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Numerical modelling of multi-component mass transfer regimes
in four-component gas systems

For argon and carbon dioxide, which are part of the tetra-component gas mixture He + Ar + CO2 — N2 and
are the heaviest compared to other components, graphs of the behavior of the concentration of these compo-
nents at different points of the diffusion channel and time intervals are presented. To simulate convective
flows in the four-component mixture under consideration, the Flow Simulation computer package included in
the SolidWorks engineering design system was used. The equations are solved by the finite volume method
using the standard k — ¢ turbulence model and with initial and boundary conditions. Indicated, that obtained
distributions change nonlinearly both in time and along the length of the diffusion channel. In this case, there
is a change in the diffusion process to a convective one, which is due to the nonlinearity in the distribution of
the components concentration, which is connected with the imbalance of mechanical equilibrium. It was
found that the most significant change in the behavior of the concentrations of heavy-weight components oc-
curs within 120 s. This time interval coincides with the appearance of two contrasting areas on the graphs,
namely, the formation of a developed convective flow. An enhancement in the time of the numerical experi-
ment showed that the concentration of the component with the maximal molar mass remains practically un-
changed. This behavior of the concentration of heavy-weight components is characteristic of the effect when
the mixture is enriched in the heavy-weight component. An analysis of the streamlines on the plots of concen-
tration distributions showed that vortices of various scales interacting with each other and leading to a pulsat-
ing mixing regime are formed along the length of the channel. It has been established that the presence of
large-scale vortices determines the preferential migration of the components with the maximal molar mass.

Keywords: gas mixtures, diffusion, instability, convection, concentration distribution, anomalous component
separation, numerical modeling, finite volume method.

Introduction

Multicomponent diffusion in gas systems differs from ordinary binary diffusion occurring under iso-
thermal conditions in that new phenomena arise in multicomponent mixtures due to the mutual influence of
the components on each other and confirmed by experimental studies and from the analysis of the Stefan-
Maxwell equations [1]. There are the following phenomena (special mixing modes), such as a reverse diffu-
sion, osmotic diffusion and diffusion barrier [2], as well as the onset of the mechanical equilibrium instabil-
ity of the mixture, which is caused by the distinction in the interdiffusion coefficients of the miscible compo-
nents [3, 4]. An essential nonlinearity along the channel length of the distributions of the concentrations of
heavy components can lead to the appearance of convective instability under isothermal conditions, which
follows from the results of numerical studies [5]. As a further matter, if some conditions are formed in the
system, then nonmonotonicity with both a minimum and a maximum is also possible in the mixture density
distribution, which can cause gravitational convection that is not observed during diffusion at a constant
temperature [6].

Analysis of the stability of isothermal ternary gas mixtures carried out within the bounds of the Bous-
sinesq approximation [7] showed that the transfer from the diffusion mode to the convection one is possible
in both situations when the mixture density reduces with altitude and when the density gradient has the oppo-
site direction [8]. Nevertheless, the proposed approach has a number of limitations that do not allow one to
describe the onset time of the unstable regime and the evolution of convection currents.

Experimental research on the diffusion of steam mixtures of solutions into an inactive gas [3], as well as
blending in ternary gaseous mixtures at various compounds and pressures [4, 9], showed that convection cur-
rents are observed. These currents cause a synergistic effect, resulting in an essential acceleration of the mix-
ing process of the system’s components. Also in [4, 9], the preferred migration of the component with the
maximal molar mass was found, which is an unusual phenomenon for diffusion processes. Sometimes, the
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pulsating nature of the mixing was also recorded. The results obtained in [3, 4, 9], which showed the possi-
bility of enriching the resulting mixture with a constituent having the maximal molar mass, are also of prac-
tical importance since they can be implemented in combined approaches relating to the growth of the selec-
tive features of a given component [10, 11]. Including those based on the use of membranes [12, 13] and
convective separation mechanisms [14, 15]. At the same time, experimental and numerical studies of com-
bined mass transfer in isothermal four-component systems are episodic. Consequently, it is extremely im-
portant to conduct studies aimed at clarifying the separation mechanisms in gas mixtures consisting of sever-
al components, as well as correctly assessing the parameters that determine the transition from one mixing
mode to another. These issues play a significant role in both applied and fundamental problems related to
mass carry.

