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ABSTRACT Isothermal multicomponent diffusion in three-campnt gas mixtures He + Ar -N
and CH + Ar — N, at different pressures and certain concentrattdnomponents in the binary
mixtures is experimentally studied. It is showntticanvective instability, which significantly
intensifies the multicomponent mass transfer, adue to the pressure increase in systems where
diffusion coefficients are significantly differeritom each other. Parameters characterizing the
transition of diffusion mixing into the convectivene can be determined by the numerical
simulation methods. Modelling of the multi-compohemxing process is carried out by means of
the joint solution of the Navier-Stokes equatiadiffusion equations and continuity equation. It is
shown that essentially non-linear distributionstloed component concentrations that lead to non-
linear distribution of the density of the gas mbguwhich is responsible for the formation of
convective structures, arises at a certain pressuhe system.

NOMENCLATURE
A = dimensionless concentration gradient [-]
Di’]f = “practical” coefficients of three-componentfdiion [m’/s]
¢ =i-th component concentration [-]
d =diameterrm]
j. = diffusion flux vector/g

n = number densityrf”]
m, = molecular mas§]
P = pressure [Pa]

r =radiusin]

U = weight-average velocity vectaon[d

V = number-average velocity vectan/g

a = dimensionless parameter defined by the @ftiexperimental values of concentratiang, to
the concentrationgheorCalculated by Stefan-Maxwell equations [-]

pi = coefficient of thermal expansiom/K]

y = unit vector]

n = shear viscosityp g



¢ =bulk viscosity Pa g

Subscriptsand Superscripts

i, ] = numbering of components in multicomponenteys
exp = experiment

theor = theory

INTRODUCTION

Taylor and Krishna [1993] have shown that in moltponent gas mixtures there are wide variety of
change of the modes. The intensity of the heatraasls transfer in them is defined by molecular,
convective, and often the joint action of these esod\t the same time, practically it is not taketo i
consideration the fact that the process of molealiffusion can lead to instability of mechanical
equilibrium of mixture, with further occurrence étural convection studied by Linden et al. [1994]
and Kaminskii and Obvintseva [2007] that signifitamtensifies the overall mass transfer. While th
occurrence and development of the concentratiovemtion takes place not only in the frame of
traditional concepts of Rayleigh thermal probleresalibed by Joseph [1976] and Nield and Bejan
[2006] but also for the situations where movemewtur in a stable stratification of the mixturettha
shown by Kossov et al. [1997] and Zhavrin et aD1f&. In experiments on studying the mixing in
multicomponent systems carried out by Kossov ef28l14] and on researching the diffusions of
mixture of solvent vapor into inert gas describgddi'man et al. [2005] were recorded convective
flows leading to synergetic effect, associated aitignificant increase of speed of the mixingesyst
components. Therefore, issues related to the tdefirof the mechanism of regime change “diffusion —
convection” in multicomponent gas mixtures, theapagters determining the appearance of convective
regime is an important tasks for convective heatstiansfer.

The paper presents experimental data on the stiidgegime change borders “diffusion -
concentration convection” in isothermal ternary gastures. Proposed calculated design model on
studying the formation of structured flows in isetimal gas mixtures at different pressures over
time by 2-D modeling in a vertical cylindrical cheet of finite dimensions. The comparison
between experimental and theoretical results isgodone.

EXPERIMENTAL RESULTS

The study of gaseous mixtures mixing was carrietdoguthe two flasks method connected with a
vertical capillary, which has successfully provéseif in the study of diffusion mass transfer at
different pressures and temperatures. For exartiptemethod was used in the experiments carried
out by Dunlop and Bignell [1987]. The scheme ofidewhere the mass transfer realizes is shown
in Fig. 1 and has been used by Kossov et al. [2@4judy binary diffusion equally diluted by the
hydrocarbon gases. Therefore, it is expected kirabbtained experimental data under the mixing of
binary mixture into third component will be acc@&bo.

