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Numerical research of characteristic mixinggimes
of isothermal three-component$team-gas systems

Multicomponent diffusion in gases is characterized by a number ofieffects that are not observed in binary dif-
fusion. Analysis of existing works shows that convective, instability may occur in some systems with signifi-
cantly different diffusion coefficients with certain geometric ‘and thermophysical characteristics. Stability
analysis allows determining the spectrum of pafameters at which a transition from a diffusive state to a con-
vective is possible. However, this approach does nofallow the researchers to investigate the dynamics of the
process. Therefore, this work aims to describe emergefice and evolution of convective flows in three-
component systems and assess the influencejof the initial composition on the occurrence of concentration
gravitational convection. The main part of the\work presents a mathematical model describing the occurrence
of convective flows based on the splitting“Seheéme according to physical parameters. Numerical data on the
concentration fields of the gas withdhe highest molecular weight at various time points is obtained. It is estab-
lished that curvature of the igocongentration lines of the diffusing components can be associated with instabil-
ity of the mechanical equilibrinm of'the system. Degree of curvature is determined by the initial concentration
of components of the mixtute. The obtained data can be used to determine the main characteristics of mass
transfer used in calculations gelated to combined heat and mass transfer in a wide range of thermophysical pa-
rameters.

Keywords: gastmixtures, diffusion, convection, instability, initial composition, numerical calculation, iso-
thermal mixing, fotmic acid vapors.

Introduction

Rayleigh-Befiard convection is one of the few classical problems of heat and mass transfer to which
there is increased attention at the present time [1]. Interest in this problem is associated with the study of the
variety of flows arising in channels from a given geometry and the properties of the studied liquid or gas
medium. Generalization of studies on the occurrence of gravitational convection in an inhomogeneous tem-
perature field made it possible to develop recommendations for determining the main parameters of heat and
mass transfer associated with properties of the substance under research. These recommendations allow for
specific conditions to predict mixing modes. At the same time, the occurrence of instability of mechanical
equilibrium and the subsequent development of convective formations depend on the direction of the vectors
of density gradients and gravity [2, 3]. Occurrence and further evolution of convective perturbances are
fixed, in the case when directions of the corresponding gradients do not coincide. Opposite situation assumes
a stable stratification of medium and absence of convective motion.

However, for multicomponent mixtures in which several concentration flows interfere, the spread of
approaches [2, 3] to describe the behavior of system can lead to distortion of the expected results associated

Cepust «duanka». Ne 2(106)/2022 133


file:///C:/Users/User/Downloads/kosov_vlad_nik@list.ru

A.K. Zhussanbayeva, V. Mukamedenkyzy et al.

with mass transfer, since the features, that are absent in binary systems are unconsidered. These include, first
of all, the fact of the destabilizing effect of diffusion on the development of convective flows in mixtures
[4, 5]. Convective flows that arise in this case form a synergistic mixing mechanism, leading to the selective
transfer of a component with specified thermophysical properties.

Experimental studies [6, 7] have shown that even in the extreme case of isothermal multicomponent
mixing, convective separation effects associated with differences in the diffusion coefficients of components,
pressure, and composition occur. Distinctive feature of the studies conducted in [6,7] was the condition for
the implementation of multicomponent mixing, which assumed that density of the medium in the upper part
of the diffusion channel was less than density of the gas localized in the lower part of the channel. Physical
meaning, emergence of the convection instability and subsequent development of hydrodynamic
perturbances are described in detail in [2, 3]. However, using the formalism of the Rayleigh thermal problem
to describe isothermal multicomponent mixing under conditions of initial stable stratification of the mixture
observed in [4-7] requires consideration of the influence of several partial concentration gradients. Im-
portance of such an adjustment was shown in [8, 9], in which it was found that in ternary, $ystems with dif-
ferent molecular weights M, and different diffusion coefficients D, [10] there afe areas of damping and

increasing convective perturbances. Extreme perturbances can be the reason of structuged flows"in multi-
component diffusion. However, the approach developed in [8, 9] defines only the beundary of the “diffu-
sion—convection” regime change in the area of specified thermophysical and geometric/parameters. Process
of the emergence of structured convective flows and their subsequent evolutionyhas not been considered. In
this regard, it is relevant to study the dynamics of the emergence of stru¢tural formations at the boundary of
the “diffusion — convection” regime change during isothermal multicompénent mixing. This work presents
the results of numerical studies on the mixing of triple gas mixtures injvertical diffusion channels with dif-
ferent initial compositions. The comparative analysis presented with obtained and experimental data.

