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INSTABILITY OF MECHANICAL EQUILIBRIUM IN NON-IDEAL GAS MIXTURES

To describe phenomena caused by the spatial heterogeneity of density, as well as the processes of natural
gas purification, separation and enrichment of gas mixtures with certain components, it is necessary to take
into account not only diffusion processes, but also convective currents that arise in the presence of a
concentration gradient. Under certain conditions, in multicomponent gas mixtures, a violation of the stability
of mechanical equilibrium is possible, i.e. a transition from a stable diffusion process to a convective one is
realized in the systems under consideration. The use of linear stability analysis permits to determine on the
plane of partial Rayleigh numbers the boundary of the transition of the diffusion process to convective, as well
as the values of the thermophysical and geometric characteristics at which this transition is possible. When
using this approach to describe experimental data obtained for gas systems containing components with
pronounced non-ideal properties, discrepancies are observed. Therefore, the purpose of this work is to
develop a method for determining the boundary of loss of stability of mechanical equilibrium in non-ideal gas
mixtures. To achieve this goal, the mathematical model describing the change of regimes uses an equation of
state in virial form. Based on the developed approach, stability maps were obtained for the CsHg + CO, — N,O
and CsHg + N,O — CO; systems. A comparison of the calculation results with experimental data showed that
the proposed technique could be used to determine the conditions for changing mixing modes in three-
component gas mixtures containing components with real properties.

Key words: diffusion, convection, instability of mechanical equilibrium, stability theory, nonideal gases.
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Noeanabl emec ra3 KocnanapblHAaFbl MEXaHWUKa/IbIK TEH-TEHAIKTIH, OPHbIKCbI3AbIFbl

TbIfbI3AbIKTbIH, KEHICTIKTIK DipKenKi emecTiriHeH TyblHAafaH KybbinbiCTapbl, COHAan-ak Tabusn raszbl
TasapTy, ras KocnanapblH 6enrini 6ip KOMNoHeHTTepMeH 6oy KaHe 6albiTy NpouecTepiH cMnatray YLiH
AnbOy3naAnbIK NpouecTepai faHa emec, COHbIMEH KaTap KOHLUEHTpauusa rpaaveHTi 6onfaH Kesge nanaa
H6onaTblH KOHBEKTMBTI afblHAapAbl Aa eckepy KaxeT. benrini 6ip Kardannapaa KONKOMMOHEHTTI ras
KocCnanapblHAa MeXaHWKabIK Tene-TeHAIKTIH OPHbIKTbINbIFbI BY3blybl MYMKIH, SFHWU KapacTbIpbl/biN OTbIpFaH
Rynenepae TypakTbl AMDPY3UANBIK NPOLECTEH KOHBEKTUBTIrE Kelly Ky3ere acblpbinagbl. OpHbIKTbIIbIKKA
CbI3bIKTbIK Tanaayabl KongaHy Paneigid napuman caHAapblHblH, a3blKTbiFbIHAA AMDDY3UANLIK NPOLLECTIH,
KOHBEKTUBTIre eTy LeKapacblH, COHAan-aK 0Cbl ayblCy MyYMKiH 601aTbIH KblYOU3MKaA/bIK KIHE FTEOMETPUANbIK,
cvnaTTamanapblH MaHAEPIH aHbIKTayFa MYMKIHAIK bepeni. KypambliHAa Maeanabl emec KacuetTepre ue
KOMMNOHEeHTTepi Bap ras xkynenepi ywiH anbiHFaH TaXKipUbENiK AepeKkTepai cMnaTTay YLUiH OCbl TaCiNAi KONAaHY
KesiHae calkecci3aiktep bankanaasl. COHAbIKTAH, By XYMbICTbIH MaKcaTbl MAganabl eMec ra3 KocnanapbiHaa
MeXaHMKanblK Tene-TeHAiK OPHbIKTbIAbIFbIHbIH, *KOFaNy LeKapacbiH aHblKTay aaicTemeciH »Kacay 6o0nbin
Tabblnaabl. KoMbinFaH MaKcaTKa KeTy YILiH peXxumaepaiH, e3repyidH cMnaTTanTbiH MaTeMaTUKabIK MOAeNbe
Ky TeHaeyi BUpnanaplk Typae KongaHblnaapl. 93ipneHreH tacingin, HeridiHae CsHg + CO; — N2O kaHe CsHg +
N,O — CO; xyMenepi yLwiH OPHbIKTbINAbIK KapTanapbl anbiHAbL. EcenTey HaTUMKenepiH Taxipnbenik AepekTepmeH
CaNbICTbIPYAa YCbIHbIFAH SICTEMEHI KYPaMbIHAA HAaKTbl KACMETTepre ne KOMMNOHeHTTepi 6ap YILKOMMNOHEHTTI
ras KocrnanapblHAa apanacy pPeMMAEPiH ©3repTy LWapPTTapbiH aHbIKTay YLWiH KonaaHyfa 601aTblHbIH KOPCETTI.
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YCTOMUYMBOCTb MEXAHNYECKOTO paBHOBECKA B HENAEANIbHBIX NA30BbIX CMECAX

