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Abstract

On the basis of the software package "MathCad", by solving the Stefan-Maxwell diffusion equations, the evolution
of the features of mass transfer in a three-component gas mixture, depending on pressure changes, has been numerically
studied. In this analysis, the mixing process is studied in a vertical cylindrical channel of a finite size and at the
isothermal conditions. The governing equations are solved at the boundary conditions assuming the absence of matter
transfer through the walls of diffusion channel. Through the Rayleigh partial numbers, the influence of the pressure
change on the behaviour of diffusion and convective flows is examined.

The numerical results reveal that an increase in the pressure leads to a change of modes in ternary gas mixture. The
present results are in good agreement with the existing experimental data.

Keywords: isothermal molecular diffusion, diffusion instability, gravitational concentration convection, mechanical
equilibrium, linear theory of stability.
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2an-Dapabu ameinoazul Kazax ynmmuix ynusepcumemi, Anmamol , Kazaxcman
YII KOMIIOHEHTTI I'A3 KOCITACBIHJAAYBI TYPAKCBI3 MACCA AJIMACY KE3IHJE
PEXXUMJIEPAIH O3T'EPYIH CAHABIK 3EPTTEY CYTEI'T- A30T OKCHAI-A30T

«MathCad» Oarmapnamanbelk makeTiHiH HeriziHme CredaH-MakcBemnmid Audy3UsUTBIK TEHACYISPiH MIeNTy ofici
KBICBIMHBIH ©3repyiHe OaIaHBICTBI YII KOMIOHEHTTI ra3 KOCIACBIHOAFBl Macca alMacy CHIATTaMallapbIHBIH
9BOIIIOIMSCH CaHIBIK 3epTTenreH. Herisri TeHmeynep audQy3usuiblk KaHAIIBIH KaOBIPFaIapbl apKbUIBI 3aTTHIH
TachIMaiJaHOaybl Typajbl OODKaMMEH IIeKapaliblK JKar[ainapia Inemriiesi. PajelaiH mapuuaniel caHAapbIHbIH
KeMeriMeH KbICBIMHBIH 03repyiHiH M} dy3usIbIK )koHe KOHBEKTHBTI aFbIHIAp/IbIH pEKeTiHe acepi 3epTTeei.

CaHJIBIK HOTIKENEP KBICHIMHBIH JKOFapbUIaybl VIITIK Ta3 KOCIACBIHAAFbl PEXUMICPIIH ©3repyiHe OKeNeTiHiH
Kepcete/ii. ¥ ChIHBUIFaH HOTHIKEIIEP KOJIJaHBICTAaFbl TOKIPHOEIIK MAIIMETTEPMEH JKaKChI Yiliecesi.

Tyitin ce3mep: H30TEPMUSUTBIK MOJEKyIanblK auddys3us, audQy3usuiblK TYPaKCHI3IbIK, TPABUTALUSIBIK
KOHIICHTPAIUSUTBIK KOHBEKIIUS, MEXaHUKAJIBIK TEIe-TeHIIK, ChI3BIKTHIK TYPAKTHUIBIK TEOPHUSICHI.
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2Kaszaxckutl HayuonanvHulil yuueepcumem umenu anv-DPapabu, 2. Anmamor, Kazaxcman
YUCJIEHHBIE UCCJIEJOBAHHUS CMEHBI PEXKUMOB IIPH HEYCTOMYUBOM MACCOITEPEHOCE
B TPEXKOMIIOHEHTHOM 'A30BO1 CMECH BOJOPOI-OKCHUJ A30TA-A30T

Ha ocnoBe nporpammuoro makera «MathCady», meromom pemrenus ypaBuenuii auddysun Credana-Makcseia
YHCICHHO WCCJIEIOBaHA, OJBOJIONMA OCOOCHHOCTEH MaccomepeHoca B TPEXKOMIIOHEHTHOM Ta30BOH CMeCH B
3aBUCHUMOCTHU OT UBMCHCHMUS OABJICHUA. B IPEACTABIICHHOM aHAJIN3€ MPOLECC CMCIICHUA UCCIEAYETCA B BEPTUKAJIBHOM
LMJIMHAPUYECKOM KaHalle KOHEUHBIX pa3MepoB IPH M30TEPMUYECKUX yCIOoBHUAX. OCHOBHbBIE YpaBHEHHS PELIAIOTCS TPH
I'PaHUYHBIX YCJIOBHSIX B IPEIIIOJIONKEHUH OTCYTCTBHS NEpeHOCA BEIIECTBa Yepe3 CTeHKH anddy3noHHoro kanama. C
MIOMOIIBIO MapIHMANBHBIX 4Hcel Panes nccnenyercs BiIMsSHUE U3MEHEHMS JaBJICHHs Ha moBejeHue TUQQy3HOHHBIX U
KOHBEKTHBHBIX ITOTOKOB.

UYncneHHble pe3ysIbTaThl OKA3bIBAIOT, YTO MOBBIIIEHHE JABJICHUS NPUBOINT K CMEHE PEKMMOB B TPOWHOH Ia30BOM
cMmecu. [IpeacTaBieHHbIe pe3ysIbTaThl XOPOIIO COTJIACYIOTCS C CYIIECTBYIOIIMMH SKCIIEPUMEHTAILHBIMU JaHHBIMU.

