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Isothermal diffusion mixing in multicomponent gas mixtures at various pressures is studied numerically in He + Ar
— Ny and CHy + Ar — Na. It is shown that in systems where the diffusion coefficients differ significantly from each
other, nonlinear distributions of the concentrations of the components arise with increasing pressure, which leads to
a nonmonotonous density distribution of the gas mixture in the computational domain. The resulting nonlinearity is
the cause of the formation of convective structured flows. The transition from the diffusion to the convective regime
is characterized by a significant increase in the average mixing rate. The dynamics of the development of convective
currents and their structure is investigated.
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1. INTRODUCTION

There are wide varieties of mixing regimes in multicompdrgars mixtures (Taylor and Krishna, 1993). In fact, prac-
tically, it is not taken into account that the process of roolar diffusion can lead to an instability of the mechanical
equilibrium of the mixture with the subsequent occurrenfaeadural convection (Linden et al., 1994; Kaminskii and
Obvintseva, 2007), which appreciably intensifies the totass transfer. Moreover, the occurrence and development
of concentration convection occurs not only in the framévadithe traditional concepts of the Rayleigh thermal prob-
lems (Joseph, 1976; Nield and Bejan, 2006), but also foatdns in which motions arise under stable stratification
of the mixture (Kosov et al., 1997; Zhavrin et al., 2016).

In experiments (Zhavrin and Kosov, 1988) on the study ofugifin in ternary gas mixtures, it was found that
due to the difference in the diffusion activity of the compats in such systems convective instability appears. The
intensity of total mass transfer in this case increasestgydad hundreds of times in comparison with diffusion mix-
ing and depends on such characteristics as pressure (Zlgdai., 2000), initial mixture composition (Kosov et al.,
2017), temperature (Seleznev et al., 2013), channel gewombaracteristics, and angle of inclination (Ankushetva e
al., 2010). Investigating the diffusion of a mixture of sidn vapors under normal pressure into an inert gas (Dil'man
et al., 2005), convective currents not typical for diffusiwere recorded. In such cases the experiments (Lotkhov
et al., 2003) have shown the possibility of occurrence ofreesyistic effect associated with a significant increase of
speed of the mixing components of the system. Summarizimgetbults of experimental studies on multicomponent
mixing, it is possible to conclude that the diffusion regioanges to a convective one.

The apparent paradoxical origin of convection in diffusecam be explained within the framework of stability
theory (Joseph, 1976; Gershuni and Zhukhovitskii, 1978)eiding the approach of the theory of stability to the
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NOMENCLATURE
A;  dimensionless concentration Greek Symbols
gradient (-) o dimensionless parameter defined by
Dy, “practical” coefficients of the ratio of experimental values of
three-component diffusion concentrations,,;, to the concentrations
(m?/s) cineor Calculated by Stefan-Maxwell
¢ i-th component concentration (-) equations (-)
d diameter (m) Bi coefficient of thermal expansion (m/K)
Ji diffusion flux vector (m/s) Yy unit vector (-)
n number density (m3) n shear viscosity (Pa)
m;  molecular mass (kg) g bulk viscosity (Pas)
D pressure (Pa)
r radius (m) Subscripts and Super scripts
s weight-average velocity i, 7 numbering of components in
vector (m/s) multicomponent system
0l number-average velocity exp experiment
vector (m/s) theor theory

case of isothermal mixing of ternary gas mixtures, it wassh(Kosov et al., 2000) that the change in the “diffusion-
convection” regimes is associated with the occurrencearéimsing vibration perturbations in the system, followgd b
the appearance of structured flows. Further research (Ketsd., 2017) on the study of the characteristic features of
the change in the kinetic regimes during diffusion in vettichannels of various geometries showed that convective
instability manifests itself in such systems, leading todppearance of concentration gravitational convectizatiey

to a significant increase in the mixing speed of the compangfithe system.

At the same time, it should be noted that the method used ishBar and Zhukhovitskii (1976) and Kossov
et al. (2017), which studies the stability of dynamical eyss$, includes a linear analysis in itself. Possibilities of
it are limited to the class of stationary problems; i.e.teys with a linear distribution of the density along the
height of the diffusion channel at the initial instant of &rare studied. Therefore, the use of numerical methods for
solving hydrodynamic equations in the case of isothermrabiy gas mixtures, taking into account free and forced
convection, gives the possibility for more detailed studyof the features of conditions for the onset of convective
instability, depending on the initial conditions and theyglhochemical parameters of the system, and to investigate
the dynamics of convective currents development and threictsire.