The first part of the separation device is a sydtanthe transportation of gaseous mixtures from th
gas holders 20, 21 into the flasks of the diffusigparatus through the system of valves 1-10, the
gauges 12 that measure the pressure in the fldsks;ontainer 13 to equalize the pressure. The
gauges are fitted with specially made permeatorsThe second part of the installation is a
diffusion apparatus. Subject to the gaseous mixtuve diffusion apparatuses with the different
channels and volumes of flasks were used; & (214.0 + 0.510° m®, V, = (227.0 + 0.5010° m®,

the flasks were connected with vertical cylindrickknnel of length = (165.4 + 0.0310° m and
diameterd = (6.10 + 0.02]10° m (in the experiments with the system 0.65,¢H + 0.35 Ar (2) —
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Figure 1. Block diagram of the installation of thm-flask method. The gas preparation block and
the two-flask diffusion setup are indicated by ¢ldh respectively; 1-8 — valves; 9 — valve
connected to the backing vacuum pump; 10 — valwaecied to the interferometer or
chromatograph; 11 — membrane dividers; 12 — reber@nessure gages; 13 — equalizing tank; 14 —
bottom flask; 15 — diffusion channel; 16 — top Ra%7 — fluoroplastic pellet; 18 — rod; 19 —
handwheel; 20, 21 — gas holders.

N> (3)); 2.V1 = (60.0 + 0.5)10° m®, \, = (62.1 + 0.510° m®, L = (70.05 + 0.05810° m, d; = (3.00
+ 0.02Y10° m andd, = (4.00 + 0.02]10° m (in the experiments with the system 0.4 He (D)6-Ar
(2) =N (3)).

For the study were selected the systems 0.65(CHt+ 0.35Ar (2) — N (3) and 0.4 He (1) + 0.6 Ar
(2) — Nb (3) (here and after lets agree that the figurefsont of a chemical element determine the
initial concentration of the component in the migtuand the numbers in parentheses after the
chemical element define the numbering of componeiitse methodology of the experiment has
been described previously by Zhavrin et al. [20@@) assumed to fulfill the following procedures.
The top and bottom of the flasks of the device wiled with researching gas to a pressure of the
experiment. Tightness in filling the flasks ensuos@rlapping capillary device. At the opening of
the channel connecting the flask, the time indngathe beginning of the mixing process is fixed.
At the end of the experiment, the channel was lddand the analyses of gas mixture were started.
Concentration analysis of error was within the ethgrom % 0.3 to + 0.5%. In the upper flask of
the device was binary mixture of methane (or heJianmd argon, and in the bottom - nitrogen. The
initial composition of researching systems was ehaso that the density of the binary mixture at a
predetermined pressure range did not exceed theitgesf nitrogen. Researching systems have
another feature. In the first mixture the intenasiion coefficientd; that described mathematically
by Bird et al. [2002] are approximately equéli{ =~ D13 = D3), and in the second diffusion
coefficients of hydrogen and argon in nitrogen iféed approximately in four times, =~ D13>>

D23).

The pressure dependence of the components’ coatiens (molar fraction) with fixed initial

composition, time (1 hour), temperature was deteechiin the experiments with the studied
systems according to the method described aboweh Emperiment was performed under fixed
pressure. Pressure was varied from experiment pergrent. One of the bottom lines of the
experimental research is a detection techniqueeobbundary transition from the diffusion mode to
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Figure 2.The experimental data for diffusion and convectioisothermal ternary mixtures.
a) The dependence of parameteon the pressure: 0.65 GH 0.35 Ar— N, T=298.0K, 1 -
methane, 2 - Ar, 3 - nitrogen, 4 - calculation assg diffusion; b) Parameter at various
pressure in the mixture 0.4 He + 0.6 Ar  N=298.0K, 1 -2=3 mm; 2 -2=4 mm.

convection one for the studied system. This candres by comparing the experimental data (for
example, the concentration of diffused componentg) with the calculated assuming diffusive

transport according to Stefan-Maxwell equationcigel by Bird et al. [2002], assuming a quasi-
stationary diffusion of ternary gas mixture defirmdAleksandrov [2001].