Lna onucaHua AsneHuit, 0bycnoBNEHHbIX NPOCTPAHCTBEHHOW HEOAHOPOAHOCTbIO MAOTHOCTM, a TaKKe
NPOLLECCOB OYUCTKM MPUPOAHOro rasa, pasdesneHua U oboralleHMA rasoBbiX CMeceil onpeaeneHHbIMU
KOMMOHEeHTaMM HeobXoANMMO YYUTbIBaTb HE TONBKO ANbdY3MOHHbBIE MPOLLECCHI, HO M KOHBEKTUBHbIE TEYEHMUS,
BO3HMKalOWMe MNpU  HaAWMYMKU  TpagmMeHTa  KoHueHTpauuu. [lpy  onpeaeneHHbiX  YC/IOBUAX B
MHOFOKOMMOHEHTHbIX Fa30BbIX CMECAX BO3MOXKHO HapyLLEHWE YCTOMYMBOCTM MEXAHNUYECKOTO PaBHOBECKA, T.€.
B paccMaTpMBaeMbIX CUCTeMax peanusyeTca nepexos OT ycTonumsoro aAnddysmoHHOro npouecca K
KOHBEKTMBHOMY. Mcnonb3oBaHMe JMHEMHOrO aHaiM3a Ha YCTOMYMBOCTb MO3BOAAET Ha MAOCKOCTU
napumanbHblx Yncen Panea onpeaennTs rpaHuuy nepexoda Andpdy3MoHHOro npoLecca Ha KOHBEKTUBHBLIN, a
TaK»Ke 3HaYeHMA TenNoPU3NYECKUX U TEOMETPUYECKUX XapPaKTEPUCTUK, MPU KOTOPbIX 3TOT NEPEX0, BO3MOKEH.
Mpn MCNonb30BaHWMM AAHHOTO MOAXO4A A4 OMWUCAHMA 3KCMEPUMEHTANbHbIX AAaHHbIX, MOAYyYeHHbIX ANA
rAa30BbIX CUCTEM, COAEPMKAWMX KOMMOHEHTbI C APKO BbIPAXEHHbIMM HeuaeasbHbIMKM  CBOMCTBAMM,
HabntogatoTes pacxoxkaeHua. MosTomy Lenblo AaHHOM paboTbl ABAAETCA pa3paboTka MeToAMKM onpeaeneHms
rpaHWLUbl NOTEPU YCTOMYMBOCTM MEXAHWYECKOrO PaBHOBECMA B HEWAEaNbHbIX a30Bblx cmecax. [na
OOCTMXKEHMA NOCTaBAEHHOW L/ B MaTEMATUYECKOM MOAE M, OMUCHIBAIOLLEN CMEHY PEXMMOB, MCMO/b3yeTcA
YypaBHeHMe COCTOAHUSA B BUpPUAnbHOM dopme. Ha ocHose paspaboTaHHoro noaxoaa ansa cucrem CsHg + CO; —
N,O n CsHs + N,O — CO; nonydveHbl KapTbl ycTonumsocTn. CpaBHeHWe pe3ynbTaToB pacyeTa ¢
3KCMEPUMEHTAIbHLIMW JaHHBIMM MOKA3a10, YTO NPeANoXKeHHas METOAMKA MOXKET BblTb MCMOb30BaHa AA
onpeaeneHna yCaoBUIM CMEHbI PEXMMOB CMELIEHNA B TPEXKOMMOHEHTHbIX Fa30BbiX CMECAX, COAepMKallmx

KOMMOHEHTbI C peasibHbIMM CBOMCTBAMM.
KniouyeBble cnosa: Anddy3ma, KOHBEKLMS,
YCTOMUYMBOCTY, HEMAEa IbHbIe rasbl.