KiroueBble cjioBa: m30TepMUIecKast MOJIEKysipHast Tuddys3us, 1uddy3noHHass HEYyCTOMYUBOCTh, TPaBUTAIIMOHHAS
KOHIICHTpAalTMOHHAsA KOHBEKIHA, MEXaHNYECKOE paBHOBECHE, JIMHEWHAs TEOopusd yCTOfI‘IPIBOCTPI.
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Introduction

The process of diffusion instability (i.e. the onset of convective flows in multicomponent liquid and
gaseous systems) depends on certain conditions and parameters, for example, concentration, temperature,
pressure, the difference in diffusion components, geometry of diffusion channel and etc. [1-5].

However, some experiments showed that a change in the mass transfer regime from molecular diffusion
to concentration convection is to be characterized a different sign of the density gradient [6]. This made it
possible to reveal the evolution of some characteristic features of the mass transfer regime in ternary gas
mixtures in the course of transition from molecular diffusion to the diffusion instability and the ordinary
convective mixing. Application of stability theory [7] allowed formulating an approach to revealing common
regularities in determining the transition from the diffusion regime to the gravitational concentration
convection.

The aim of this study is to examine the transition from the state of diffusion to the regime of
concentration gravitational convection (diffusion instability) in a channel of finite size in the absence of
mass-transfer through its wall in the framework of the stability theory. In addition, to compare the obtained
data with the experiments presented in [6], where the transition from the state of diffusion to the regime of
convection is studied at different pressures.

Mathematical Model of Diffusion Instability

The macroscopic flow of the isothermal ternary gas mixture is described by the general system of the
hydrodynamic equations, that includes the Navier — Stokes equations, equations for conservation of the
number of particles in the mixture and the components. Taking into account the conditions of independent

3 3
diffusion, for which the Z Ji=0and Zci =1 are valid, the system of equation takes the following form
i=1 i=1

[7, 8]

p[%l+(UVU)} __Vp +nvzu+(g ' ngdivmpg, gt—”+ div(ni)=0,

% +VVe, = —diVTi : ji = _(D;VCi + D;VC]-), (1)

where Dj; is the practical diffusion coefficient.
The equations (1) are supplemented with the environmental state equation

p=p(c, ¢, p), T =const

interrelating the thermodynamic parameters entering Egs. (1).

The method of small perturbations [7] has been used by solution of the system of equations (1). Taking
into account that at L » » (L, r are the length and radius of diffusion channel accordingly) the differences
between perturbations of the average v and weight-average U velocities in the Navier — Stokes equation
will be inconsiderable, then the final system of equation of gravitational concentration convection for
perturbation values in dimensionless quantities takes the form:

oc, ..
P, El - (Uy) = Tllvzcl + %levzczi
oc -
ZZEZ_(UJ/)=%721V2C1 +V2C21 2
ou ”o -
= VPV (Ryzy,C, + R,C, )7

divi =0,
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where P, =v/Dj is the Prandtl diffusion number, R = gg Ad*/yvD; is the Rayleigh partial number [4,

8], T = D; / D;z denotes the parameters, which determine the relationship between the “practical”

diffusion coefficients.

It is necessary to define exactly the boundary conditions for the solution of the system of equations (2).
Therefore, we have considered the unstable diffusion mixing problem in the cylindrical channel of a finite
size, which is distinct from the infinite case.

The equation system (2) is solved by the method given in [7-9]. As a result, we determine the
concentration distribution along the length of the cylindrical channel of finite dimensions L, r [8]:

i 2480 (k* +a? { 3,(k)  al,(2) J.(k)

A A
(1_142712] (711_/11721]
) e ass

(711 = 71721) L (71— 7,751) , 62h* "’
the first kind, and the parameter k can be found from the equation kJ, (k) =(n+1)J, (k).
In order to determine the monotonous stability boundary of the problem under consideration, the third

equation of the system (2) can be scalarly multiplied by the vector U and integrated all over the volume V of

the diffusion channel. This can be done under the conditions, that Vp =0, 2—: =0. Then we have:

c :11K‘(h2_ZZXShZ_ZZ)COSWx a’ J”(kr)+ In(ar){n(az+k2)—a2kL(k)}_(k2+a2)fn}' 3)

where K, = Jn and I, are the n-order Bessel functions of

[aveadv + Rz, [u,cdv +R, [uc,dv =0. 4)

This equation in the coordinates (Ri, R2) gives a straight line MM dividing the region of molecular
transport and the region of the diffusion instability. Figure 1 shows the location of the neutral line of
monotonic instability for the system 0.4163H; + 0.5837N.O — N, for n = 1. The region that lies below the
line M1M; corresponds to diffusion.