As it seen from Fig.1b for the system 0.65,GH) + 0,35Ar (2) — M (3), where the coefficients;

are comparable with each other, diffusion is obsgrvExperienced values of component
concentrations within the experimental error cadecwvith the calculated. Along the entire range of
pressures studied parameter 1. In the system 0.4 He (1) + 0.6 Ar (2) - (8) is observed
completely different picture (Fig. 1b). At a centgressure, the parametetbegins significantly
exceed the unit. Further pressure increase leadsstwarp rise of the dimensionless parameter
which is not typical for diffusion. In this area @fressure, the experimental values opf,
significantly exceed the calculated, obtained assgrdiffusion. A similar situation takes place for
the case when under fixed conditions of the expaminthe radius of cylindrical channel changes.
Intensification of mass transfer is associated Wit occurrence of convective mechanisms of
mixing the components, caused by the instabilitthef mechanical equilibrium of the gas mixture.
The cause of instability of mechanical equilibriusnthe inversion of the gradient density, which
arises due to the difference of the diffusion deoefhts D;. It should be assumed that the arisen
convection flows have a complex structure. To dwiree its characteristic properties the schlieren
method specified by Merzkirch [1987] and the metlobdast-response transducers described by
Brunn [1995] are used. Figure 3 presents the iesliitesearch obtained by Kosov et al. [2015] and
associated with the determination of the charastieriperiods of convective regimes appeared
under diffusion in ternary gas mixtures. FiguresBaws the registered structured flows generated
during the instability of mechanical equilibrium am isothermal ternary gas mixtures. In addition,
the complex structure of convective modes can beected with the help of fast-response
transducers determining a local thermal condugtivitgas.

Since the thermal conductivity of the gas mixtuep@hds on the concentrations of components, it
gives us the ability to attend to its change owmef and thus, to determine the characteristic
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Figure 3. Concentration convection at the isothédiflusion in ternary gas mixtures obtained by
Kosovet al [2015]. a) the shadow pictures of convedtioes; b) the change of thermal
conductivity of the mixture over with time, illusting the regime change of convection.

periods of the observed modes (Fig. 3b). We camnasghat the experimental data shown in Fig. 2
b correspond to the flows and the convection mpdesented in Fig. 3.

Thus, in multicomponent systems with essentialed#iice of diffusion component coefficients
under certain conditions may be revealed conveatiture mechanisms.

MATHEMATICAL MODEL OF DIFFUSION INSTABILITY AND NUMERICAL 2D-
ALGORITHM

Base equations The macroscopic motion of an isothermal threemamment gas mixture is
described by thgeneral system of equations involving the Navi@k8¢ equations, conservation
equations of the particle number of mixture and gonents in the Boussinesq approximation.

3
Taking into consideration the conditions of indegemt diffusion during WhichZTi =0 and
i=1
3
ZQ =1 for an isothermal gas mixture, the system of @quaty analogy with Kosov et al. [2014]
i=1
can be written as

p[a—ﬁ+(UD) G} =-0 p+/7AU+(%+5] Odivu+ pg

on
5 = —div(nv) (1)

9
a? +v0g =div[ Ddc + D¢,



ac, . - I "
6_'[2+VDC2 :dlv[D21Dcl+ D, ] c2]

Here U is the weight-average velocity vector; is the number-average velocity vectpris the
density; p is the pressurey and ¢ are the coefficient oBhear and bulk viscosityg is the

gravitational acceleration vectom;is the number density; is the time;c; is thei-th component
concentration; ], is the diffusion flux density of thieth component;DJ is the practical diffusion

coefficients, which are determined by the mutuéldion coefficientdD;;

D,.[cD,,+(c,+¢c) D]
D

Dl*2 —-_ C1D23( [E;z B D13)

_D,[c,D,+(c+c) D,

2~ D
D =— C, D13( D, - Dzs)
21 D

D=cD,,+c,D,+c,D,

2713

The relationship between the total flux of théhh component and the gaseous mixture velocity can
be written as

V=) fife,  U=).mi/p
wherem is the molecular mass of théh component,o = Zm G, G = Zn: G.