Introduction

Solving problems of mass transfer in chemical
technology (for example, in the synthesis of ammonia
from natural gas, purification of natural gases,
separation and enrichment of gas mixtures with
certain components), as well as understanding natural
phenomena caused by the spatial heterogeneity of
density (“salt fingers” in the ocean, the presence of air
pockets in the atmosphere, etc.) is associated not only
with molecular transport, but also with convective
currents that arise during mixing in some
multicomponent gas systems.

The mutual influence of components on each
other in multicomponent gas mixtures (in particular
three-component ones) under certain conditions leads
to phenomena that do not occur in ordinary binary
diffusion. An example is problems in which
molecular diffusion results in the mechanical
equilibrium instability of the mixture with the
subsequent initiation of natural convection, which
noticeably intensifies the total mass transfer [1].

HEYCTOVIHMBOCTb MeXaHN4eCKOoro paBHOBECKA, TeOopUA

Experiments on studying multicomponent mixing in
gases at elevated pressure and the diffusion of a
mixture of solution vapors into an inert gas have
recorded convective flows leading to a synergistic
effect associated with a significant increase in the rate
of mixing of the system components. The peculiarity
of the observed change in the “diffusion -
convection” modes is the fact that it is not realized
under traditional conditions corresponding to the
thermal problems of Rayleigh-Benard [2-4] and
Rayleigh-Taylor [5-7], but occurs with an initial
hydrostatically stable stratification, which involves a
decrease in the mixture density with height. In this
case, the process of diffusion instability depends on a
number of conditions and parameters, for example,
pressure, concentration, temperature, viscosity,
geometric dimensions of the diffusion channel, etc.

[1].

Diffusion instability refers to phenomena
similar to convection caused by the “double
diffusion” [8-10]. To describe this class of
phenomena, one can apply linear stability analysis
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[11], in which the state of a three-component gas
mixture is described by a system of hydrodynamic
equations, which includes the Navier-Stokes equation
of motion and the conservation equations for the
number of mixture particles and components. The
indicated system of equations must be supplemented
with an equation of medium state in the form p = p(c3,
¢2, p), T = const. As a result of solving this system of
equations for a certain geometry of the diffusion
channel and taking into account the corresponding
boundary conditions, a boundary relation is obtained
for monotonic instability with two critical Rayleigh
numbers [12]. In this case, the loss of stability of
mechanical equilibrium and the occurrence of
diffusion instability is analyzed by the position of the
experimental partial Rayleigh numbers relative to the
stability lines on the plane of partial Rayleigh
numbers (Rai;, Raz). As a rule, such a comparison
shows satisfactory agreement between experimental
and theoretical data. However, for mixtures
containing components with real properties (for
example, CO,; N0, CsHg), discrepancies are
observed in the various stages of combined
multicomponent mixing. In [13], by experimentally
studying the pressure and concentration dependence
of the interdiffusion coefficients in the systems CsHs
— COy, C3Hs — CHy, it was found that the dependence
on pressure differs from traditional kinetic concepts
[14]. Similar trends were found for the solubility of
CO; in aqueous of NaCl [15]. Significant differences
were noted in the diffusion coefficient of CO; in
brines at different NaCl contents compared to Stokes-
Einstein predictions [14]. In particular, a significant
decrease in the diffusion coefficient was observed at
high CO; concentrations. It was shown in [16] that as
the  pressure increases, the density and
thermophysical  properties of CO; change
significantly compared to those calculated in the ideal
approximation. Other features of combined mixing
are reflected in reviews (see, for example, [17, 18]).
One of the reasons for the identified inconsistencies
is the application of the assumption that gases are
ideal.

This paper proposes a technique for solving the
problem of stability in isothermal three-component
gas mixtures containing components with real
properties based on the use of a virial equation of state
with one virial coefficient.

