3oBoOi CMecu NPUBOAMUT K U3MEHEHUIO pac-
npefeneHnst KOHLEeHTpaumii KOMMNOHEHTOB BO BpemeHu (puc. 1). B 3aBu-
CMMOCTV OT JaB/IEHUS1 SKCMEeprVMeEHTa CO BpEMEHEM HabnaaeTcs 3HaAYK-
TeNbHOE YCU/IEHME KOHBEKTMBHONO CMELUMBaHUSA, 4TO MOATBEpXAaeTcs
OaNbHENLMM UCKPUBIEHNEM W30KOHLEHTPALMOHHbLIX NnHuiA (puc. 1). B
pe3y/ibTaTe B TPEXKOMMOHEHTHbIX Fa30BbIX CMECAX B BEPTUKa/IbHOM Ka-
Hasie POPMUPYETCS CMOXHbIA CTPYKTYPUPOBAaHHbI/ NOTOK, YCUNUBAKOLWUIA
06N MacCOOBMEH B YCNTOBUSAX M30TEPMUYECKOn anddysun.
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2-pucyHok. - p=0.8 MMa, T=320.2 K, AnnHa kaHana 165 mm, pagnyc 3 Mmm
0,4He+0,6CflgCH4ana cuctemMbl C flSU30KOHLEHTPALMOHHbIE JINHWN

JanbHeiwee nuccneposaHme N30KOHLEHTPaLMOHHbIX NNHWIA
KOMNOHEHTOB npouecca Auddy3mm B cuUcteMe 0,4He+0,6C3H8CH4
nokasaso HaaMume SpPKO BbIPAKEHHOrO XapakTepHOoro mnpouecca
HeycToMuMBOCTM  (PUCYHOK 2). HavanbHble cnabo  BblpaXeHHbIe
NCKPUBMIEHUS M30KOHLLEHTPALMOHHbIX JIMHUIA YKa3biBalOT Ha 3apoxaeHue
KOHBeKUMK. C yBeNUMYeHUeM BpeMeHV CMeLLMBaHUSA, POCTOM HayaslbHOW
KOHLEeHTpauum TsKesblX KOMMOHEHTOB W MOBbIWEHWEM [AaBfeHus
NCKPUB/IEHNE W30KOHLLEHTPALMOHHbIX JIMHUIA 3HAYUTE/IbHO YCUInBaeTCs.
M3 pe3ynbTaToB BUAHO, YTO HA HAYa/IbHOM 3Tane pa3BUTUS KOHBEKTUBHOIO
noToKa pacnpefeneHne KoHUeHTpaLmm CyLecTBEHHO 3aBUCUT OT BPEMEHU
aKcnepuMMmeHTa W faBneHus. o Mepe uX YBeSIMYEeHWUS UCKPUBEHME
N30KOHUEHTPAUNOHHbIX JIMHWIA nNpuobpeTaeT CMOXHbIA  HeNNHEelHbI
Xapaktep. 3T0 noATBepxXaaeT nosiBfieHne 60nee  WHTEHCUBHbIX
MOTOKOB, YCKOPSKOLWMX MEPEeHOC KOMMOHEHTOB. Pa3BUTUE KOHBEKTUBHbIX
NOTOKOB B AUGAY3MOHHOM KaHasie NPUBOAUT K HapyLUEeHUIO COCTOSHUSA
MeXaHW4Yeckoro paBHOBECUS W BO3HUKHOBEHWIO KOHLLEHTPaUWOHHOW
rpaBMTaLVOHHOM KOHBEKLUN NPY MHOrOKOMMNOHEHTHOM anddysun. B aTom
cnydae HabngaeTcs HeyCcToMumMBbIA AMAdY3MOHHbBIA npouecc.