In this paper, we propose a design model for studying thedtion of structured flows in isothermal gas mix-
tures at different pressures over time through 2D modething vertical cylindrical channel of finite dimensions. A
comparison is made between the experimental and thednetfeats.

2. MATHEMATICAL MODEL OF DIFFUSION INSTABILITY AND NUMERICAL 2D ALGORITHM
2.1 Basic Equations

The macroscopic motion of an isothermal three-componenhgature is described by the general system of equa-
tions involving the Navier-Stokes equations, conservagquations of the particle number of mixture, and com-

ponents in the Boussinesq approximation. Taking into amration the conditions of independent diffusion during

which Zlej'i =0 andZ?:l ¢; = 1 for an isothermal gas mixture, the system of equation bioggavith Kossov
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et al. (2017) can be written as

ou . .| S (M oo
p [E +(4V) u} =—-Vp+nAd+ (§ + 6) Vdivi + pg,
n = —div(n?),
5 ot (1)
% +TVey = div[Di,Vey + D5Ves),
8C2 = . * *
B + UV = div[D5,Ver + D3,V

Here @ is the weight-average velocity vectar;is the number-average velocity vecterjs the densityyp is
the pressurey andé, are the coefficients of shear and bulk viscositys the gravitational acceleration vectarjs
the number densityt is the time;c; is theith component concentratiop; is the diffusion flux density of théth
componentD;; is the practical diffusion coefficients, which are deterediiby the mutual diffusion coefficients;;
(Bird et al., 2002):

+ _ Diz[ciD3y + (c2 4 c3) D1

Dll - D )
Dr c1D23 (D12 — D13)
12 — — D )
Dr DaglcoDig + (1 + ¢3) D1
22 — D )
Dr c2D13 (D12 — D23)
21 — .D )

D = ¢1Do3+ cpD13 + c3D1o.
The relationship between the total flux of thle component and the gaseous mixture velocity can be widisen
U:Z.;i/COa ﬁzzmz.;z/pa

wherem; is the molecular mass of thith componentp = Y~ mjc;, co = > 4 ¢;.
Equation (1) shall be supplemented by the equation of theunestate

p=op(c1,c2,p), T = const. 2
To solve Egs. (1) and (2) it is necessary to determine théaakhip between the weight-averag@nd number-
averagey velocities. We will consider that the gas molecules ofithecomponent are disperseidd K g;sperseq) and
the rest of the particles are carrigd K.q,,). Carried phases move with the same velocity @& "
V; = Ucarrier, 1€ Kcarrier- (3)
The Stokes law determines the velocity difference betwhernlispersed and carried phases:
V; = Ucar'r‘ier + ufettling, 1 S Kcarrier- (4)

The settling velocity of théth component;***“"*¢ under the laminar flow regime takes the form

0 2
settling __ (pz - p) : dz
u; =i Y 5)
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whered; is the diameter of théth component of the gas. In the case of the turbulent flow regira settling velocity
w9 can be calculated as
ugettling _ 4 (p? - p) ! dlzg (6)
¢ 3pC ’

where the aerodynamic drag coefficigntis found from the following formulaeC = 24/Re at 10* < Re < 2
(laminar regime)( = 18.5/Reé’® at 2 < Re < 500 (transient regime), and = 0.44 at 500< Re < 10° (turbulent
regime). Ostrovsky (2000) has suggested one of the suctapgfroximations of the Reynolds number.

The semiempirical dependence (Aerov and Todes, 1968) caecbenmended for the approximate calculations
of the settling velocity of theth componenmf”t“"-". This dependence is valid for all flow regimes and has the

following form:
3 0.45 Ar
C=8(—+—-+0042), Re= ———,
(Re Re"/° ) 18-+ 0.61VAr

where Ar= (d3p (p? — p) g)/n? is the Archimedes number.
The weight-average velocity can be presented as

u = Z Civ; @)
=1
Substituting expressions (3) and (4) in formula (7) yields

i z : ttls
w = pCarTier Ciufe ing (8)

ieKdispeTsed

Formula (8) gives the velocity of the carried phases in thiewiong form:

] 2 : ttli
plarrier — o Cﬂﬁe zng. (9)

K2

1€ K dispersed
Velocities of theith component are calculated explicitly from Eq. (4) as
V; = vcarrier + ufettling, i S Kcarrier- (10)

If we take into consideration the diameters of the gas mdsdgas-kinetic diameter of the studied gas molecules
are as followsd (N;) = 0.37 nm,d (Ar) = 0.36 nm,d (He) = 0.215 nm,d (CH,) = 0.444 nm] then the settling
velocity of theith component is.i“""'*9 ~ 10-15. Hence, according to formulae (9) and (10) the velocity efith
component is equal to the weight-average velocity, i.e= u.