Problem statement and numeriecal Taethod

The diffusion transfer of a triple gas mixture in a“flat (or cylindrical) channel is studied. The problem
statement is shown in Figure 1.
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Figure 1. Model of multicomponent mass transfer:
a) mixing areas; b) placement of three-component mixtures in the diffusion cell.

The upper part of the channel S, contains a mixture of gases with the M, and M, molecular

1
weights, mixture diffuses into a gas with a molecular weight M, , which is located at the bottom of the
channel S, . At the same time, the following assumptions occur:

1. For the molecular weights of the components M, , the condition is accepted: M, > M, > M, .

2. The condition of independent diffusion assumes:

3 3
z ji=0 and Zcizl
i=1

i=l
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Multicomponent mixing is studied near the boundary of the “diffusion—convection” regime change, to-
tal transfer of components can be described by a system of hydrodynamic equations for perturbed quantities
written in the Boussinesq approximation [11, 12].

ou 1
E+(UV)U = —p—Vp+VV2U+ g(ﬂlcl +ﬂzcz)y’

0

C * *
%Jer(cl) =D;,V’c, +D;,Vic,, (1)

oc s .
Ez +VV(c,) = D;,V’c, + D, V’c,,

divv =0,

where <Ci> — constant average concentration value, taken as the starting point, 7 — the univector,)V — coef-

ficient of kinematic viscosity, f — average density of the mixture. The dependené® of the density mixture
on the concentration is determined as follows:

1(0
B :_(_,Dj > P = po(l_ﬂlcl _ﬂzcz)a
pO aCi T

Diffusion complexes D;; related to the coefficients of mutdal diffusion Dij by the relations:

D' = D13[ClD32+(C2+C3)D12] D :C1D23+(D12+D13)

11 D 12 D ’
D* _ D23[CZD13 +(Cl +CZ) D12] D* _ CZ D13 +(D12 + D23)
22 D s 21 — D s

D&cD,. +¢,D,; +c,D,,.

Perturbations of the average mass andaverage numerical velocities are of the same order, therefore, in
further relations, we will replacgithe“perturbed quantities v with u [8]. Let us choose the characteristic
measurement scales: H — lineamsizehof the cavity, H?/v— time, D., / H — velocity, A'H — concentra-

tion, p,vD,, / H? — pressure.Systeém of equations (1) in dimensionless quantities has the form:

oc 1 1 1
—L+—uVc, =—AC, +—1,AC,,
at Pr22 Prll Pr22
oc 1 1 1
—2+—VVg, :i—‘rz]AC] +—Ac,,
ot Przz 3} In (2)
ou 1
—+—V(u-u)=-Vp+Au+(Ra,c +Ra,c,)y,
ot Pr,

divu =0,

where Pr, =v/D; — the diffusion Prandtl number, Ra, =gAAH*/D,v — partial Rayleigh number, where A —
dimensionless initial gradient, 7, = DIJ / D,, — parameter, which determines the relationship between the

practical diffusion coefficients.
Next, we will use the algorithm written in [12]. The system of equations (2) is solved numerically by
the splitting scheme according to physical parameters [13]. The two-dimensional cross-sectional area of the
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cylinder area Hxd in the Cartesian coordinate system is considered (Fig. 1a). Calculations were carried out
in a dimensionless grid with dimensions of 128 x 128.