Equation (1) shall be supplemented by the equationedium state
p=p(c,c,p) T=const (2)

To solve the equations (1), (2) it is necessargdtermine the relationship between the weight-
averageu and number-averaged velocities. We will consider that the gas molecuéshei-th
component are disperset (K ;,....) and the rest particles are carriedlK ., ). Carried phases

carrier

moves with the same velocity™

vV = Vcarrier , | D Kcamer (3)

The Stokes law determines the velocity differenegvieen the dispersed and carried phases

— | jcarrier settling
Vi =V + U |l O Kcarrier 4) (



Settling velocity of thé-th componentu®™"" under laminar flow regime takes the form

settling - (p'o B '0) miz
i 187

u g %)

whered; is the diameter of theth component of gas. In the case of turbulent flegime the
settling velocityu®™"" can be calculated as

. 4(p° - p)@?
uisettllng: (p' p) ! g (6)
3pC
were the aerodynamic drag coefficie@t is found from the following formulaeCz% at
e
10* <Re< 2 (laminar regime),C:% at 2<Re<500 (transient regime)C = 0.44 at

500<Re< 10 (turbulent regime). Ostrovsky [2000] has suggestete of the successful
approximation of the Reynolds number.

The semiempirical dependence of Aerov and Todesg[lTan be recommended for the
approximate calculations of the settling velocifytiee i-th componenw®™**™. This dependence is
valid for all flow regimes and has the followingiio

C :8(%+&—2§+ 0.042j, Re=18+c’:\—(;1/ﬁ
where Ar = dfp(/:;—p) 2 is the criterion of Archimedes.
The weight-average velocity can be presented as
u= z o, (7)
Substituting expressions (3) and (4) in formulayié)ds
U = yearer 4 Z G qsettling (8)

iOK dispersed

Formula (8) gives the velocity of carried phasethmfollowing form

Vcarrier =u- z q L'settling (9)

[ DKd\spersed

Velocities of tha-th component are calculated explicitly from EQ. ¢4

carrier
+

Vi =v isettling’ i0K llO

u

carrier



If we take into consideration the diameters of g@decules (gas-kinetic diameter of the studied gas
molecules are following(N2) = 0.37 nmd(Ar) = 0.36 nmd(He) = 0.215 nmd(CH,4) = 0.444 nm)

then the settling velocity of thieth component i1*"" =10™. Hence, according to formulae (9)

and (10) the velocity of thieth component is equal to the weight-average vsipce. vV, =U.

Using the method of small disturbances and takibg account tha¥;, =U the system (1) takes the

form
ou

o q .
S+000=-—Opwi'i+ g, +4,6) (11)
t £

divi=0
%—?+0Dq= D.0%¢+ B¢,
o, *
a—i“uﬂcz =D,[’g+ D%,

wherev =1/ p is the kinematic viscosity3 is concentration expansion coefficient.

We will write this system in the dimensionless fomermalizing by the scales of leng# = x/ H,

X, =2/ H, time 7 =tv/H?, velocity U =uH/D,,, u, =wH/D,,, and pressurgy’ = pH?>/pv D,

(p, is a characteristic medium density correspondmmghe mean values of the concentration),
concentrations of thieth component; =¢/AH, ¢, =c,/ A H (omitting the dimensionless sign *)

o, 1 oy, 1 aul__@+02q+62q+ng

u =
or Przzulaxl Pr, 2dx, 0x, 90X 0%

2 2
6u2+ 1 ulau2+ 1 uzauzz_ap +6 L12+6 L|2+ng
ar Pr, “0x, Pr, “dx, 0x, 90X 0%

2 2 2 2
6_q+1u16_q+1u20_q:10q+16q+16c‘2+ 10°¢ (12)
or Pr, ~0x, Pr, “0x, Pr,0%X Pr,0%X, Pr,0X, Pr,0%,

2 2 2 2
%, 1,0, 1 0o 10, 10, 1%, 12%
ar Pr, 0x, P, “dx, Pr,0X Pr,dX, Pr,oxX, Pr,0X,
a_ul-{-%:o
0% 0%

Here Pr, =v/ D, is the diffusion Prandtl numbeRa = g8, AH'/ B,v, Ra, = g5, A H'/ B, V.

The initial conditions and the boundary conditicios the system of equations (12) are the
following:



Initial conditions:
1) For the speed of components(x ,x, 7 =0)=0,i=1,2.

2) The process when the heavy and light gasesoaeteld in the upper part of the computational
domain and the average gas is at the bottom patutied.For the concentration in the upper

computational are& (Fig. 4b): c1|t:0‘(xlyxz)Dsi = X, is for the light component;2|t:01(w)Dsl =X, is for

the heavy component;sL:O‘(yi’xz)D%:O is for the middle component, whedg, X, are the mole

fractions of gas components.