Materials and methods

Consider an isothermal three-component gas
system CsHg + CO; — N,O or C3Hg + N,O — CO»,
containing components with real properties. The
gases under consideration are characterized by the
different types of symmetry [19], which affects their
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diffusion properties during the mixing process, as
well as the change in the density of pure gas
depending on pressure [20], which is shown in Figure
1. In accordance with Figure 1, the densities of the
gases under study change nonlinear as pressure
increases. Up to a pressure of 1.6 MPa, CO; is the
lightest in the system under consideration. At
pressures above 1.6 MPa, CO, becomes heavier
compared to N.O. Nitrous oxide has the highest
density up to a pressure of 0.65 MPa, and above this
pressure the heaviest component is propane. This
behavior of the density of the real gases under
consideration affects the nature of the occurrence of
convective flows.

‘ 0. Lﬁ m-

a)

o. kg'm’

7. Pa

b)

Figure 1 — Dependence of the density of CsHs, CO; and
N20O on pressure at T = 298.0 K:
1-CsHs, 2 - CO2, 3- N0

To describe the behavior of real gases, we will
use the virial equation in powers of volume [21]:

v _
RT

1+%+\%+\%+..., (1)

where Bo, Co, Do are the virial coefficients depending
on temperature, p is the pressure, V is the volume, R
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is the universal gas constant, T is the temperature.
Equation (1) can be converted in terms of
number density to the following form:

Tp:1+Bn+Cn2+Dn3+..., 2)

nkT

B C
where B=—2,C=—2D=—2,...,
NO NO NO
Avogadro number. When only the first virial
coefficient is taken into account, Equation (2) is
transformed into the following form:

No is the

n+__P _g. 3)
B KB

Solving Equation (3), one can obtain:

2
n-P_PB =no(1—p—8j, @)
KT (kT) KT

where ng = p/kT.
The component density can be determined using
the following formula:

Com| P __PB
N U S

where mg is the mass of one molecule.
The density for a three-component mixture is
found according to the formula:

p p’
Phnix ( RT ( RT )2 mlx] , (6)

«[em +(1-¢,—c,)m, +c;m, |

where m; is the molar mass of the i-th component, c;
is the concentration of the i-th component, index 1
corresponds to COz, 2 — N0, 3 — CsHs,

By = C2B, +(1-c,—C,)’ B, +C2B, + )
+2€,C,B,; +2(1-c¢, —¢;)(c,B, +¢;By;)

The dependence of the interdiffusion coefficient
(IDC) of gases on density can be presented in the
following form:

0
Dij = Di? £ ) (8)
yo,

where Di? is the interdiffusion coefficient under

normal conditions, p° and p is the density of the
mixture under normal conditions and experimental
pressure, respectively. Taking into account formula
(6), the expression for the IDC subject to the real

properties of the components is written in the
following form:

7Y% 1
Dij = Di(j)ﬂ(_j B’ 9)
Pollo) 1 Pmix
RT

where p, po, p, T are the pressure and temperature
under normal and experimental conditions.

The mathematical description of the occurrence
of convection is based on the analysis of a system of
equations  of  continuum  mechanics  for
multicomponent systems with respect to small
perturbations [4]. The macroscopic motion of the
isothermal ternary gas mixture is described by the
general system of hydrodynamic equations, which
includes the Navier-Stokes equation, the conservation
equations of the number of mixture particles and
components.

Taking into account the condition of
independent diffusion, in which for the isothermal gas

3
mixture Y j =0;
i=1
equations has the following form [11, 12]:

p[%UJr(ﬁVﬁ)}:

=-Vp +qV2ﬁ+(%+ijdiVﬁ+p§,

3
D ¢ =1, this system of
i=1

on .
—+d v)=0,
8t+ |v(nv)

oc. .
— 4+ vVc =—divj., 10
at 1 JI ( )

h= _( D;,Vc, +D;, Ve, ) ,

)= _( D;1VC1 + DSZVCZ )