The main objective of this paper is to create a numerical model for the analysis of various modes of
multicomponent mass transfer in a tetra-component gaseous mixture He + Ar + CO2 — N.. A feature of this
system is the selected composition, which approximately provides the condition of the zero density gradient
of the mixture. The distributions of concentrations of argon and carbon dioxide over time and along the
length of a vertical flat diffusion channel at elevated pressure under isothermal conditions have been ob-
tained and analyzed.

Mathematical description of the occurrence of convective flows in a quaternary gas mixture

The study of mass transfer in systems consisting of more than two components is possible due to the
use of the Navier-Stokes equation, as well as equations describing the conservation of energy, momentum,
and mass in a given medium. Moreover, when modeling mass transfer in multicomponent gas systems, not
only the equations of state of the fluid components are taken into account, but also empirical relationships
that consider the dependence of the viscosity and thermal conductivity of each component on temperature.
Averaging the effect of turbulence on flow parameters on a small time scale is used in modeling convective
flows in the Navier-Stokes equation. In addition, the introduction of the corresponding time derivatives
makes it possible to take into account large-scale temporal changes averaged over a small time scale of the
components of the gas-dynamic parameters of the flow [16]. The Navier-Stokes equations, which are used to
represent convective flows, have extra variables that describe Reynolds stresses. Additional equations that
describe the transport of turbulence kinetic energy and its dissipation in the framework of the k-¢ turbulence
model are utilized to completely close this system of equations [17]. This set of equations, which takes into
consideration unsteady spatial flow, comprises mass, momentum, and energy conservation equations [16],
can be presented as:

%+aii(pui)=o, i=1,2,3 ()
5(g’tui)+aixj(puiuj_Tij)+§—)‘:=si, j=1,2,3i%] (2)
%WL«%((MEL P)u; + G —7yu; ) =S, ®)
E=U +%, (4)

where p is the fluid density, u;or u; is the flow rate, t is the time, p is the fluid pressure, g; is the diffusion heat
flux, =i is the viscous shear stress tensor (the subscripts mean the summation in three coordinate directions),
E is the total energy of unit mass of current medium, U is the specific internal energy of the medium, S; is the

external mass forces due to the gravitational action S, = S#™" (S =—pg. ) acting on unit mass of the

current medium along the coordinate directions x;, g; is the component of the gravitational acceleration in the
Xi coordinate direction.
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The viscous shear stress tensor for Newtonian fluids is calculated as:

ou; ou; 2 _ou | 2
= —+—L—=5,—L |—-=pkd;, S
fi ‘{axj ox 3 ax,J 37" ©)
where K is the kinetic energy of turbulence, dij is the Kronecker delta function (i =1 ati =j; 0;; = 0 at i #),
W=+ w, u is the dynamic viscosity coefficient, and x is the turbulent viscosity coefficient. When using the
k — & turbulence model, the turbulent viscosity coefficient s is determined through the parameters of the ki-
netic energy of turbulence k and the dissipation rate of this energy &:

C,pk?
=1, wb ! ©)
&
where C, = 009 is the empirical constant defining the turbulent viscosity,
2 20.5 k
f, Z[l—eXp(—0-025Ry )] (1+ R—] is the damping function, R, = plky is the Reynolds number, where y is
T 4

2
the distance from the wall surface, R; = 'Z—g is the turbulent Reynolds number.
|
The following equations make it possible to determine the parameters of the turbulent kinetic energy k
and the dissipation rate of this energy e&:
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pB:_iigx_p is the generation of turbulent kinetic energy due to repulsive force,
Og P OX

o o 3%y ) 3w

J
constant determining the degree of impact of the repulsive force on ¢ at p,~0 and C, =0 at P, <0,

. ou; . .
ok :M(%Jr Ui 25 }_Epkcs. o =0.9 is the turbulent Prandtl constant for energy, C, =1 is the

3

0.05 ) ) . :

f=1+ | f, :1—exp(—RT), C,, =1.44 is the empirical constants of the model for the generation
i

term of the equation for ¢, C_, =1.92 is the empirical constants of the model for the dissipation term of the
equation for ¢, 5, =1and &, =1.3 are the Prandtl numbers for the turbulent kinetic energy k and the energy

dissipation rate &.
To simulate the diffusion heat flow, an equation is used that has the following form:

Pr o

c

0 :_(ﬂ+ﬁjcpﬂ, i=123 (©)
oX
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where T is the temperature of the fluid medium, ¢, is the specific heat capacity at constant pressure, Pr is the
Prandtl number, 6. = 0.9 is the Prandtl turbulence number.

