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Abstract. This work presents a numerical study of the influence of the diffusion
channel inclination angle on the stability of mechanical equilibrium and mass transfer
in a binary Ar-N: gas mixture under gravity. Isothermal mixing in a two-flask
apparatus is considered, where the loss of mechanical equilibrium results from unstable
concentration-induced density stratification during mutual diffusion of components
with different molecular weights. The resulting concentration-driven gravitational
convection strongly affects both the rate and structure of mass transfer.

The aim of the study is to determine how the channel inclination angle influences
diffusion—convective regimes under fixed thermobaric conditions. Numerical
simulations were performed in ANSYS Fluent using a three-dimensional formulation
with species transport equations and the k- turbulence model. The geometry and
boundary conditions correspond to laboratory experimental conditions. Calculations
were conducted for inclination angles of 0°, 10°, 20°, and 30°, with analysis of
concentration fields, velocity distributions, and integral mixing characteristics.

The results show that increasing the inclination angle leads to a gradual weakening
of concentration-driven convection due to the reduction of the gravitational acceleration
component along the channel axis. This is reflected in lower convective intensity,
reduced argon transfer to the lower flask, and smoother temporal concentration
variations. At 30°, the system approaches a diffusion-dominated regime. The findings
agree with the theoretical dependence of the critical Rayleigh number on cos¢ and
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reproduce experimental trends, confirming the validity of the numerical model and the
applicability of the CFD approach for stability analysis in binary gas mixtures.

Keywords: binary gas mixtures, mechanical equilibrium, inclination angle,
diffusion—convection transport, numerical modeling
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AHHoOTanus. Byn >xymbIC TpaBUTAIMSUIBIK epicTeri exikoMmoHeHTTI Ar—Na ra3
KocnacblHaa 1udQy3usUIbIK apHAHBIH KHCA0 OYPBIIIBIHBIH MEXaHUKAJIBIK TeIle-TeHIK
TYPaKTBUIBIFBl MEH Macca ajMacy CHUIaThiHA 9CEPIH CaHIBIK 3epTTeyre apHaiFaH. by
YKYMBIC €Ki KOJI0aJIbI anmaparTarbl ra3ap/ibiH H30TEPMHUSIIBIK apaiacyblH KapacTbIpabl,
OHJIa MOJIEKYJIAJIBIK Maccajapbl opTYPIIi KOMIIOHEHTTEpAIH 03apa nuddy3usce! ke3inie
TBIFBI3ABIKTBIH TYPAaKChI3 KOHLIEHTPALMSIBIK CTpaTU(UKALMSICHIHBIH Maiifa Oomysl
MEXaHUKAIBIK TEMe-TCHMIKTIH OY3bUTybIHA oKeneni. HoTmwkeciHme maiima OomaThiH
KOHLCHTPALUFa HET13eJIT'eH IPaBUTALUUIBIK KOHBEKIIHS Macca aiMacy >KbUIAaMIbIFbI
MEH KYPBUIBIMBIHA €JIeyNli ocep eTedl, COHABIKTAH OHBIH KApKbIHBIH aHBIKTAHTHIH
(bakTOpIapbl TajAay MaHBIIBL.

