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Abstract

The features of the change in the regimes "diffusion-gravitational concentration convection” in isothermal ternary
gas mixtures have been studied experimentally and numerically. It is shown that, at a certain pressure, due to the
difference in the diffusion coefficients of the components, an instability of mechanical equilibrium arises, leading to the
appearance of structured convective formations. Calculation results are compared with experimental data on the
location of the instability boundaries in the studied gas mixtures. Intensity of convective mixing is also influenced by
the content of the component with the highest molecular weight in the initial mixture. In terms of Rayleigh numbers, a
boundary relation is obtained that determines the regime change.

The solution of the problem of multicomponent mixing in a cylindrical vertical channel of finite height with solid
and impermeable boundaries for the substance made it possible to determine the concentration distribution along the
length.
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OCOBEHHOCTHU U30TEPMHUYECKOI'O MHOI'OKOMITIOHEHTHOI'O CMEHIEHHUSA I'A3OBBIX
CMECEM COJEPXKAIIIUX METAH ITPM KOHBEKTUBHOM HEYCTOMYHUBOCTH

OKCHEepUMEHTAIFHO M YUCICHHBIM 00pa3oM M3y4eHbl OCOOCHHOCTH CMEHBI PeXHUMOB «An(dy3nsi- TpaBUTAIIMOHHASL
KOHIIEHTPAallMOHHAsl KOHBEKIUS» B M30TEPMUYECKUX TPOIHBIX Ta30BbIX cMecsX. [lokazaHo, 4TO MpU OMpeeeHHOM
JTABJICHUH 3a CUeT pa3nuuus B Kod¢pduimenTax 1up¢y3uu KOMIIOHEHTOB BO3HUKAET HEYCTOIUNBOCTE MEXaHUIECKOTO
paBHOBECHsI, NPHUBOJSIAS K BO3HHMKHOBEHHIO CTPYKTYPUPOBAHHBIX KOHBEKTHUBHBIX (hopMHpoBaHuil. PesymbTaTh
pacdyeToB CPaBHUBAIOTCS C ONBITHBIMU JaHHBIMU 110 PACIIOJIOKEHUIO TPAHUL] HEYCTOWYMBOCTH B UCCIIEAYEMBIX I'a30BbIX
cMecsix. Ha HMHTEHCHMBHOCTb KOHBEKTHBHOI'O CMEIIEHUS TAaKXKE OKAa3blBACT BIUSHUE COLECPKAHUE KOMIIOHEHTa C
HauOONBIINM MOJIEKYIAPHBIM BECOM B HCXOQHOH cMecH. B TepmmHax uncen Pames mnomydeHo TpaHMYHOE
COOTHOIIIEHHE, ONIPENEIAIONIEE CMEHY PEKUMOB.

Pemenue 3a1a4 0 MHOTOKOMIIOHEHTHOM CMEIIEHUH B LIMIMHIPUYIECKOM BEPTUKAIBHOM KaHajae KOHEYHOU BBICOTBI
C TBEpABIMH U HEIIPOHHULAEMBIMH I BELIECTBA TPAaHULAMH [TO3BOJIMIO ONPEAEIUTh PaclpeelieHe KOHIEHTPALUU 110
JUIHHE.

KnatoueBble ciioBa: KoHBekiMs, Au(pQy3Hsi, HEYCTOWYMBOCTb, KOHIEHTpauusi, cHHepreTudeckuii sddexr,
MEXaHUYECKOE PABHOBECHE.
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KOHBEKTHUBTI TYPAKCBI3AbIK KE3IHIAE METAHBI BAP I'A3 KOCITAJIAPBIH U30TEPMUSJIBIK
KOIl KOMIIOHEHTTI APAJIACTBIPYIAYBI EPEKIIEJIKTEPI