Using the method of small disturbances and taking into attciaty; = u the system (1) takes the form

ol 1 . -

2 + AV = ——=Vp+ vV + g (Brc1 + Bac2) ¥V,

ot Po

divi = 0,

) a1)
% + @Vey = DI V2ey + D5V,
862 - o * 2 * 2
Bt +UVey = D51V + D3yVeacs,

wherev = 1/p is the kinematic viscosity, an@l; is the concentration expansion coefficient.
We will write this system in the dimensionless form normialigby the scales of lengttif = «/H, x5 = z/H;
time t = tv/H?; velocity u} = uH/D3,, u3 = wH/D3,; and pressurg* = pH?/pov D}, (po is a characteristic
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medium density corresponding to the mean values of the otrati®n), concentrations of théh component;] =
c1/A1H, ¢ = c2/ A2H (omitting the dimensionless sign *) as follows:

duy 1 ou 1 ou op  Pup Py

-, -ty - Yr v YRR

ot PFZZU18$1 + Pl'zzuzal'z afL']_ + 61’% + 8,%% +Rac,

duy 1 Ou 1 Ou Op O%upy O%uy

i gl gt = -+ 24 = 2 4 Raey,

ot PFZQUl8I1 Prgguzaxg 8x1 + 8:0% * 8ZE% + R

oo 1 0 1 10 100 10 10

ot Pry, 18$1 Pry, 261’2 Pri1 8:E% Pri1 8:E§ Prio 8:0% Prio 8:0% ’

0g 1 O, 1 Oq_ 10q, 10a, 10, 10

ot Pry, 18$1 Pry, 26.%'2 Pry1 8$% Pry1 8$§ Pry, aw% Pry, aw% ’
Our | Ouz
8:01 8x2

(12)

=0.

Here Py, = v/D;; is the diffusion Prandtl number; Ra= g141H*/D3,v, R = gB2AH*/Dj,v are the
partial Rayleigh numbers (Ra Gr - Pr, where Gr is the Grashof number).
The initial conditions and the boundary conditions for tiistem of equations (12) are shown in Table 1.

2.2 Numerical Algorithm

As seen from the experimental data (Kossov et al., 2017; Kesal., 2017), mixing is carried out in the channel,
which has, as a rule, a cylindrical shape. Heavy- and ligimstty components of a binary mixture are in the upper
part of the channel, and the gas with intermediate density tise lower part of the channel. To simplify the tasks
we consider a two-dimensional cross-section area of ayliatisphereHd x d in the Cartesian coordinate system
(z,z), where H is the height of the cylindrical channel, add= 2r is the diameter [Fig. 1(a)]. To register the
isoconcentrational lines characterizing the emergendedamelopment of convection, it is sufficient to consider the
part of this areal{ /d >> 1), where the diffusion of components takes place [Fig. 1@d)bring the other areas of the
two-dimensional area.

For the numerical solution of the equations system (12) veetlus splitting scheme on physical parameters. The
spatial derivatives are approximated on the uniform spaitid. The time derivatives are approximated by difference
ahead with the first order.

On the first stage, the transference of the number of motialoie due to the convection and diffusion. The
intermediate velocity field is solved by the five-point swaegthod specified by Navon (1987) with the fourth order
of accuracy in space and the third order of accuracy withagtdp time using the explicit scheme of Adams-Bashforth
for convective terms and the implicit scheme of Crank-Nsoolfor the diffusion members defined by (Kim and Moin,
1985)

ot —um

1
= ——u"Vu* + At* + Rac; + Rapes. (13)
T Pr,

TABLE 1: Initial and boundary conditions

Initial Conditions Boundary Conditions
wi(z1,22,1=0)=0, =12 wi(z1,22,7) =0, i=12
Oc; .
Cl|T:07(I17Iz)€Sl = Xy; Cl|T:07(I1,ﬂE2)€So =0 5'72 =0, =12
CZ|T:07(I17I2)651 = Xy; CZ|T:07(I1,JEZ)ESO =0 —
C3|T:O,(zl,m2)651 = 0; C3|T:O,(m1,zz)€So =0 -
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H Physical area

a=2r
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FIG. 1: Modeling of the studied process. (a) Display of areas; (b)titial conditions for the three-component mixture HeAr
-N,