3) For the concentration in the lower computaticaraaS, (Fig. 4b): cl|t=0’(yﬂ'xz) N =0 is for the light

O

component, ¢,|, .-

o SO=0 is for the heavy ComponentcsL:o,(yl,xQ)

os =1 is for the middle

component.

Boundary conditions:

For the speed of components:=0, i =12; for the concentrationg—cr'] =0,i=12.

Numerical algoritm As it is seen from the experimental data, mixggarried out in the channel,

which has as a rule a cylindrical shape. Heavylayd in density components of a binary mixture
are in the upper part of the channel, and the gsintermediate density in the lower part of the
channel. To simplify the tasksit is considered a-timensional cross-section area of cylindrical

sphereH xd in the Cartesian coordinate syste(m, z), whereH is the height of the cylindrical
channel, andd = 2r is the diameter (Fig. 4a). To register the isocatre¢ional lines characterizing
the emergence and development of convectionsitficient to consider the part of this ared/d

>> 1), where the diffusion of components take plg€g. 4b) ignoring the other areas of the two-
dimensional area.

d=2r =2
H Physical area => Computational | H
area
(a) (b)

Figure 4. Modelling of the studied process. apldig of areas; b) the initial conditions for the
three-component mixture He + AN..



For the numerical solution of the equations sys{é#) is used the splitting scheme on physical
parameters. The spatial derivatives are approxiunate the uniform spatial grid. The time
derivatives are approximated by differences aha#utive first order.

On the first stage, the transference of the nunabanotion is done due to the convection and
diffusion. The intermediate velocity field is sotldy the five-point sweep method specified by
Navon [1987] with the fourth order of accuracy ipase and the third order of accuracy with
respect to time using the explicit scheme of Ad&ashfort for convective terms and implicit
scheme of Crank- Nicolson for the diffusion memtaBned by Kim and Moin [1985]

1
T Pr,,

u'0u +4u +Rac+ Rag (13)

On the second stage, based on the found internreede&bcity field, there is the pressure field.

Intermediate velocity field is at the use of fracil step method. By analogy with Abdibekova et
al. [2014] we have used the sweep method at eagle sff sweep fractional step method to find the
stage significance of intermediate field speed

Ap=—— (14)

On the third stage, it is assumed that transferendene only due to pressure gradient, where the
final velocity field is recalculated

H oY - op (15)

On the fourth stage the concentration of mixturewgonents are calculated on the basis of five-
point sweep method using the Adam-Bachfort schekiag into account the found velocity fields

—n+l —n

T Pr,, M1 P
—n+l —n 1 1 1
— e\ . .
Cz ~C__ (u D)Cz +——Aq+ AG (17)
T Pr,, P Py

The results of numerical studies, obtained by tlescdbed approach, were compared with
guantitative values of the experimental data oleiim the previous paragraph.

THE RESULTSOF NUMERICAL MODELING

The calculations were carried out on a uniformaegtlar staggered grid with the number of nodes
250 x 250 along the axes, x,, respectively. The time step was selected to 0©10.The
calculations are done for actual physical pararmetérgeometrical characteristics of the channel
(Table 1). The main assumption in modeling is naitlthe two-dimensional flows. At Fig. 5 is given
the velocity profile of speed in section= 0.5 at different pressures. For the systems CGl851) +
0.35 Ar (2) — N(3) in which the coefficient®1, ~ D13 = Dy3the velocity profiles are unchanged at
different pressures.



Table 1
Some thermodynamic parameters of the mixing gdse<98.1 K;P = 0.101 MPa

Compo- p, (kg/nT) n, 10° Dip, 10  Dis 10° Dy 10 Molar mass, 19
nents (Pas) (m?/s) (m?/s) (m?/s) (kg/mole)
CHs(D+Ar(2-N Q)
CH, 0.644 1.105 16.042
Ar 1.623 2.263 0.220 0.210 0.204 39.944
N2 1.138 1.779 28.016
He (1) + AT (2) — N (3)
He 0.160 1.950 4.003
Ar 1.623 2.263 0.743 0.700 0.203 39.944
N2 1.138 1.779 28.016

As the experimental data shows at Fig. 2a the sliffutakes place in the system. For the systems
0.4 He (1) + 0.6 Ar (2) — N3) whereDj significantly differ from each other with increagipressure
becomes nonlinear.