To study the diffusion of components in multicomponent gas mixtures, equations are used that describe
the change in the concentration of each component in space:

opC. 0 0 oc | . .
LCI"‘T(,OU'Ci):a((Dij"'D;j)&CIJ! Lj=1,2,...N, (10)

i i i
where Dj, Di‘j is the molecular and turbulent diffusion coefficients, which according to the Fick's law, so that

D,=D-5,

i Di‘j =0 al , where D is the interdiffusion coefficient, & is the turbulent Schmidt number, c; is
(e

N
the concentration of the i-th component of mixture [Zci :1j , N is the number of components in mixture.
i=1
To find a solution to the system of equations (1)-(10), the following boundary conditions are taken into
account, which complement the problem posed and ensure the accuracy of the result obtained:

=0, &
oX;

=0, —

ul, =0, u -0, (11)

i|t

n n

where n and t are the normal and tangent directions in relation to the wall.

To study the processes in a separating diffusion apparatus, the system of equations (1)—(10) is solved
using the finite volume method and a special Flow Simulation package built into the SolidWorks engineering
design system. The formulation of the problem included setting the initial and boundary conditions, which
ensured the accuracy and reliability of the results obtained.

To confirm the effectiveness of the described mathematical model, the results of a numerical simulation
of convective flows in a binary gas mixture at different inclination angles of the diffusion channel are pre-
sented in [18]. The calculation results are in qualitative agreement with the experimental data for isothermal
binary gas mixtures.

The outcomes of the numerical simulations conducted on a quaternary gaseous mixture

Figure 1 shows a model of a representative two-flask apparatus simulated using SolidWorks [19]. This
model for various forms of the diffusion channel can be used to simulate diffusion and convective mass
transfer, as well as various features that arise when gases are mixed. The calculations were carried out for a
flat vertical channel. The considered flat channel had the following characteristics: length L = 0.165 m,
thickness a = 6-10° m, and width b = 30-10° m. A non-dimensional mesh with the following dimensions 8 x
34 x 8 was used in the computations.

Our focus is on studying the mixing process for a system that consists of helium, argon, and carbon di-
oxide that is diffusing into pure nitrogen. During the numerical simulation, the top flask of the diffusion cell
was stocked with a mixture comprising of 0.36 He + 0.33 Ar + 0.31 CO,, whereas the bottom flask was
stocked with pure nitrogen. Before the chemical element, its concentration in mole fractions is indicated. The
pressure and temperature of the experiment were pass = 0.6 MPa and T'= 298.0 K, and the mixing time inter-
val was 0 — 180 s.

For argon in the quasi-stationary mixing mode, at integrated relationship is obtained that describes the
change in its concentration with time. This dependence is shown in Figure 2. In accordance with Figure 2,
the amount of argon diffused for 120 s is maximum. During this time, the amount of transferred argon has
changed by more than 8 times that is not observed during diffusion. Apparently, under these conditions, the
mechanism of the preferential migration of the components with the maximal molar mass is implemented.
Subsequent growth of the mixing time does not lead to a synergistic increase in the transfer intensity, which
allows assuming that the current has a convective type of flow. A similar behavior is observed for carbon
dioxide.
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Figure 1. Pattern of a diffusive unit
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Figure 2. Time-dependence of the amount of argon diffused into nitrogen