151



EcTecTBeHHble HAYKN, NHXUHUPUHT N TEeXHONorum

3-pucyHok - p=0.8 MMa, T=320.2 K, asinHa kaHana 165 mm, paguyc 3 Mm
0,4He+0,6Cfl--CH4 ansa cuctembl C flg N30KOHLEHTPAUNOHHbIE IMHUU

Kak BWOHO U3 pe3ynbTaToOB BbIYMC/IEHWIA, MPEACTaBNEHHbIX Ha
pycyHke 3, yBesiMyeHne AaBfieHWsi CNOCOGCTBYET YCWU/IEHWUIO MOTOKa, YTO
NnoATBEPXAAETCHA 3HAYNTENbHBLIM UCKPUB/IEHWEM IMHUIA KOHLEHTpaLuun.

M3 pucyHkoB 1-3 6bl1I0 YCTAHOB/IEHO, YTO YC/IOBMSI KOHBEKTUBHOIO
CMeLUMBaHMs B CUCTEME peasin30Ba/ICb C NepPBbIX CEKyHA. MokasaHo, YTo
OanbHelllee yBeniMyeHne gaBneHnsi NpuBOAUT KYCUIEHNIO MHTEHCMBHOCTH
HeycTonumBoro gngy3MoHHOTO pexuma.

[Ona cuctembl. 0,4He+0,6 Cfl-C O 2 Ha PUCYHKE 4 W3OKOHLUEHTpa-
LUMOHHbIE IMHUN He Obl/IN M3OTHYTbIMUW, YTO MOATBEPXAAET OTCYTCTBME
KOHBEKTMBHbIX BO3MYLLEHNA B npouecce Anddy3noHHOTo cMmelLBaHns
rasa, To ecTb Mpouecc ocTaBascs cTabunbHbIM. Takoe pacnpegeneHue
KOHLIEHTpaLUN KOMMNOHEHTA BO BPEMEHM CBUAETENLCTBYET O TOM, YTO Npwu
OaHHbIX gaBneHunsix B npouecce AnddysnoHHOro cMeLwwmnBaHnsa qopmunpy-
IOTCS NOTOKM C HW3KO CKOPOCTLIK N HU3KOM cpefHeli KNHETUYECKOW 3Hep-
rmei.
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4-pucyHok. - p=0.6 MlMa, T=300 K, g/inHa kaHanal65 mm, pagnyc 3 Mm
0,4He+0,6 C flsCO2pna cuctemsl Cflg M30KOHLEHTPALNOHHBbIE NINHUN

Mo 3Tum TpEM cucTeMaM MOXHO cAenatb BbIBOA, UTO OAHUM
M3 BaXHbIX (pakTopoB [ANA npoTekaHua AnddY3MOHHOro npouecca
COBMECTHO C KOHBeKuueli siBNsieTcAa AaBfeHue AN NMepBOil CUCTEMbI, a
ONsi BTOPOA u TpeTbel - BpemsA. [OCKONbKY Npu WU3MEHEHUU MOJIbHOMN
[0 ¥ AaBeHna Mbl NMMWb Habnwagann ctabuabHOCTL NMpouecca, MOXHO
3aKM0UYUTb, UYTO MpPU YBESIMYEHUU BPEMEHHOTO LWara MOXHO 6blN10 6bl
y6eautbca B NOSABMEHUM KOHBEKTMBHOrO notoka. OAHako B TekyuieW
BEpPCUM nporpammbl Takas BO3MOXHOCTb OTCyTCcTBYeT. Kpome Toro, 6bi/10
YCTaHOB/IEHO, 4YTO 6/IM3KME 3HAYeHUs MOJIAPHbIX Macc Tsxénoro (CH?)
n cpegHero (CO2) KOMNOHEHTOB TakXe 0Ka3blBalOT BAMSIHME Ha npouecc.
Cne,qyeT OTMEeTUTb, 4YTO Ta3bl, WUCNO/Ib30BaHHblie B TpéX cucrtemMax,
ABNATCA TEXHUUYECKN BaXHbIMU.