3eprTeydiH Herisri MakcaThl — OepiireH TepMOOapHsUIBIK KaFainapaa
1 dy3Hus-KOHBEKTHBTI Macca ajlMacy peXHMICpiHIH KalbIITacybl MEH JaMybIHIa
KaHAJBIH KUCAI0 OYPHIMIBIHEIH pojiH aHbikTay. Canasik Momenbacy ANSYS Fluent
OargapiraMabIK MAaKeTiH/Ie YIIOIIeM/ i KEHICTIKTe KOMITOHEHT TachIMalIiay TeHIeYIIepi
MeH k—@ TypOyneHTTiK Mozel KOMAaHbLIbII KYPri3ini. KypblUIFbIHBIH T€OMETPHSIIBIK
KOH(MUTYpaIHIChl MEH IIEKapalbIK MAPTTapbl 3ePTXaHAIBIK TIKIpUOE KaraainapbiHa
coiikec keneni. Ecenrreynep 0°, 10°, 20° sxone 30° eHKimT OYpBIIITaphI YIITiH KYPTi3iIi,
KOHLEHTPALHUSl OpIiCTEpPiHIH YaKbITTBIK JWHAMUKACHI, aFbIH JKbUIJAMIBIKTAPhl JKOHE
HWHTErpalIbl apanacy CHIlaTTamManapbl TalIaH bl
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Annoramusi. Pabora mocBsilieHa YHCIEHHOMY HCCICAOBAaHHUIO BIWSHHS yIja
HakiIoHa IU(QYy3MOHHOTO KaHajda Ha YCTOHUYMBOCTH MEXaHHYECKOTO PaBHOBECHS H
XapakTep MaccornepeHoca B OMHapHOM razoBoil cMecu Ar-N: B TpaBHTallHOHHOM
noje. PaccMarpuBaeTcst M30TepMUYecKOe CMEILIEHNE Ta30B B IBYXKOJIOOBOM ammapare,
IpU KOTOPOM TMOTEPS MEXaHWYECKOro paBHOBECHs OOyCIOBICHA (OpPMHUpPOBaHUEM
HEYCTOMYMBON KOHLIEHTPAIIMOHHOM CTpaTH(UKAIMU TNIOTHOCTH B MPOIlecce B3aUMHOM
i dy3ur KOMIOHEHTOB € Pa3IMYHBIMH MOJEKYJISIPHBIMU MaccaMu. Bo3HuKaromias
IIPU 9TOM KOHIICHTPAaLMOHHAs TPaBUTAIIMOHHAS KOHBEKLUS CYIIECTBEHHO BIHSET Ha
CKOPOCTb M CTPYKTYPY MacCOIEepeHOca, YTO OOYyCIOBJIMBACT aKTyaJbHOCTh aHAIM3a
(aKTOpOB, ONpENEeNAIOUINX €€ HHTEHCUBHOCTh. OCHOBHOW LENBIO HCCIEHOBAHUS
SIBJISIETCS YCTAHOBJICHHWE POJM YIVIa HAKJIOHAa KaHaja B (OPMHUPOBAHUM M IBONIOLUHU
11 (y3HOHHO-KOHBEKTUBHBIX ~PEKMMOB  MaccolepeHoca mnpu  (QUKCHpOBaHHBIX
TepMOOapUUECKUX YCIOBHAX. UnCIeHHOE MOAETMPOBAHHE BBIITOJIHEHO B IPOTPAMMHOM
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komiuiekce ANSYS Fluent B TpexmMepHO# OCTAaHOBKE C UCTIOJIb30BAHUEM YPaBHEHUH
MePEHOCaKOMIIOHEHTOBUMOJIENIN TypOyieHTHOCTHK—m. ' eoMeTpuueckas koHQUTrypamust
anmapara W TPaHUYHbIE YCIOBHUS COOTBETCTBYIOT YCJIOBHSM J1a0OpaTOpPHOTO
sKcriepuMenTa. PacueTsl mposeneHsl 11 yrioB HakioHa 0°, 10°, 20° u 30° ¢ ananuzom
BPEMEHHOM TMHAMMKH KOHLIEHTPALIMOHHBIX MOJIEH, CKOPOCTEH TEUEHHSI M HHTET PaJIbHBIX
XapaKTEePUCTHK CMEIIeHNs. YCTaHOBJIEHO, YTO YBEJITMUEHHUE yIIa HAaKJIOHA MPUBOINT K
[IOCJIEIOBATEIbHOMY OCIAa0ICHUIO KOHLIEHTPAIIMOHHOW I'PaBUTALIMOHHOW KOHBEKIMH
BCJIEAICTBUE YMEHBILIEHHS IMPOCKINH YCKOPEHHS CBOOOIHOIO MaJCHUs Ha OCh KaHaua.
OTO NMposBIseTCS B CHUKEHUN WHTEHCUBHOCTH KOHBEKTHBHBIX TEUEHUH, YMEHBIIEHUN
MOJIHOW J0JIM aproHa, MepelIe/ero B HUKHIOK KOJIOY, U CIIa)KHUBaHUU BPEMEHHOMN
JUHAMHUKY KOHLEHTPAaUMOHHbIX M3MeHeHui. Ilpn yrie 30° cuctema neMoHCTpUpYeET
TEHICHUMIO K Iepexony B IU(Qy3HOHHO-IOMUHHUPYEMbIH pexuM. llomyueHHble
pe3yabTaThl COMNIACYIOTCS C TEOPETHYECKON 3aBHCHMOCTBIO KPUTHUYECKOTO 4YHCIa
Parest oT cos ¢ 1 BOCIIPOM3BOIAT M3BECTHBIE IKCIIEPUMEHTAIbHBIE 3aKOHOMEPHOCTH,
MOATBEPKAAsi KOPPEKTHOCTh YUCIEHHON Moaenu u npumenumocts CFD-nonxona ms
aHaJIM3a yCTOMYMBOCTH MEXaHUYECKOTO PAaBHOBECHUS B OMHAPHBIX ra30BbIX CMECSX.
KiioueBble cioBa: OMHapHBIC ra30BbIE CMECH, MEXaHUYECKOE PaBHOBECHE, yrol
HakJIoHa, 1M Y3MOHHO-KOHBEKTHBHBIN TIEPEHOC, YUCICHHOE MOJICITHPOBAHHE