Figures 3-7 display how the average concentration of carbon dioxide varies according to the channel al-
titude and how the concentrations are distributed at different times. Calculations have shown that an analo-
gous picture is realized for argon.
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Figure 3. Length-dependence of the amount of carbon dioxide (a) and pattern displaying the behavior of carbon dioxide
(b) for the time moment of 15 s
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Figure 4. Length-dependence of the amount of carbon dioxide (a) and pattern displaying the behavior of carbon
dioxide (b) for the time moment of 30 s
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¢, mole fraction
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Figure 5. Length-dependence of the amount of carbon dioxide (a) and pattern displaying the behavior of carbon
dioxide (b) for the time moment of 60 s
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Figure 6. Length-dependence of the amount of carbon dioxide (a) and pattern displaying the behavior of carbon
dioxide (b) for the time moment of 120 s
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Figure 7. Length-dependence (a) of the amount of carbon dioxide (m) and argon (e), and pattern displaying
the behavior of carbon dioxide (b) and argon (c) for the time moment of 180 s

According to Figure 3, at a length of 0.0268 — 0.0357 m of the diffusion channel, there is a region in
which the CO- concentration is 0.051 mole fractions. On the diagram, this concentration corresponds to the
formation of a vortex, which is blurred along the channel length. An increase in time tot = 30 s (Fig. 4) and t
= 60 s (Fig. 5) corresponds to the situation when several regions with a constant content of CO; concentra-
tion are formed in the channel. In this case, the number of vortices formed along the length of the channel
decreases from four to two. At the time t = 120 s (Fig. 6), at a length of the diffusion channel of 0.056 —
0.083 m, the greatest transfer of carbon dioxide concentration is observed, which corresponds to the for-
mation of two competing regions on the diagrams, i.e., developed convective flow. A further increase in time
to t = 180 s (Fig. 7) is characterized by the behavior of the concentrations of heavy components similar to
that shown in Figure 3. However, the difference lies in the fact that the concentrations remain constant at a
greater distance along the length of the diffusion channel. The appearance of a new convective regime is in-
dicated by an increase in vortices along the length of the channel.

The following unique features of convective mass transfer that occur in a quaternary gaseous system
can be discovered through the study of the obtained data:

1 The non-linear distribution of the concentrations of the components with the maximal molar mass in a
guaternary gaseous system indicates the possibility of an instability of the mechanical equilibrium of the sys-
tem, which leads to a transition from the diffusion mode of mixing to the convective one.

2 The appearance of closed streamlines should be taken into account to determine if the mixing mode
has changed. A chaotic formation structure is observed during the initial stages of mixing. Vortices of differ-
ent sizes gradually develop, and their interaction can lead to the appearance of a pulsating mixing mode.

3 The initial stage of mixing results in the preferential migration of components, which is explained by
an increase in the concentration of gases with the maximal molar mass. This process can be due to the pres-
ence of large-scale vortices, which facilitate the forward movement of these components. Their subsequent
disappearance leads to the stabilization of the transfer.
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Conclusions

Numerical modeling of the partial mass transfer of the four-component mixture 0.36 He + 0.33 Ar +
0.31 CO2 — N; at elevated pressure and room temperature showed that the variation in the diffusion coeffi-
cients of the components might cause a shift in the “diffusion — convection” modes in the system. Convec-
tive instability in the mixture arises because the distribution of concentrations of components with higher
molecular weight along the diffusion channel is not linear. The main indicator of the transfer through the
separation boundary of kinetic regimes is the appearance of closed streamlines. In their presence, the diffu-
sion regime loses stability. For the considered mixture under given thermophysical conditions, the time of
stability loss is estimated to be on the order of a second. Priority transmission of the component with the
largest molar mass is feasible with unstable mixing. The emergence of large-scale vortices is connected with
this regime.
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TepT KOMIIOHEHTTI ra3 sKyiesnaepinaeri Koen KOMIIOHEHTTi
Macca TaChIMAJIAAy PeKUM/IEPiH CAHABIK MOAEIbACY

Tept xommoneHTTi He + Ar + CO2 — N2 ra3 KoclachHBIH KypaMbIHa KipeTiH jkoHe 0acka KOMIIOHEHTTEPMEH
CaJTBICTBIPFaHAA €H aybIp OOJBIN TaOBUIATHIH ApTOH jKOHE KOCTOTHIKTHI KOMipKBIIIKBUI Ta3bl YIIiH AU Py3us-
JBIK KaHAABIH OPTYPJIi HYKTENepiHAe XoHE YaKbITIIA apajbIKTapIarbl OCHl KOMIIOHEHTTEP/IIH KOHIEHTpa-
IUSACH TOPTIOiHIH e3repy rpadukrepi OepinreH. KapacTBIpbUIBIT OTBIPFaH TOPT KOMIIOHEHTTI KOCHAIarbl
KOHBEKTUBTI arbIHmapabl monenbiaey yunin SolidWorks umkenepiik sxobanay xyiecine enrizinren Flow