3aknyeHne. Ha ocHoBe MCC/ef0BaHUA MOXHO cAenaTtb cneaywliue
BbIBO/bI:

1 AHanun3 aKcnepuMeHTabHbIX UCCefoBaHUi AU G Y3UN B TPEXKOM-
MOHEHTHbIX FA30BbIX CMeCcsaX Mokasas, YTo KOHBEKTUBHbIE MOTOKW 3HAUU-
TeNbHO MPEBbLIW AT COOTBETCTBYIOULME MOTOKM MOMEKYNAPHON Anddy-
3un.

2 B ABYxKon60BOM MeTOfe npoaHanu3upoBaH npouecc ANdqy3noH-
HOrO CMelNBaHNsA TPEXKOMMOHEHTHbIX ra30BbIX CMeceil, U Npu HepasHO-
MEepHOM pacnpefefnieHny cocTaBa BbisB/ieHa KOHLUEHTPaLWOHHAs KOHBEK-
UMs B AN PY3MOHHOM KaHasne B rpaBUTaLMOHHOM Mofe.

3 MonyuyeHbl pe3ynbTaTbl MaTeMaTUYeckoro MoAeIMpoBaHus, Onuchl-
Balowue AUPPY3N0 U KOHBEKTUBHOE CMeLlMBaHME TPEXKOMMOHEHTHbIX
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ra3oBblX CMeceil He+0,6C flssCH4, CH 8+H 2CO2 C flgtHe-CO2 NpW pas-
JINYHBIX AABMEHUAX U HaYaslbHbIX KOHLEHTpauusX.

4 B cucTteme renunii-nponaH-mMmeTaH 6b1710 BbISIB/IEHO, YTO NPY AaBEHUN
p=0,6-0,8 MMa UTEMNepaType T=300-320,2 K BO3HUKAT KOHBEKTUBHbIE
NoToku B npouecce AMdY3NOHHOTO CMeLIMBaHMs. AHa/IM3 NOJyYEHHbIX
pes3ynbTaToB NOATBEPAW/ HApPYyLIEHNE MEXaHUYeckoro paBHOBECUS B UC-
crnefyeMoii cucteme, YTo NpPUBOAUT K QOPMUPOBAHMIO C/TOXHOM CTPYKTY-
pbl MOTOKA, 3aBUCSLLEN OT JABMEHUSI, U COMPOBOXAAETCSA MOMEKY/SAPHON
anddpy3neli B BepTUKabHbIX KaHasax TPEXKOMMNOHEHTHbIX ra30BbIX CMe-
cell.

5 B cuctemax nponaH-BOAOPOA-YINEKUCNbIA a3 1 nponaH-renunii-
YINEKUCbIA ra3: ANns nepBoii CUCTEMbl MpU AABMEHUU p=0,4-0,6 MMa
W TemnepaType T=285-300 K; AN BTOpOli CUCTEMbl MNpPO AaBEHUU
p=0,4-1,0 MMa ¥ Temnepatype T=300-350K Habnwoganacb Andy3noH-
Hasl yCTOWYMBOCTb.

6 MoATBEPXAEHO BNMSHWE TEPMOAMHAMUYECKUX NapaMeTpoB Ha BO3-
HWKHOBEHWE KOHBEKTMBHbIX MOTOKOB B npouecce AMddy3noHHOTo cme-
LIMBAHNS.

7 Kak noka3aHo B 3TOM MCCNef0BaHUW, B NepBOHaYas/lbHO rpaBuTauu-
OHHO YCTOIYMBBIX FA30BbIX CMECSIX, COCTOSILUMX U3 KOMMOHEHTOB C 6/113-
KOli NJIOTHOCThIO, NPOLECC CMELUNBAHUSI MOXET NPOTeKaTb Kak Ha MOJeKy-
JIIPHOM YPOBHE, TaK U B KOHBEKTUBHOM pexumMe. ITU pe3y/ibTaTbl MOXHO
onpefennTb NM60 C NOMOLLbK AOPOroCTOSALMX 3KCNEPUMEHTa/IbHBIX UC-
cnepoBaHuii, NMM60 C UCMOMb30BAHUMEM YUC/IEHHOTO MeToAa, npeacTaB-
JNIeHHOro B laHHOl paboTe.
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