Introduction. Due to that mass transfer mechanisms in these systems control
the dynamic properties of stratified media, studying binary gas mixtures is vital
in both theoretical and applied hydrodynamics. These mixtures play a key role in
many technological and physical processes. For areas like astrophysics, climatology,
aerodynamics, and chemical and energy technologies, understanding mass transfer in
binary gas mixtures is essential (Kossov and Altenbach, 2023; Mialdun et al., 2019;
Fedorenko et al., 2024; Kossov et al., 2022).

Under gravitational field conditions, even in the absence of a temperature gradient,
isothermal mutual diffusion of gases with different molecular weights can lead to the
formation of concentration stratification of density (Valiati et al., 2021; Ankusheva et
al., 2010). Such stratification can cause the loss of mechanical equilibrium stability of
the system and initiate a transition from the diffusion mode of mass transfer to the mode
of concentration gravitational convection. The development of instability is greatly
affected by the orientation of the diffusion channel relative to gravity. Changing the
inclination angle impacts the effective convection driving force because it alters how
free-fall acceleration projects along the channel (Liyanage et al., 2024; Banerjee et al.,
2020; Kossov et al., 2023).

The formation of complex convective regimes in binary gas systems is associated
with the heterogeneity of concentration fields and changes in gravitational conditions
when the channel inclination angle varies. In an inclined configuration, the critical
stability conditions are modified, which is reflected in changes in the effective Rayleigh
number and the transition boundary between diffusion and convective regimes. Thus,
the angle of inclination acts as an external control parameter that can both enhance and
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suppress the development of concentration-driven gravitational convection (Kosov et
al., 2020; Qiu et al., 2025; Dilman et al., 2015).

Despite the existence of experimental studies devoted to the influence of channel
orientation on the stability of mechanical equilibrium, the quantitative description of
this effect using modern numerical methods remains limited (Kossov et al., 2025; Qui et
al., 2025). Modern computational approaches allow for detailed analysis of the structure
of flows and concentration fields, but require comparison with reliable experimental
data (Kossov et al., 2023).

The aim of this work is to analyze the structure of concentration fields in a binary
argon-nitrogen gas mixture at different angles of inclination of the diffusion channel,
as well as to develop and verify a numerical model of mass transfer that takes into
account the parametric dependence of the mechanical equilibrium boundary on the
angle of inclination. Particular attention is paid to determining the critical values of
dimensionless parameters characterizing the transition from the diffusion mode of mass
transfer to the mode of concentration gravitational convection. The study is conducted
within the framework of hydrodynamic stability theory using numerical simulation
methods in the ANSYS Fluent software package (Kosov et al., 2025; Qui et al., 2025;
Mukamedenkyzy 2025; Zhakebayev et al., 2022). The obtained calculation results are
compared with known experimental data and demonstrate satisfactory agreement.