On the second stage, based on the found intermediate yelietit, there is the pressure field. The intermediate
velocity field is found using the fractional step method. Bylagy with Abdibekova et al. (2014) we have used the
sweep method at each stage of the sweep fractional step dtetfind the stage significance of the intermediate field
speed:

vu*
T

On the third stage, it is assumed that transference is dolyedoe to the pressure gradient, where the final

velocity field is recalculated:

Ap= (14)

ﬂn—i-l T*

- = —Vp. (15)
On the fourth stage the concentration of mixture componiertalculated on the basis of the five-point sweep

method using the Adams-Bashforth scheme taking into a¢¢barfound velocity fields:

m = 1 (gnJrlv) rodan AE* + A (16)
T Pry, 1t P 1 P 2

-n+1l —n

Cz — CZ _ 1 n+1 _x —x

T T TPm ( V) Cy + Acl + Br ZA an

The results of numerical studies, obtained by the descabpdoach, were compared with quantitative values of
the experimental data obtained in the previous paragraph.

3. THE RESULTS OF NUMERICAL MODELING

For the numerical study, the following three-componentmagures were chosen: 0.65 Giil) + 0.35 Ar (2) - N
(3) and 0.4 He (1} 0.6 Ar (2) — N, (3). Experimental studies (Kosov et al., 2017) for the gys@e4 He (1)+ 0.6
Ar (2) — N, (3) showed that the transition from a stable diffusion pssc® concentration gravitational convection
occurs at a pressure of 1.07 MPa. Analysis of the experirhéata for the system 0.65 GH1) + 0.35 Ar (2) — N (3)
(zhavrin et al., 2016) indicates that a stable diffusioncess takes place in the system at all experimental pressures
The calculations were carried out on a uniform rectanguéggered grid with the number of nodes 26@50 along
the axeses, o7, respectively. The time step was selected to be 0.001. Tireasaumption in modeling is to limit the
two-dimensional flows. The value of the Rayleigh number vaaged in the range 12.88 Ra; < 77.27,12.1& Ra
< 72.86; the values of the Prandtl number werg P 16.56, P5, = 29.10.

Figure 2 gives the velocity profile in sectia = 0.5 at different pressures. For the systems 0.65 @yH 0.35
Ar (2) — N (3) in which the coefficient®1, =~ D13 =~ Dy3, the velocity profiles are unchanged at different pressures
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FIG. 2: Vertical velocity profiles in the middle of computationaéarat timet = 2 s for the three-component systems at different
pressures; (a) 0.65 GH1) + 0.35Ar (2) - N (3), 7 =298.0K, (1)p = 0.5 MPa at Ra= 12.88, Ra = 12.14; (2)p = 1.5 MPa

at Ra = 38.64, Ra = 36.43; (3)p = 3.0 MPa for Ra= 77.27, Ra = 72.86; (b) 0.4 He (1} 0.6 Ar (2) - N> (3),7 = 298.0 K,
(1) p = 0.5 MPa, Ra = 4.06, Ra = 8.92; (2)p = 1.5 MPa, Ra= 12.20, Ra = 26.77; (3)p = 2.0 MPa, Ra= 16.27, Ra =
35.70

For the system 0.4 He (3 0.6 Ar (2) — Nv (3) whereD;; significantly differ from each other with increasing
pressure, the velocity profile becomes nonlinear.

The velocity profile at pressure 2.0 MPa is significantly muedr; it shows that in the system outgoing and
rising convective flows might take place, which is in agreetweth the experimental data shown in Zhavrin et al.
(2016) and Kosov et al. (2017). Figure 3 shows isoconceotréihes characterizing the type of transport at different
instants of time. In the system 0.65 €H) 4+ 0.35 Ar (2) — N (3) the mass transfer occurs by diffusion [Figs. 3(a)
and 3(b)]. At various isoconcentrations bending lines areially absent. For the system 0.4 He (£)0.6 Ar (2)

— N, (3) quite another picture is observed. Prior to presgure0.5 MPa (Ra = 4.07, Ra = 8.92) the picture of
isoconcentration lines is similar to those shown in Figs) 2nd 3(b). The diffusive transfer is carried out in the
system. Further pressure increase brings instabilitygsitstem. Isoconcentrational lines are curved [Fig. 3] a
the transfer from the diffusion mode to convective takes@la hus, the main feature of the change of the mode
“diffusion — convection” is the manifestation of the cunweg of isoconcentrational lines. The critical value of the
pressure of the difference problem on the 26@50 grid lies between 0.9 and 1.5 MPa, which corresponds&o th
experimental data described for the system 0.4 He-(0)6 Ar (2) — N, (3) in Kosov et al. (2017).