From the condition of zero density gradient of the mixture and with allowance for the determined values
of partial Rayleigh numbers (2), we obtain the following equation for the line in the plane (R1, R2):

;R =-R,. (®)

The mutual position of the line of monotonic instability M1M: (Eq. (4)) and the lineVp =0 (Eq. (5)) for

n =1 is shown in Fig. 1. As follows from figure, there exists a region on the plane (R1, R2) where the line
MM is situated below the line (5). In this region, the mixture appears to be unstable.

Results of Numerical Experiment

Analysis of Experimental Data

Assessment of the pressure influence on the intensity of unstable process is given in [6]. The following
system 0.4163H, + 0.5837N,O — N, was examined. The experiments described in [6] were conducted in a
two-flask diffusion setup comprising the upper and lower vessels with equal volumes V; =V, =55 cm?®and a
diffusion channel with a diameter of 4.0 mm and a length of 7.0 mm. The temperature in all experiments was
298.0 K. The experiments lasted 20 min that made it possible to obtain the full information about the
character of the examined mass transfer.

The binary gas mixture 0.4163H; + 0.5837N,0O was always charged into the upper flask and the nitrogen
was admitted to the lower flask. The process of gas mixing in the system was studied at various pressures.
The experimental data allowed the characteristic transition regimes to be revealed. In the interval of
pressures from atmospheric to about 0.4 MPa, behaviour of the component concentration is characteristic of
the molecular diffusion. The further increase in the pressure leads to the development of instability in the
mechanical equilibrium of the gas mixture. The subsequent increase in the pressure from 1.5 to 3.0 MPa
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leads to a change in the sign of the density gradient, which is accompanied by competition of the convective
flows caused both by the diffusion instability and by the traditional convective mixing.

Analysis of Calculation Results

To compare the numerical results identifying the areas of stability and instability with the experimental
data shown in [6] we represent them in the form of partial Rayleigh numbers. The partial Rayleigh numbers
in accordance with (2) can be written as follows:

_gnriam, oc,
pD, &

gnriam, e,

Rl *
p,, 2

y R2 = ) (6)

where m; is the molecular mass of the i-th component, Am, =m, —m,, Am, =m, —m,. If conditions of

the experiment are known (pressure, temperature, composition of mixtures in each of the flasks, the size of
the diffusion channel), then according to Eq. (6) we can find R; and R, and thus determine the point
representing this experiment on the plane (R1, R2). From experiment, we know what the regime (diffusion or
convection) occurs under the given conditions.

Figure 1 shows the experimental data in terms of the Rayleigh numbers for the system 0.4163H, +
0.5837N20 — N obtained by varying the pressure. The full circles correspond to the convective mixing
process while the open circles conform to the diffusion one. The lines MiM;, M2M; are drawn for first and
third modes of the disturbances characterizing the change of convective mass transfer type.
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Fig.1. Boundary lines of monotonic instability MM and zero density gradient Vp =0
for the system 0.4163H; + 0.5837N20 — Ny. Symbols @ correspond to data that determine unstable state. The
calculation is carried out at the pressure values: p = 0.093 (1), 0.323 (2), 0.400 (3), 0.471 (4), 0.588 (5), 0.659 (6),
1.059 (7), 1.294 (8), 1.529 (9) MPa.

As it is seen from the experimental data represented in [6], the change of the passed hydrogen or nitrous
oxide concentration subject to the pressure is the curve with the maximum. If we suppose that the areas
connecting with the abrupt changes of the process intensity correspond to the transfer mode change, then the
experimental partial Rayleigh numbers determining at pressures of the intensity jump should be near the
critical Rayleigh numbers fitting with the change of disturbances modes n.

As is seen, in Fig. 1 that at the pressure from 0.093 to 0.323 MPa the system 0.4163H, + 0.5837N.0 — N;
is in the area of stable diffusion. It is conformed to the data given in [6]. According to Fig. 1 point 3
corresponds to the pressure 0.4 MPa is situated practically near the curve of monotonic disturbances M1M.
That indicates the instable process observes at the considered pressure, i.e. first regime change (or the
transition from the molecular diffusion to the diffusion instability) happens at this pressure.

At the pressure above p = 1.294 MPa the change of the disturbance scale to the formed flow regime
occurs and the next convective regime n = 3 arises. A more detailed description of the features of the
appearance of structured flows at various pressures and mixture compositions in the convective instability
regime was proposed in [10].

Thus, the results reveal that ternary gas mixture exhibits various types of mixing and the transition
regimes depending on the pressure.
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Conclusion

In this article, a numerical investigation has been performed to comprehend the evolution of the mass
transfer regime in three-component gas mixture hydrogen- nitric oxide-nitrogen in a vertical cylindrical
channel of a finite size for the pressure range from atmospheric (0.093 MPa) to 3.0 MPa. Moreover, we can
see that ternary gas mixture exhibits various types of mixing and the transition regimes depending on the
pressure. The comparison of theoretical results with the experimental data for the study of the pressure
dependence of the diffusion mixing of ternary gas mixture 0.4163H; + 0.5837N20O — N; indicates qualitative
and quantitative agreement.

This research has been funded by the Science Committee of the Ministry of Education and Science of the
Republic of Kazakhstan (Grant No. AP08955418).
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