Here U is the vector of weight-average velocity;
V is the vector of number-average velocity; p is the
density; p is the pressure; # and & are the shear and
bulk viscosity coefficients; ¢ is the free fall
acceleration vector; n is the number density; t is the
time; c; is the concentration of the i-th component; ],
is the vector of the diffusion flux density of the i-th

component; D; are the practical diffusion

coefficients, which are determined through the
interdiffusion coefficients (IDC):
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D — Dis [Clez +(Cz +C3) D12]

11 D ’
D =— C1D23(D12 — D13)
12~ D '

DL — D, [Cz Dy; + (Cl + Cs) D12]

22 D ,
D* _ _C2D13(D12 - D23)
21 — D |

D= C1D23 +02D13 +CSD12'

Equations (10) are supplemented with the
equation of medium state:

p:p(cl, cz,p), T =const.

When solving the system of Equations (10), the
method of small perturbation was used [4], which
assumed the concentration of the i-th component c;
and the pressure p to be represented as follows:

ci=<ci>+cl, p=<p>+p,

where < ¢; >, <p> are the constant average values
taken as a reference point.

Considering that for L » r (L and r are the length
and radius of the diffusion channel, respectively), the
differences between the perturbations of the number-
average and weight-average velocities in the Navier-
Stokes equation will be insignificant [12], and also
assuming that the non-stationary disturbances of
mechanical equilibrium are small, neglecting
guadratic members in terms of the perturbations, and
choosing the appropriate scales of measurement units

(the distance is d, the time is dz/v, the velocity is
Dzz/d , the concentration of the i-th component is

Ad, the pressure is p,vD,,/d?), one can obtain a

system of equations of gravitational concentration
convection for the perturbed values in dimensionless
guantities (primes are omitted):

oc -
Pr,, El — (uez ) = rﬂVch + % rlzvzcz ,

oc -
Pr,, 6_'[2 —(Ue,)= %rﬂvzcl +Vie,, (11)
ou

e —Vp+ VU +(Ra,r,C, + Ra,c, )€, ,

divi =0,
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where €, is the unit vector in the z-axis direction;
Pr,=v/D; is the diffusion Prandtl number;
Ra, = g4 Ad*/vDj isthe partial Rayleigh number;
v, =D;/Dj, are the parameters determining the

relationship  between the practical diffusion

coefficients;  f. :—i(a—pj ;. A€, =-Vc,
pO aci T
(subscript 0 refers to the average values).

Solving the system of Equations (11) for a flat
channel with mass-impermeable walls made it
possible to obtain, in terms of Rayleigh numbers, a
boundary relation that determines the change in the
“diffusion — convection” modes in the form [12]:

T, (1—irlszal +[z‘1l —irnj Ra, =
A A, (12)

= 74 (711 _712721)’

where Y= RaY* , 1.e. Y= (Ra1T11K1 + Ra2K2)1/4 :

A
. [1_/1?712} . _(711_2721)
=1 N2

- ’ 2 1
(73 —73572) (73— 7357)

A; is the partial concentration gradient of the i-th
component.

In accordance with Equation (11), the partial
Rayleigh numbers for the flat channel with mass-
impermeable walls can be determined as follows:

3
8033
vD,, p\ Oc; )\ Oz

3
Ra, = 94 1[@}(8&)
vD,, p\ oc, )\ 0z

where a and b are the thickness and width of the
diffusion channel.

For the case under consideration, the partial
concentration gradient of the i-th component can be

(13)

oc, .
represented as A :—a—'. Then the ratio A4i/Ao,
z

taking into account Formulas (13), is determined as
follows:

ﬁ: Ra,z, op/0c, _

A, Ra, dp/dc, 9
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After substituting Equation (14) into (12), one can
obtain:

Ra,|1-7,, %) 0c, +
0p/0cy

+Ra, [1—’1—2—8/)/601 J =,
7, Op/c,

=y [1_ 1'12121]
T
The mixture density, taking into account
equations (4), (6) and (7), can be represented as:

(15)

/B, +¢C;B, +CiB, +

p=ny|1-n,| +2¢c,c,B, + 2c,c; B + | | * 16
+2¢,C,B,,  (16)

*(c,Am, +C,Am, +m;)

where Am; = m; —mg, Amz = m; — ms. Since the gases
under consideration have almost equal molecular
masses, we assume that Am; = Am, = 0.