Materials and methods. The experimental results obtained in (Kulzhanov 2002) for
a binary Ar-N- gas mixture at a pressure of 0.584 MPa and a temperature of 298 K using
a two-flask method, the diagram of which is shown in Fig. 1, were used as initial data. The
diffusion apparatus consisted of two flasks of equal volume V =V =69.5 cm’, connected by
a cylindrical diffusion channel with a diameter of d=4 mm and a length of L=70 mm. The
duration of one experiment was 17 min.

Unlike previous studies, this work focuses on analyzing the effect of the angle of
inclination of the diffusion channel relative to the vertical on the nature of mass transfer
and the stability of the mechanical equilibrium of the system. In numerical calculations,
the geometry of the installation remained unchanged, while the orientation of the channel
in the gravitational field was varied, which made it possible to vary the projection of the
acceleration of free fall along its axis.

The ANSYS Fluent software package provides the ability to perform three-dimensional
modeling of diffusion channels of arbitrary geometry (Kulzhanov 2002), including taking
into account the spatial orientation of the system relative to the gravity vector, as well as
visualization of the evolution of concentration and velocity fields over time. This allows
for a detailed analysis of the effect of the angle of inclination on the development of
concentration gravitational convection and the transition between diffusion and convective
mass transfer modes.
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Figure 1 — Three-dimensional model of the diffusion cell and the calculated simulation area inclined at 30°

To model a binary gas mixture, a mixed-method approach was used to create a mesh
for discretizing the computational domain. The unstructured triangular mesh represented
the cylindrical parts of the installation, and the structured square mesh represented the
diffusion channel. This type of mesh adequately represents the geometric features of
each area of the installation. Since the characteristic cell size was 1 mm, it creates a
correctly represented model geometry and allows for stable convergence of the numerical
solution (Ansys, 2025). The total number of elements in the calculation domain is about
425,000. This amount of resolution should provide a reliable representation of mass
transfer and mixing phenomena in a binary gas system. The use of triangular and square
meshes offers an optimal balance between accuracy and efficiency. The triangular cells
in the cylindrical section accurately represent curved surfaces, while the structured mesh
in the diffusion channel significantly reduces computation costs. Both of these aspects
follow current guidelines for creating computational meshes to simulate processes in
binary gas mixtures, where the choice of element type and size balances the complexity
of the geometry with the needed accuracy (Kutkan et al. 2021).

Mass transfer modeling in the Ar-N: system was done under initial conditions. In
this setup, argon sits in the upper flask and nitrogen in the lower one (Kulzhanov, 2002).
This arrangement, caused by the difference in molecular weights of the gases, creates
a clear gravitational separation of the mixture's density. This allows for the study of
how mechanical equilibrium can be disrupted. Within the framework of mathematical
modeling, the assumption was made that the physicochemical characteristics of the
gas environment are constant. The numerical values of the corresponding parameters
were obtained from the built-in database of substances in the ANSYS Fluent software
package.

Since the apparatus is modeled as a closed system, impermeability conditions are
set at all its boundaries. This type of boundary conditions mathematically excludes
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the possibility of any mass transfer through the control surface, thereby ensuring the
isolation of the system from the external environment in terms of material components.
To maintain a constant temperature during the mixing process, suitable thermal
boundary conditions were applied. The apparatus was designed with a solid wall made
of structural stainless steel. Its thermal and strength properties were sourced from the
ANSYS Fluent materials library (Ansys, 2025; Kutkan et al., 2021; Slavinskaya et al.,
2023).

Convective flows driven by mechanical equilibrium instability show complex
changes during the initial stage. The evolution of convective flows includes a sequence
of stages: linear growth of small convective perturbations, nonlinear interaction of
instability modes, transition to a turbulent regime with the formation of multiscale
vortex structures, and other specific features determined by the parameters of the system
(Kulzhanov, 2002). To analyze partial flows in media with convective flows of variable
intensity, it is advisable to use the k-m turbulence model (Kutkan et al., 2021; Slavinskaya
et al., 2023; Noubhaila et al., 2024) which allows adequate description of mass transfer
processes in a wide range. The initial and boundary conditions were set as follows: at
the initial moment of time, the upper and lower chambers of the diffusion apparatus
contained different binary gas mixtures. The molar fractions of the components were
determined using the patch method for the corresponding grid zones.