Convection did not develop in calculations with the numiitas < 7.3199 and Ra< 16.0646. Convection was
recorded ap = 1 MPa for Ra = 8.13 and Ra = 17.85. The critical values of the Rayleigh number (R&f the
difference problem on the 259 250 grid lie between 7.3199 Ra, < 12.1999 and 16.0646 Ra < 26.7744, and
less than the theoretical value Ra,. of 67.95 for the vertical cylindrical channel, obtained anthe linear stability
theory (Gershuni and Zhukhovitskii, 1976). The reason fiis tnismatch is the small number of mesh nodes that
occur on the convective structure characteristic of thicetiflow, the size of which is determined by the critical
wave numbelty.,. = 2.871 (here, two nodes per shaft), and as a result there lisrhésh viscosity. However, the
solutions obtained on coarse grids should still satisfyltasic integral dependences derived from the differential
equations, with the only difference being that the criticle of the Rayleigh number of the difference problem has
a value different from the differential one, obtained in ttmework of the linear stability theory.

Figure 4 shows the fields of concentrations at prespute 2.5 MPa for Ra = 20.33, Rga = 44.62, and
various times. Calculation results show that at the sigitage the flow occurs with small speeds. As a result of
the mixing process progress with time, the mixing procesmiifies, which leads to a substantial distortion of the
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FIG. 3: Concentration fields at various pressures for the systeB©H; (1) + 0.35 Ar (2) - N (3),7 =298.0K: (a)p = 1.5
MPa at Ra = 38.64, Ra = 36.43,t = 13.5s; (b)p = 2.0 MPa at Ra= 51.51, Ra = 48.57,t = 18 s; and for the system 0.4
He (1)4+ 0.6 Ar(2)— N (3): (¢)p = 1.5 MPaat Ra= 12.20, Ra=26.77,t =13.5s; (d)p = 2.0 MPa at Ra= 16.27, Ra =
35.70,t =18s

isoconcentration lines and an increase in the transfeffags. 4(c) and 4(d)]. Loss of time of mechanical stabilify o
mixture for the given system is tens of seconds, which is aratge with the experimental data shown in Kosov et
al. (2015). Then there was observed the rapid developmeardrofective currents. Convective flow is realized in the
form of large scaled structures with their subsequent alatiitm. Further, a similar revival of structured convecti
currents takes place, which leads to the pulsation of théumedn the surface of the flow. Periodically the (“drip”)
blending mode is clearly fixed on the experimental data shiowfosov et al. (2015). At the final stage of mixing,
the convection is attenuated and multicomponent transfeauiried out in a diffusion mode.

Thus the comparison results show that the used model and étieochof calculation allows us to determine
the parameters of regime change “diffusion-concentratamvection” and to obtain reliable data on the concentra-
tion fields and the speed transfer in the regime of advancedective instability in isothermal ternary gas mix-
tures.
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FIG. 4: Concentration fields for the argon at different times of mixin the system 0.4 He (1} 0.6 Ar (2) - N, (3),p = 2.5
MPa for Ra = 20.33, Ra = 44.62,7 = 298.0K: (a)t =0 s; (b)t = 10.55s; (c¥ = 20.30s; (d} = 30.05s

4. CONCLUSIONS

The stability of mechanical equilibrium in isothermal gastures is studied numerically. The mechanical equilib-
rium in the mixture is disturbed at certain pressures andgyseem undergoes a transition between the two mixing
regimes—isothermal diffusion to gravitational concetitraconvection. A mathematical model is proposed for nu-
merical modeling of complex mass transfer in isothermatdhromponent gas mixtures at various pressures. The
pressure influence on the systems where the appearancevetton is associated with the instability of mechanical
equilibrium of the mixture is numerically studied. The @ee values associated with the diffusion-to-convection
transition are obtained. The results of the calculatiordfgtermining the diffusion regions and gravitational cance
tration convection areas in the ternary gaseous mixturefasciion of pressure are in satisfactory agreement with
the experimental data.
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