The first stage of the calculation assumes, that transfer of the quantity of motion is carried out only by
convection and diffusion. The intermediate velocity field is found according to the Adams-Bashforth and
Crank-Nicholson schemes [14].

a"-u" 1

v :—5(3H” - H“’1)+%A(0” +U")+(Ra7,¢ +Rayc, )y, (3)

where H' =—V(U-U)n — convective members, U — intermediate velocity field, At — time step, n — is the itera-

tion number at time t".
The second stage of the calculation determines the relationship of pressure with the velocity value:

Ap = v
At “)
The third stage assumes recalculation of the velocity field exceptionally due tosthe pressure drop:
n+l AN
u™ -t wp.
At (5)

At the fourth stage, the concentration of the mixture components js caléulated:

Cln+l __.n 1 1

G :l(F”“—F”)+—ACl”+ Ae;,

At 2 Pr,, Pr,, (6)

n+l N

£ 6 e gyfail adh—Lac,

At 2 T, T,,
C3n+1 . 1 _cln+1 _C;Jrl’
where F"=-v(u™*.c") — convective terms.
The boundary conditions are set as follows:
o .
U(Xg.2) =0, a—':O, 1=1-3, 7
n

where n= (nl, nz)— external noFmalito the’boundary of the computational area.

The 1nitial conditions ate written as follows:

u(x,r):O,
¢ (x7=0), =X c(xr=0) =0, ®)
G (Xr=0) =X, &(xz=0) =0,
¢ (xr=0) =0, ¢;(xz=0) =X,

where X, - concentrations of components in the upper S, and lower S, areas.

Numerical calculation results

The numerical results (Fig. 2) illustrate the dependence of concentration on time for the heaviest com-
ponent in terms of density in a triple system of formic acid vapors and water diffusing into argon at p=0.1
MPa, T=298.0 K experimentally studied in [15]. Several mixing modes are clearly visible. At the initial
stage (Fig. 2a), diffusion takes place. After 0.93 s, a violation of monotony in the distribution of
isoconcentration lines (Fig. 2b) is recorded. This behavior is not typical for diffusion mixing. It can be as-
sumed that starting from this time, an instability of mechanical equilibrium occurs in the system under study.
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In this case, instability is the reason of convection formation. Fig. 2¢ presents a convective cell formed 1.4
seconds after the start of mixing. At the final stage (Fig. 2d), the convective formation begins to move in the
gravity field relative to the diffusion interface. Then, under different initial conditions (Fig. 2¢), the process
of structural formation begins again, i.e., in a steam-gas system, a drip mixing mode may occur.

0.6

X

c) d)

Figure 2. Isocor @ on lines of formic acid vapors for the system
O.6H20(1)& Q (3)— Ar (Z)at p=0.1MPa, T =298.0K,
2.

L=0.257m, m.a)t=047sb)t=0.93s;c)t=14s;d)t=1.86s.

In Table 1, for nt compositions of formic acid vapors in a triple mixture H,0+CH,0, - Ar the
characteristic mixingi escribing the diffusion (1), the occurrence of instability of mechanical equilibri-
um (ty), formation,of a tural formation (t3) and the initial displacement in the channel due to gravity ()
are provi

Table 1
Characteri ixing times for different vapor compositions of formic acid at P = 0.1 MPa, T =298.0 K.
Mol iti
olar composi 1(?n CH,0,, f,s t s f, s t s
mol.fraction
0.89 0.47 0.93 1.4 1.86
0.60 0.47 0.93 1.4 1.86
0.40 0.44 0.88 1.32 1.76
0.30 diffusion

Table 1 data indicates weak dependence characteristic times of occurrence of the convection formation
on the initial composition of the mixture.
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Conclusions