In ANSYS Fluent, binary gas mixtures are simulated using component transport
equations (mass fractions Y, and Y,) and equations of motion. Mass transfer is described
by convective-diffusion equations taking into account molecular and turbulent diffusion,
and the density of the mixture is calculated according to the selected state model. The
formulas include the transport equation for mass fraction (Ansys, 2025):
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where D_; is effective diffusion, S, and S, are generalized source terms that account
for possible mass sources or sinks of components. In the context of the problem under
consideration, there are no additional mass sources.

The standard k—m model is based on a system of semi-empirical transport equations,
including equations for turbulent kinetic energy k and its specific dissipation rate o,
where o is interpreted as the ratio of the turbulent energy dissipation rate € to k (Ansys,
2025).
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G, — describes the generation of kinetic energy of turbulence caused by mean
velocity gradients; p — density of the medium; u = (u,,u s Uz) — velocity vector; G,
— characterizes the generation of specific dissipation rate ®. In the presented system
of equations, I'x and I'  characterize the effective turbulent diffusion for k and o,
respectively; Yrand Y are dissipation terms; Sy and S_ are user source terms, which are
assumed to be zero in this work (Qui, et al., 2025). The indices i, j imply summation
over the coordinates (i, j=1,2,3).

The effective diffusion coefficients for the k—w model are given by the formulas

H

I, =p+-—=
o )
My

I,=p+—

w—H o

Prandtl turbulence numbers ox and cw determine the efficiency of diffusion transfer
of turbulent kinetic energy and the rate of its dissipation. Within the framework of
the model used, constant values ox = 6 = 2 are assumed. Molecular viscosity p is
supplemented by turbulent viscosity p, which is a function of k and ®:
ok
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where a* is a coefficient that dampens turbulent viscosity and has a constant value
of a*=1 (Ansys, 2025).

Diffusion fluxes J, and J, for substances 1 and 2, respectively, are calculated using

the following formulas:
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In the presented model: . is the turbulent viscosity; Sc; is the turbulent Schmidt
number, defined as Sc. = u/(pDy); the standard value of Sc. is taken to be 0.7. D, is the
binary diffusion coefficient; T is the temperature.
The binary diffusion coefficient D, is determined within the framework of the
Chapman-Enskog kinetic theory (Ansys, 2025) by the formula:
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where M is the molar mass (g/mol), T is the temperature (K), p_ is the absolute
pressure (atm), Q  is the dimensionless diffusion collision integral, which quantitatively

characterizes the intensity of molecular interactions in the system.
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An approach based on the pressure method was used for all calculation models.
For spatial discretization of computational fluid dynamics equations, the schemes
listed in Table 1 were used, which were tested and validated in (Kossov et al., 2025;
Mukamedenkyzy, 2025).

Table 1. Solution methods

Quantity Discretization
Gradient Least Square Cell Based
Pressure PRESTO!
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Specific Dissipation Rate Second Order Upwind
Pseudo Time Method Off
Transient Formulation Second Order Implicit

The parameters listed characterize the configuration of the numerical solution in
the ANSYS Fluent environment, detailing the methods used to discretize the basic
equations, approximation schemes, and computational algorithms involved in the
modeling process. The selected and tested combination of discretization schemes
guarantees an optimal balance between the accuracy of the numerical solution and
computational efficiency, which is particularly critical for problems with the combined
influence of convective and diffusion processes, and makes it the preferred choice for
this class of problems (Ansys, 2025; Abd Halim et al., 2018).

Results and discussions. Results and discussions. Numerical simulations of the
dynamics of a binary gas mixture were performed using Ansys Fluent 2025 R2. The
numerical experiments were conducted on a Lenovo LOQ 151AX9 platform equipped
with an Intel Core 15-12450HX processor, 16 GB of RAM, and an NVIDIA GeForce
RTX 3050 GPU. Each simulation required between 120 and 180 minutes, depending on
the complexity of the scenario and the convergence rate.