Simulation koMmbroTepITiK MaKeTi MaigaTaHbUIABL. TeHIeyIep CTaHaAapTThI k—¢ TypOYJIEHTTLTIK MOJENiH
KOJIAHBIT, COHAAN-aK 0acTamKbl XKOHE MICKAPaJIbIK MAapTTapabl Oenriicil OTHIPHIN, aKbIPIIBI KeJIeM 9JiCiMeH
HIenriai. AJBIHFaH YIIECTIpyNep YakpIT OoWbIHIIA A3, AU GY3UITBIK KaHAJIBIH Y3bIHIBIFEI OOMBIHIIA J1a ChI-
3BIKTBIK €MeC 03repeTiHi kopceTinreH. KoHIeHTpausIHbl YIeCTipyiH OYJI CBI3BIKTBIK €MeC 9peKeTi MeXaHH-
KaJbIK TETe-TCHIIKTIH TYPAKChI3IbIFBIMEH OaillaHbICTBI, OVJI 63 Ke3eriHie *KyieHiH quddy3usuibk mporec-
TEH KOHBEKTHBTI IPOIECKe aybICybIHa dKeneni. KapacThIpbulbll OTBIPFaH ayblp KOMIIOHEHTTEp YIIIH KOH-
HEHTPAIUSIHBIH €H YJIKeH e3repici 120 c inmiHae Gaiikanaspl, OV dmropanapaa exi 6acekenec aliMaKThIH Mmai-
na OoJybIHA, SFHH JaMbIFaH KOHBEKTUBTI aFblHFa colikec Keneni. CaH/BIK SKCIIEPUMEHT Y3aKThIFBIHBIH O/1aH
Opi YJIFAIOBI €H YJIKEH MOJIEKYJIAJIBIK CaIMarbl 0ap KOMIOHEHTTEPAIH KOHIEHTPALUACHIHBIH [IaMallbl ©3re-
pyiHe okenemi, OyJ KOCIaHBI ayblp KOMIIOHEHTIEH OaifbiTy addekriciHe colikec. KoHmeHTpammsiapIsH
YJIECTipy 3MIOpaIapblHAaFbl TOK ChI3BIKTAPBIH Tajlay, KaHAJIbIH Y3bIHIBIFI OOMbIHIIA Op TYpJi MaciTadTa-
FBI ©3apa 9PEKeTTeCeTiH KYHbIHIAp TY31IiM, MyIbCalusUIBIK apaaacThIpy peKHUMiHe oKeleTiHiH kepceTTi. Ker
AYKBIMJIBI KYHBIHAPABIH OOJIYBI €H YJKEH MOJISKYJANBIK CAIMarbl 0ap KOMIIOHEHTTIH 0achM TachIMania-
HYBIHA OKEJICTiHI aHBIKTAJIIbI.

Kinm ce30ep: a3 xocnanapsl, 1udQys3us, TYpaKChI3IbIK, KOHBEKIUs, KOHIEHTPAIMSHBIH YIIECTIpyi, KOMITO-
HEHTTEPiH KaJBIITaH ThIC 0OIiHYi, CAHABIK MOJIEIBICY, aKbIPIIBI KOJIEM 9JIiCi.