W30TepMUSsIIBIK ~ yII  KOMIIOHEHTTI Tra3  KocmajapbelHaa  «Iu(Qy3usuIbIK-TpaBUTALMSIIBIK — KOHIIEHTpALUs
KOHBEKIMSICBI» PEXHUMJIEPIHIH ©3repy epeKIIeTiKTepl TIXIpHOeiK KoHe CaHIbIK TYPFBIIAaH 3epTrenreH. benrimi Oip
KBICBIM Ke3iHJe KOMIOHEHTTepHiH Iuddy3us Ko3QUIMeHTTepiHIH albIpMAIIbIIBIFBIHA OaWIaHBICTBI, KYPBUIBIMJIBIK
KOHBEKTHBTI TY3iJTiMAEpAiH Maia 00MyblHA OKEJIETIH MEXaHUKAJBIK Tele-TeHIKTIH TYPaKChI3IbIFhI Maiaa 00JaThIHBI
kepcerireH. Ecenrey HOTIDKenepi 3epTTENEeTiH ra3 KOCHaJapbIHAAFBl TYPAKCHI3ABIK II€KapajlapbIHBIH OpPHAIACYHI
OOMBIHIIA TOXKIPHUOETIK JepeKTepMeH CANBICTHIPbUIFaH. KOHBEKTHBTI apajacThIpYIBIH KapKbIHIBUIGIFBIHA OacTarmKbl
KOCTIaJaFel €H JKOFaphl MOJICKYJAJBIK CaJMarbl Oap KOMIIOHEHTTIH Kypambl fa ocep ereni. Pameit caHmapbIHBIH
TEPMHUHIH/IE ayBICHIM/Ibl PEXKUM/IEPIH 1€ aHBIKTANTBIH ILIEKAPaIIbIK KATbIHAC aJbIHbI.
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KoHIeHTpasHbIH  Y3BIHIBIFE OOWBIHIIA TapalyblH aHBIKTayFa MYMKIHIIK Oepy YIUiH COHFBI OMIKTIKTIH
MWIMHAPIIIK TiK KaHAJIBIHJA KATThI )KOHE 3aT OTKI30CHTIH IIeKapanapsl 0ap Kem KOMIOHCHTTI apajacThIpy MpoIecci e
iCKe acThl.

Tyitin ce3mep: kouBekius, Auddy3us, TYPAKCHI3ABIK, KOHIICHTPAIUS, CHHEPTeTHKAIBIK 3()(eKT, MeXaHUKaIbIK
TYPaKTBUIBIK.

In multicomponent gas mixtures, there is a wide variety of mixing regimes [1]. The experiments were
carried out on a device in which two flasks were connected by a vertical channel. In the work [2] shows
high-quality shadow images of diffusion instability in the flasks of the diffusion apparatus. Experiments on
the study of multicomponent mixing in gases at elevated pressure [3, 5], diffusion of a mixture of solution
vapors into an inert gas [4] registered convective flows. In its turn, this convective flows leading to a
synergistic effect. The synergistic effect associated with a significant increase in the mixing rate of the
system components. Features which are observed in [3-5], during change of the "diffusion - convection"
regimes is the fact, that it is realized not under traditional conditions corresponding to the thermal problems
of Rayleigh [6] and Rayleigh-Taylor [7], arises under the condition that the density of the mixture decreases
with height. In this work, researching the mechanism of the "diffusion - convection" transition in gas
mixtures containing methane, which is important for the problems of combined heat and mass transfer of
multicomponent systems containing hydrocarbon components. This feature arises at the initial hydrostatic -
stable stratification, which implies a decrease of the density of the mixture with height.

In this work presents experimental data on the study of boundaries of change in kinetic regimes.
Analytical results on the research of ternary gas mixtures for convective stability in vertical channels are
showed. Comparison is made between experiments and theoretical calculations.

In experiments for research were chose systems 0,65CH,(1)+ 0,35Ar(2)—N,(3) and
0,5538H, (1) +0,4462N,(2) —CH,(3) The experimental data for systems CH,+ Ar—N, and
H, + N, —CH, are shown in figure 1 as the dependence of the dimensionless parameter o on pressure. The
parameter o = Cexp/Ctheor Was obtained by normalizing the experimental values Cexp to calculated Cineor [1,8]
using the Stefan-Maxwell equations for a given geometry under the assumption of diffusion. As view of
figure 1 a, for system 0,65CH,, (1) + 0,35Ar(2) — N,(3) diffusion.

Experimental values of the concentrations of the components coincide with the calculated results within
experimental error. Over the entire interval of the studied pressures, the parameter o =~ 1. In the system
0,5538H, (1) +0,4462N,(2) —CH,(3) is observed at a different picture in figure 1b. At a certain pressure

p*, the parameter ¢ begins to significantly exceed unity. Starting with p* =1,07MPa the parameter

increases for all components. Dependences, which shown in figure 1b are not typical for diffusion, in which
have to be decrease of the mixing intensity, in case, when increasing pressure. The priority transfer of the
component with the highest molecular weight as compared to diffusion active hydrogen does not correspond
to the generally accepted concept of diffusion mixing. Increasing the parameter o; with increasing pressure
indicates that convection occurs in the system due to the instability of the mechanical equilibrium of the gas
mixture, and the pressure p~ determines the change in the regimes "diffusion - concentration gravitational
convection™.