Figure 2 shows the dependence of the o parameter on temperature for the Ar—N2
binary gas system at a fixed pressure of P=0.584 MPa and a mixing time of t=17 min.
The parameter o is introduced as the ratio of the molar fraction of the component
obtained in the experiment to the corresponding value calculated under the assumption
of pure diffusion mass transfer based on the Stefan—-Maxwell equations. Thus, a is an
integral characteristic that allows quantitative assessment of the deviation of the actual
mass transfer process from the diffusion regime.
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00 20 20 4 50 ]
Figure 2 - Dependence of parameter o on temperature for the Ar — N2 system at P = 0.584 MPa, 1=
17 min: m, O - experimental data (Kulzhanov, 2002); dotted line - calculation assuming diffusion

Figure 2 shows the experimental dependence of the parameter o on the angle of
inclination of the diffusion channel for the Ar—N2 system at a pressure of P=0.584
MPa and a temperature of T=298 K. The parameter a characterizes the deviation of
actual mass transfer from the diffusion regime and allows quantitative estimation of the
contribution of concentration-driven gravitational convection. When the channel is in
a vertical position (¢p=00), the maximum value of o is observed, which corresponds to
the intensive development of mechanical equilibrium instability and the formation of
convective currents.

With an increase in the angle of inclination, the experimental values of o decrease
monotonically, which indicates a consistent suppression of the convective transport
mechanism. At ¢=300, the system approaches the transition boundary to the diffusion
regime, and a further increase in the angle leads to an almost complete coincidence of
the experimental data with the calculation assuming pure diffusion.

Table 2. Dependence of the diffusion of gas from one flask to another on the angle of inclination of the
diffusion cell

Angle of inclination Ar N,
0 0.1367 0.1354
10 0.1055 0.0965
20 0.0738 0.0698
30 0.0401 0.0477

The table shows the results of numerical modeling of the molar fraction of argon that
has passed into the opposite flask at angles of inclination of 0°, 10°, 20°, and 30°. The
calculated values demonstrate a steady tendency toward a decrease in substance transfer
with an increase in ¢. Thus, when moving from a vertical position to an angle of 30°, the
molar fraction decreases more than threefold. This quantitatively confirms the decrease
in the intensity of concentration gravitational convection with a decrease in the effective
projection of free-fall acceleration along the channel axis.

The physical mechanism of the observed phenomenon is associated with a change in
the component of gravity responsible for the development of density instability. Changing
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the angle of inclination of the channel affects g .= gcos(¢), where g . represents the
effective free fall (gravity) of the fluid inside the channel. As the angle of inclination, o,
increases the effective Rayleigh number decreases proportionately to the value of cos(o),
which means the system is moved away from the critical stability state. The effective
Rayleigh number decreases through the angle range tested, moving from a convective
to molecular regime as the system is diminished in Rayleigh number. The numerical
results demonstrate good qualitative agreement with the experimental dependence
a(p). Although the experimental graph is presented without exact numerical values, the
nature of the decrease and the position of the critical region are reproduced correctly.
This confirms the adequacy of the chosen mathematical model and the correctness of
the gravitational vector assignment when modeling an inclined configuration.