Differentiating expression (16) with respect to ¢1
and ¢; and taking into account that ¢z = 1 — ¢1 — ¢z,
one can obtain:

0
a—:=n§m3(83—81),
ap 2

z=n0m3(B3—Bz).

(17)

Substituting Equations (17) into (15), one can
obtain the following expression for the stability line:

Ral[l—rzl By BZ]+

BS_Bl

(18)
1, By— B,

=y (1_ T2l j
I

+Ra, [1—11—2—83 —B, ] =,

The second virial coefficients depend on
pressure, therefore, in contrast to the consideration of
the stability problem for ideal gases, the position of
the stability line (18) will also depend on pressure.

Results and discussion

Figure 2 shows the stability map at p = 0.28 MPa
for the system 0.804 CO; + 0.196 CsHs — N0,
experimentally studied in [22]. The MM line
corresponds to the first perturbation mode n = 1, and
the M1M; line was obtained for the n = 3 mode, which
characterizes a change in the type of convective flow.
The region lying below the MM line corresponds to
diffusion I, and the area above this line refers to
convection Il with the different types of motion. In
the area between the MM and M:M; lines, a current-
countercurrent movement is observed, and above the
M:M; line there are two currents and two
countercurrents.

In Figure 2, the sign “x” marks the point
corresponding to a pressure of 0.28 MPa, at which, as
experimental studies have shown, a violation of the
stability of mechanical equilibrium is observed in the
system under consideration and subsequently a
convective process is realized in the system.
According to experimental data, at a pressure of 1.20
MPa, the maximum intensity of the convective
process is observed in the system under
consideration. In Figure 2, point 8, corresponding to
this pressure, lies near the line MiM;. Thus, the
calculation results for the system 0.804 CO + 0.196
CsHs — N0 are consistent with the experimental data
given in [22].

Figure 3 shows the calculation results for the
system 0.812 N,O + 0.188 C3Hg — CO,. The stability
lines shown in Figure 3 were obtained at a pressure
p=0.3 MPa. According to Figure 3, the points
displaying experimental data for the system 0.812
N>O + 0.188 CsHs — CO; are located in the first
guadrant of the stability map. This indicates that the
density of the mixture 0.812 N,O + 0.188 CszHs is
greater than the density of the pure CO, component.
Point 5, corresponding to a pressure p = 0.8 MPa, lies
near the M:M; line, which corresponds, as
experimental studies have shown [23], to maximum
mass transfer.

Comparison of the calculation results shown in
Figures 2 and 3 indicates that when nitrous oxide is
located at the top, a change in the type of convective
flow occurs at a lower pressure than when a mixture
of propane and carbon dioxide is located at the top.
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R

M €o: M;
\\\ Reg,

g% 200 400 600 800 “J0OOO 1200 1400 1600 1800 2000 2200

1
200+
~400 1
600+

s 7

300+

M;

Figure 2 — Regions of diffusion | and convective mixing Il for the system 0.804 CO; + 0.196 CsHg — N20O.
The points correspond to the following pressure values:
1-0.23;2-0.30; 3-0.40; 4-0.50; 5-0.60; 6 — 0.80; 7 — 1.00; 8 — 1.20; 9 — 1.40 MPa
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Figure 3 — Areas of diffusion I and convective mixing Il for the system 0.812 N,O + 0.188 C3Hg — CO..
The points correspond to the following pressure values:
1-0.30; 2-0.40; 3-0.50; 4 - 0.60; 5 —0.80; 6 — 1.00; 7 — 1.50 MPa
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Conclusion

The stability of mechanical equilibrium in
isothermal three-component gas mixtures containing
components with real properties is studied
numerically. It is shown that to determine the areas of
stable diffusion and convection, as well as the
conditions under which the stability of mechanical
equilibrium is violated when non-ideal gases are
mixed, it is possible to use the equation of state in
virial form with one virial coefficient in the
mathematical model that describes the occurrence of
convection. For the flat diffusion channel with mass-
impermeable walls, a method for determining the

position of the stability line has been developed.
Analysis of the obtained stability maps and their
correlation with experimental data shows that the
proposed technique can be used to study changes in
the nature of convective flows when mixing nonideal
gases.
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