Numerical study of the occurrence of instability of mechanical equilibrium and subsequent structure
formation in the H,0+CH,O, — Ar parabasic system with different CH,O, composition in the mixture can be

carried out based on a splitting scheme according to physical parameters. Mathematical model allows de-
scribing the process of a convective structure formation for different values of the composition of a triple
mixture. Definition of convective instability may be associated with a significant curvature of the
isoconcentration distributions, which are absent during diffusion. Degree of curvature of concentration dis-
tributions depends on the content of the component with the highest molecular weight in the system. With
certain compositions, curvature disappears and diffusion is realized in the system. It was found that when
vapor content of formic acid is less than 0.3 mole fractions in the mixture corresponds to the diffusion mode
of mixing.
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YmKkoMnoHeHTTi 0yras3 :KyiiejJepiHiH H30TePMUSIIBIK
apaJjacybIHbIH CUNIATTAMAJIBIK YAKBITTAPBIH CAH/IBIK 3epTTEY

Tazmapnarsl kenm KOMHOHEHTTI Mupy3ust OnHapiblK muddysusna OalikanMalTeH GipkaTtap acepiiepMeH
cunarraigajpl. KoJIaHBICTaFbl KYMBICTapAbl Tajjay Oenrigi Oip TeOMETPHSUIBIK JKOHE JKbUTY()HU3HUKAJBIK
cunmarramanapsl  6ap auddysus kodbduieHTTepi aWTapiBIKTail epekiIeneHeTiH Kelbip Kkyienepae
KOHBEKTUBTI TYPaKCBI3IBIK OpPBIH allybl MYMKIH €KeHiH KepceTeli. TypakKThUIBIKTHI Tangay AUGQY3HIbIK
KYHIIEH KOHBEKTHBKE aybICyFa OOJIATBIH MapaMeTpJiep CIIEKTPiH aHBIKTayFa MYMKIHIIK Oepeni. Anaima, Oy
TOCLT TPOIECTIH AWHAMHMKACHIH 3epTTeyre MYMKIHIIK Oepmeiini. COHABIKTaH >KYMBICTBIH MAaKCaThI
YIIKOMITOHEHTTI JKYieneperi KOHBEKTUBTI aFbIHAApIbIH Haiaa OGOJIysl MEH DBOJIONMACHIH CHIATTAY JKOHE
KOHIICHTPALVSJIBIK T'PaBUTAIMSIIBIK KOHBEKIMSHBIH Taiia GoiyblHa OacTamkbl KypaMHBIH ocepiH Oaranay
Gosein TaObLIaBl. JKYMBICTBIH Herisri OesiMiHAe (u3MKaNbIK MapaMerpiep OOHBIHIIA OeIiHY cXeMachl
HeTi31HJie KOHBEKTHBTI aFbIHIApAbIH TMaiaa OOTybIH CHIATTAHTEIH MaTeMaTHKAIBIK MOJIEIb YCHHBIIFAH. \©p
TYPJi yaKbIT apajibIKTapblHAA €H YXOFapbl MOJICKYJaJbIK CaJMarbl 0ap ra3 KOHLEHTPAaLWSCHIHBIH OPIiCTepi
Typanbl CaHABIK  ModiMerTep  anblHAbl.  Judy3usiaHymbl  KOMOOHEHTTepAiH ““M30KOHLCHTPIIIK
CBI3BIKTAPBIHBIH KUCHIKTBIFBl JKYHEHIH MEXaHHKAJbIK TENe-TeHAITiHIH TYpPaKCHI3AbIFBIMEH JOaTaHBICTEL
0oyl MYMKIH €KCHHIrl KOpCETUIreH, al KHUCBIKTBIK Jopekeci KOCHa KOMIOHEHBFepiHiH jOacTarKel
KOHIICHTpALMsAChIHA ~ OailIaHBICTBL.  AJIBIHFaH ~ MAJIMETTep OIKBUTY(HM3WKAIBIK ITapaMETpiepIiH KeH
JMaIa30HBIHAAFEl apajiac KbUIyMacca TachIMaJbIMEH OaiaHBICTBI ecenTeyiepe KOJINAHBUIATHIH Macca
IMaCyZbIH HETi3T1 CHITaTTaMallapblH aHBIKTay YIIiH MaiilalaHbuTybl MYMKIH.