Additional analysis of the temporal dynamics of concentrations in the upper and
lower flasks shows that as the angle of inclination increases, the amplitude of the initial
non-stationary oscillation’s characteristic of the stage of convective structure formation
decreases. At small angles, a pronounced nonlinear growth of concentration perturbations
is observed, while at ¢=300, the temporal dependencies become smoothed and close to
diffusion evolution. This indicates the suppression of vortex structures and a decrease in
the intensity of exchange between the flasks. Thus, the angle of inclination of the diffusion
channel acts as an effective control parameter for the stability of the mechanical equilibrium
of a binary gas mixture. The results obtained confirm the theoretical dependence of the
critical Rayleigh number on cos¢ and demonstrate that even relatively small deviations
from the vertical significantly affect the nature of mass transfer.
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Figure 3 — Dependence of the change in argon concentration in the lower flask on time at different
angles of inclination for the system Ar-N, at p=0.584 MPa and T=298 K: a) =0°; b) =10°; ¢) ¢=20°; d)
0=30°
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Figure 3 demonstrates that the temporal evolution of argon concentration in the
lower flask depends systematically and monotonically on the inclination angle of the
diffusion channel. As the inclination increases, the concentration-time curves indicate
a progressive reduction in both the rate and total amount of mass transfer from the
lower to the upper flask. Configurations closer to the vertical orientation display
more pronounced initial concentration increases with evident nonlinear acceleration,
attributable to buoyant convective movements combined with molecular diffusion.
With increasing inclination angle, the concentration profiles become smoother,
indicating a transition from convection-driven to diffusion-dominated mass transfer, as
reflected by the increasingly flat slopes of the curves. The decreasing slope signifies a
reduction in the effective gravitational force component along the channel axis, thereby
diminishing the mechanism responsible for concentrated convection. Additionally, the
cumulative concentration change over a given period decreases with increasing angle,
confirming that mixing efficiency declines as the inclination increases. The absence
of distinct accelerative mixing stages at larger angles suggests that vortex structures
are significantly attenuated or insufficiently developed. These results confirm that
even moderate deviations from vertical orientation substantially affect mixing kinetics
and stabilize the mechanical equilibrium of the binary gas system, consistent with the
theoretical cosp dependence of the effective Rayleigh parameter.

Mole fraction of Ar
567 e01
5.05e-01
4,49 e-01
3.98e-01
3.36e01
2.80e-01
224 e-01
1.68e-01
1.12e01
5.61e-02
0.00 e+00

a) b) c) d) e)
Figure 4 — Convective structures formed in the diffusion channel for the system Ar-N, at p=0.584
MPa, T=298 K at the moment t=120 s depending on the channel inclination: a) ¢=0°; b) ¢=10°; ¢) ¢=20°;
d) 9=30°; e) concentration scale for cases (a), (b), (¢) and (d) describing numerical values of colors

Figure 4(a—d) illustrates that the inclination angle of the diffusion channel significantly
influences the spatial structure of the concentration field. In the vertical position (¢ =
0°), gravity aligns with the channel axis, promoting the formation of convective patterns
within the diffusion zone. As the inclination increases to ¢ = 10-20°, the symmetry of
the concentration field is gradually restored and convective disturbances weaken. At
¢ = 30°, the concentration profile becomes notably more uniform along the channel,
indicating suppression of large-scale convection. This stabilizing effect results from a
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reduction in the effective gravitational component along the density gradient, which
diminishes buoyancy-driven flow. The numerical results confirm that increasing channel
inclination enhances the stability of mechanical equilibrium in the Ar-N: system under
the examined thermobaric conditions.

Conclusion. Conclusion. This study investigates the influence of diffusion channel
inclination on the stability of mechanical equilibrium and mass transfer in an isothermal
Ar-N: gas mixture under gravity. Transient three-dimensional simulations in ANSY'S
Fluent were conducted for inclination angles of 0°, 10°, 20°, and 30°. The findings
demonstrate that inclination angle is a key parameter governing the interplay between
diffusion and convection, with gravitational convection driven by concentration gradients
diminishing as the effective vertical gravity component decreases. Quantitatively, the
molar fraction of argon transferred decreases by more than threefold as the channel is
tilted from vertical to 30°, indicating a substantial reduction in convective mass transfer.
This observation aligns with the theoretical criterion that the effective Rayleigh number
is proportional to the cosine of the inclination angle. As inclination increases, the system
transitions toward a diffusion-dominated regime, and concentration fields become
progressively smoother, reflecting reduced convection. Comparison with experimental
data shows that the instability parameter decreases monotonically with increasing
inclination. The numerical model accurately represents the system's physical processes
and may assist in defining stability limits for inclined diffusion channels. Overall, the
results confirm that channel orientation significantly affects mass transfer in binary
gases and may serve as a passive means to control concentration-driven convection in
practical applications.
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