The velocity profile at pressure 2.0 MPa signiftbamonlinear and shows that in the system might
take place an outgoing and rising convective flomisich is in agreement with the experimental data
shown in Fig. 5b. In Fig. 6 the concentration lichsracterize the mass transfer at different tirimes.
the system 0.65 CH1) + 0.35 Ar (2) — N (3) the mass transfer occurs by diffusion (Fig.9aAt
various isoconcentration bending lines is virtuahsent. For the system 0.4 He (1) + 0.6 Ar (2) —
N2 (3) is observed quite another picture. Prior tospuee P ~ 1.0 MPa the picture of
isoconcentration lines is similar to those showfim 6 a, b. The diffusive transfer is carried out
the system. Further pressure increase brings iistain the system. Isoconcentrational lines
curved (Fig. 6, d) and takes place the transfenftioe diffusion mode to convective. These results
coincide with the experimental data shown in Fig. Phus, the main feature of the change of the
mode "diffusion - convection” is the manifestatimiithe curvature of isoconcentrational lines.
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Figure 5. Vertical velocity profiles in the middbé computational area at tinhe= 2 for the three-

component systems at different pressuag6.65 CH (1) + 0.35 Ar (2) — N(3), T=298.0K, 1p

= 0.5MPa; 2)p = 1.5MPa; 3)p = 3.0MPa. b) 0.4 He (1) + 0.6 Ar (2) -»KB), T=298.0K, 1p =
0.5MPa; 2)p = 1.5MPa; 3)p = 2.0MPa.
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Figure 6. Concentration fields at various presstoethe system 0.65 CH1) + 0.35 Ar (2) — N
(3), T=298.0K: apP = 1.5 MPat = 13.5 s; bP = 2.0 MPat = 18s; and for the system 0.4 He
(1) +0.6 Ar(2)—N@3):c)P=15MPat=13.5s;dP=2.0 MPat =18 s.

Fig. 7 shows the fields of concentrations at presBu= 2.5 MPa and various times. Calculation
results show that at the starting stage the flosuocwith small speeds.

At the result of intensification of currents thembserved a significant curvature of
isoconcentrational lines and increase of speedsfieanLoss of time of mechanical stability of
mixture for the given system forms tens of secomdsch is comparable with the experimental data
shown in Fig. 3b. Then there observed the rapicckbgwment of convective currents. Convective
flow is realized in the form large scaled structuwath their subsequent annihilation. Further, sake
place a similar revival of structured convectiomreats, which leads to the pulsation of medium on
the surface of the flow. Periodicaly ("drip") blend mode is clearly fixed on the experimental data
shown in Fig. 3. At the final stage of mixing thenwection attenuated and multicomponent transfer
is carried out in a diffusion mode.
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Figure 7. Concentration fields for the argon #fiedent times of mixing in the system 0.4 He (1)
+ 0.6 Ar(2)-N2 (3)P=25MPaT=298.0:aY=0s; b)t=10.55s;cj=20.30s;
d)t=30.05s.

Thus the comparison results show that the used Inarde the method of calculation allows to
determine the parameters of regime change “diffusimncentration convection” and to obtain
reliable data on the concentration fields and fyeed transfer in the regime of advanced convective
instability in isothermal ternary gas mixtures.

CONCLUSIONS

It is experimentally studied the stability of menigal equilibrium in isothermal gas mixtures. At a
certain value of pressure the mechanical equilibrim a mixture is disturbed and the system
undergoes a transition "isothermal diffusion - aection gravity concentration”. There have been
offered mathematical model for numerical simulatioh complex mass transfer in isothermal
ternary gas mixtures at different pressures. Nurallyi investigated the effect of pressure systems,
where the occurrence of convection is due to teability of the mechanical mixture equilibrium.



Obtained pressure values associated with the timmsf "diffusion - convection.” The results of
calculations to determine the diffusion areas drddravity concentration convection in a ternary
gas mixture, depending on the pressure is in satsfy agreement with the experimental data.
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