Kinm ce30ep: a3z xocnanapsl, 1uddy3ns, KOHBEKIHs, OPHBIKCHI3IBIK, OacTaNKel KypaM, CaHIbIK €cenTey,
H30TEPMHUSIIBIK apajiacy, KYMBIPCKA KBIIIKBUIBIHBIH OYBbI.

A.K. XKycanbaeBa, B. Mykamenenkbi3siy B.HyKocos, A.A. Axxonosa

YucaeHHoe ucCIeI0BAHUE XaPAREEPHbIX BPeMeH CMellleHus!
U30TePMHUYECKHUX TPEXKOMHQHEHTHBIX MAPOra30BbIX CHCTEM

MuorokoMnoHeHTHast AU Qy3Hs B ra3ax xapakrepusyercs psaoM 3 GeKToB, KOTOpbIe He HAOIIOAI0TCS IPH
OmHapHOU aud(dy3un. AHANMN3 CyNICCTBYIOIINX paboT MOKa3bIBAET, YTO B HEKOTOPBIX CHCTEMaX C CYIIECT-
BEHHO OTJIMYAIOIMMHUCA KOd(dHUIHeETaMy THQPN YU NPy ONpeaeNeHHbIX TeOMETPHYECKUX U TeIIo(u3u-
YECKHX XapaKTEePUCTHKAX MOJKET [AMETh MECTO KOHBEKTHBHAs HEyCTOHYMBOCTb. AHAJIN3 Ha yCTOHYMBOCTD
HO3BOJISIET ONPEJIENUTh CrieKipfrapaMeTpoB, IPH KOTOPBIX BO3MOXEH Hepexoi U3 I (y3HOHHOTO COCTOS-
HHS B KOHBeKTHBHOE. OHAKO @EOT HOMXOJ HE MO3BOJISET UCCIIENOBATh AMHAMUKY mpolecca. [losTomy me-
JbI0 PaboTHI SABIISIETCS QIICAHYC BOSHUKHOBEHHUS M IBOJIIOIIMM KOHBEKTHBHBIX TEUEHHI B TPEXKOMIIOHEHT-
HBIX CHCTE€MaX U OICHKA BIMSHHASA HCXOMHOTO COCTaBa HA BO3HUKHOBEHNE KOHI[CHTPAIMOHHON TPABUTAINOH-
HOH KOHBEKIHH. BEOCHOBHOI MacTn pabOoTHI Mpe/CcTaBlIeHa MaTeMaTH4eCcKas MOJEIb, ONMHICBHIBAIOIIAs BO3-
HMKHOBEHHE KOHBEKTMBHBIX TCYCHMII Ha OCHOBE CXEMBI pacUICIIeHHs Mo (pu3nueckuM napamerpam. Ilomy-
YEeHBI YHCIICHHBIC JAHHBIEY0 MOJIX KOHIEHTPAIMK Ta3a ¢ HanOOJBIINM MOJICKYJISIPHBIM BECOM B pa3JIMIHbIC
MOMEHTHI BpeMeHH. [loka3zaHo, YTO MCKPHUBJIECHHE M30KOHIIEHTPALIMOHHBIX JIMHUH TU(GYHIUPYIOMIX KOM-
MOHEHTOBIMOXKET| OBITh CBSI3aHO C HEYCTOWYMBOCTHIO MEXAaHWYECKOIO PABHOBECHS CHCTEMBI, a CTEIeHb HC-
KpUBIEHNs 00yCHOBICHA HAYaIbHONW KOHIIEHTPAIUEeH KOMIIOHEHTOB CMECH.

Kuiduesvie ¢nosa: razoBbie cMecH, auddy3us, KOHBEKIIHS, HEYCTOWYNBOCTh, UCXOIHBIA COCTAB, YMCICHHBIH
pacueT, M30TepPMHIECKOE CMEIeHHE, TAphl MYPAaBBHHOM KUCIIOTHI.
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