P, MPa p. MPa

a b

Figure 1. Dependence of the parameter a from pressure: a. CH, + Ar —N,, T =298,0K ,
1 - methane, 2 - argon, 3 - nitrogen, 4 - calculation assuming diffusion; b. H, + N, —CH,, 1 - nitrogen, 2 - methane,
3 - hydrogen, 4 - calculation taking into account diffusion
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The occurring convective flows in figure 1 distort the transfer expected during diffusion. Intensity of
convective mixing is also influence content of the component with the highest molecular weight in the initial
mixture. If content of the component decreases, intensity of convective mixing decreases, consequently at a
certain initial content only diffusion takes place.

For describe behavior of the gas mixture, we use the equations of free concentration convection in the
Boussinesq approximation [6, 7] and assumption that ci and p are represented as a sum of some average

constants (hereinafter taken as the reference point) and small convective perturbations Ci/ , p/ , Which do not
lead to a significant deviation of the density p’ from the average value p,, that is
/ /
G :<Ci>+ci , p=(p)+p

In dimensionless form, the system of perturbed convective equations can be written as follows (primes
are omitted) [9]:

oc
Pr,, El —(vy) = rnv%l +%2'12V202,
oc A
Pr, —2—(vy) =21, V’c, +V°c,, 1
2 5 (3’) A, 21 1 2 (1)

aat—u = —Vp + Vzu +(Ra1T1]_C1 + RaZCZ)y’

divw =0,
: . : _ v gBAd* .
Equations (1) contain the following parameters: Pr, = — - Prandtl number, Ra; = =——— - Rayleigh
ii i
D;
number, 7j; =—~ - complex that determines the ratio between multicomponent diffusion coefficients.
22

For solve the system of equations (1), it is necessary to concretize geometry of the problem, initial and
boundary conditions. Solution of the problem multicomponent mixing in a cylindrical vertical channel of
finite height with solid and impermeable boundaries for the substance made it possible to determine the
concentration distribution along length in the form:

11K, (h* = 2%)(5h* ~ 2% )cos ng
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where Ki - the numerical complexes, which depending on the initial composition and the coefficients of

multicomponent diffusion, |.,J

n»=n

boundary of considered problem

[uv?udv +Rayz;, [u,c,dV +Ra, [u,c,dV =0

- the Bessel functions. Combining (1), (2) we obtain the stability

©)

120



A6ali ameiHOarbl Ka3¥IY-HiH XABAPLLbICbI, « Pusuka-mamemamuka felabimoapsl» cepuscsl, Ne3(71), 2020

In figure 2 shows the neutral line (3) on the plane Ra,Ra,for the system
0,5538H,(1) +0,4462N,(2) — CH,(3) . Above line I, there is a convection area, and below - a diffusion
area. For the most dangerous mode from the point of view of stability, the critical Rayleigh concentration
numbers have the following values: Ra, = 64,6459 Ra, =49,8018.

Line Il which is shown in figure 2 corresponds to zero density gradient. Relative position of these lines
shows the existence of the area (the sector between lines | and Il in figure 2, when convection takes place in
the system, although density in the upper part of the channel is less than in the lower channel, which, at first
view, corresponds only to diffusion process. For the comparing results by determine the areas of diffusion
and instability, we present the experimental data, under specified conditions, on the plane Ra,,Ra, in the
form of partial Rayleigh numbers. From experience it is determined, which regime (diffusion or convection)
takes place. The points corresponding to the unstable regime will be denoted by signs e, and the diffusion
process will be corresponded to the o signs, which shown in figure 2.

Ra;

o5

- 400"

Figure 2. Areas of diffusion and convection:
| - perturbance boundary; Il - line of zero density gradient; points 1 - 5 - experimental data at different values of p:
1-0.58,2-1.07,3-1.56,4-2.05,5-2.54 MPa.

The aggregate of such points on the plane of Rayleigh numbers determines the transition from diffusion
area to convective area through the neutral stability line. Point 1 corresponds to diffusion. Points 2 — 5
characterize the unstable regime. It is easy to see, that occurs satisfactory agreement between theory and
experiment on the location areas of diffusion and concentration convection.

In three-component systems contains methane, where diffusion coefficients differ from each other, at
certain values of pressure the mechanical equilibrium in mixture is violated. Transition from the diffusion
regime to the convective is observed in the system. In terms of Rayleigh numbers, a boundary relation is
obtained, that determines transformation of various types of mixing. Satisfactory agreement is noted between
the experimental and calculated data on the location of the instability boundaries in the gas mixtures under
research.
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