O.B. ®enopenko, B.H. Kocos, C.A. Kpacukos, M. XKaunenu, T. Ceiina3

YuciaeHHoe MOJ€C/IMPOBAHUEC PECKUMOB MHOITOKOMIIOHEHTHOT 0O MacCCoIlepeHoca B
YETBIPEXKOMIMMOHCHTHBIX I'a30BbIX CUCTEMAX

Jlnst aproHa v IByOKHCH YIJIepojia, BXOISIINX B COCTAB YETHIPEXKOMIIOHEHTHOM ra3oBoii cmecu He + Ar +
CO2 — N2 u sBrstomuxcst HanboJee TSHKEIBIMU 10 CPABHEHHUIO C IPYTUMH KOMIIOHEHTaMH, TPUBEICHBI Ipa-
(UK M3MEHEHHMs TOBEACHHSI KOHIIEHTPAIMU STHX KOMIIOHEHTOB B Pa3iIMYHBIX TOYKax IU((dy3MOHHOTO Ka-
Hajla ¥ BPEMEHHBIX WHTepBajiax. J[isg MOIeTUpOBAaHUs KOHBEKTHBHBIX TCUCHHI B paCCMAaTPHUBACMON YCTHI-
PEXKOMITOHEHTHOW CMECH HCIIOJIb30BANICS KOMIbloTepHbI makeT Flow Simulation, Bxoasmuii B cucremy
MHXeHepHoro npoektupoBanus SolidWorks. YpaBHeHUsI penialoTcss METOIOM KOHEUHBIX 0OBEMOB C HCIIOJb-
30BaHUEM CTAaHIAPTHOU K—& Mopenmu TypOyIeHTHOCTH U C 3aJJaHUeM HaYalbHbIX U TPaHUYHBIX ycioBuil. I1o-
KA3aHO, YTO MOJIy9IE€HHbIE PACIIPEICIICHUS] H3MEHSIOTCS HETMHEHHO KaK 110 BPEMEHH, TaK U 10 JutnHe auddy-
3MOHHOTO KaHaia. Takoe HEeMHEHHOE MMOBEACHHUE PACIpee/ICHH KOHICHTPALUIA CBSI3aHO C HEYCTOWYHNBO-
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CTBIO MEXaHHYECKOT'O PABHOBECHS, YTO, B CBOIO OUYEPE/ib, IPUBOJUT K MIEPEXOAY CHCTEMBI OT AU((DYy3HOHHO-
ro Imporecca K KOHBEKTHMBHOMY. YCTAHOBJIEHO, YTO JUIi PacCMAaTPUBAEMBIX TSDKEIBIX KOMIIOHEHTOB
HanOoJbplIee U3MEHEHE KOHLIEHTpauuu Habmoaaercs B TedyeHue 120 ¢, 9To cOOTBETCTBYeT 00pa3oBaHUIO HA
3MMIOpax JBYX KOHKYPHPYIOIIMX oOylacTel, TO €CTh Pa3BUTOMY KOHBEKTHBHOMY TedeHHIO. JlambHeiimee yBe-
JMYEHHE MPOIODKUTENHHOCTH YHCICHHOTO SKCIIEPUMEHTA MPUBOANT K HE3HAYHTEIHHOMY M3MEHCHUIO KOH-
[EHTpa KOMIIOHCHTOB ¢ HaHOOJIBIINM MOJIEKYJISIPHBEIM BECOM, YTO COOTBETCTBYET 3(h(peKTy oOoramieHus
CMECH TSDKEJIBIM KOMIIOHEHTOM. AHajM3 JIMHUH TOKa Ha SIIOpax paclpeleleHuii KOHIEHTpaIui MmoKasal,
YTO IO JUIMHE KaHaa 00pa3yroTcs B3aMMOJICHCTBYIOIINE MEeX Iy co00il BUXPH Pa3INYHBIX MacIITabOB, MpHU-
BOZSIINE K IyJIbCAIHOHHOMY PEXXUMY CMEIICHHs. Y CTaHOBJICHO, YTO HAIMYME KPYHMHOMACIITAOHBIX BUXpEH
00yCIIOBIUBAET IPUOPUTETHBIN NEPEHOC KOMIOHEHTOB ¢ HAUOOJIBIIMM MOJICKYJIAPHBIM BECOM.

Knrouesgvie cnosa: razoBeie cMecH, 1 dy3us, HEYCTOHYMBOCTD, KOHBEKIHUS, PacHpeeIeHe KOHIICHTPAIUH,
AHOMAJIBHOE pa3/ielIeHne KOMIIOHEHTOB, YHCIEHHOE MOICIIMPOBAHUE, METO.I KOHEYHBIX 00BEMOB.
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