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CHARACTERIZATION OF MASS TRANSFER IN A TERNARY GAS
MIXTURE WITH A SPECIFIC COMPONENT DEPENDENT ON
PRESSURE

Abstract. This study analyzes the diffusion instability of a ternary gas mixture
and its variations depending on pressure. Experimental results under isothermal
conditions reveal different mixing regimes, ranging from molecular diffusion to
the onset of diffusion instability and conventional convective mixing. The system
0.4163H, + 0.5837N,O — N, was chosen as the object of study, and analysis
was conducted using a two-column method. Although density changes were
significantly related to pressure, the nature of component concentration variations
was determined by the positioning of nitrous oxide in the upper flask and nitrogen
in the lower flask. The results highlight transitional regimes of mixing processes
influenced by different pressures and thermodynamic parameters. In the pressure
range from atmospheric (~0.093 MPa) to approximately 0.4 MPa, a process
characteristic of molecular diffusion was observed in component concentrations.
This was confirmed by the agreement between experimental data and calculations
using the Stefan-Maxwell equations. Furthermore, during the study, it was observed
that the lack of separation between mixture components during convective mixing
was due to the non-ideality of the binary component-nitrous oxide which created
a density gradient. Consequently, the contribution of convection defining diffusion
instability was found to be smaller compared to gravitational concentration-driven
transport. The minor unstable disturbances in mechanical equilibrium, along with
the assumption of a linear distribution of component concentrations, the neglect of
quadratic disturbance terms, and the selection of appropriate unit scales, allowed
for the transition to perturbation equations. According to the research findings,
experimental data were satisfactorily described by theoretical models in the
Rayleigh number plane. This study enhances understanding of the interrelationship
between diffusion, instability, and convection in gas mixtures while illustrating how
thermodynamic parameter variations influence mixing regimes.

Keywords: molecular diffusion, thermodynamic parameter, Rayleigh number,
convective mixing, Stefan-Maxwell.
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Introduction. An experimental investigation of mass transfer in an
isothermal ternary gas mixture, in which partial density changes occur in
accordance with real gas laws for one of the components, demonstrated
that in such diffusionally unstable ternary gas mixtures, it is possible
to observe not only various types of mixing from molecular diffusion to
diffusion instability, followed by conventional convective mixing but also
transitional regimes dependent on thermodynamic parameters such as
pressure [1].

The purpose of the study. The mixing process was examined using
the two-column method for the system 0.4163H, + 0.5837N,O - N, at
different pressures. Despite density differences, the binary mixture
exhibited significant changes under pressure, as the component with real
properties (nitrous oxide) was consistently located in the upper flask of the
apparatus, while nitrogen remained in the lower flask.

Research methods. Analyzing the nature of component concentration
variations allowed for the identification of characteristic mixing regimes
(see Figure 1).
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Figure 1 — The amount of hydrogen and nitrous oxide transferred from the
upper flask of the apparatus to the lower one under different mixing conditions
depending on pressure.
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Dots represent experimental data. Solid lines indicate polynomial
fittings of varying degrees, while dashed lines correspond to calculations
under the diffusion approximation.

3
ZC1=1

i=1

In the pressure range from atmospheric (~0.093 MPa) to approximate-
ly 0.4 MPa, component concentration changes characteristic of molecular
diffusion were observed. This was confirmed by the agreement between
experimental data and calculations using the Stefan-Maxwell equations.
Further pressure increases led to mechanical equilibrium instability in the
gas mixture. The transition boundary from "molecular diffusion - diffusion
instability" was associated with the shift from molecular transport of com-
ponents to structured convective flows displaying a pronounced binary
mixture separation effect [2]. At a pressure of approximately 1.5 MPa, the
binary mixture’s density approached that of a pure component, and the
mixing intensity reached its maximum. At this point, molecular diffusion
became negligible.

Between 1.5 MPa and 3.0 MPa, convective flows associated with
diffusion instability on the one hand and conventional convective mixing
on the other competed. At pressures of 3.0 MPa and higher, component
transfer in the mixture occurred solely through convection. The reason for
the lack of separation of mixture components during convective mixing
was the non-ideality of the binary component-nitrous oxide which created
a density gradient. As a result, the contribution of convection defining
diffusion instability was smaller compared to gravity-driven concentration
transport.

To describe the experimental results theoretically, previous studies
[3-5] were revisited to characterize the onset of mechanical equilibrium
instability in a ternary gas mixture undergoing isothermal diffusion in a
vertical planar channel. The macroscopic motion of an isothermal gas
mixture is described by the following system of equations:

[au+(V)]— V+2+(n+ ) Vdivu +
Plap T WWu| =-Vp+niu+(z+¢)Vdivu+pg,

ap , _ aci AT .
5, T div(pu) = 0,p (E + uVCl) = —divd j;, (1)

Ji = =p(D11Veq + Di3Ver), jz = =p(D21Ver + D2pVey),
89



lMNMuwesas u nepepa6ambleafou4aﬂ POMbIWIIEHHOCMb

where D", D’ are "practical" diffusion coefficients (PDC), related to the
diffusion coefficients of binary gas mixtures as follows:

D = Diz[c1D3a+(ca+C3)Dia]l 1« _ _ _ €1Da3(D13—Di3)
1 ¢1Dy3+C;Dyz+csDy, T 12 €1Da3+C;Dy3+C3D15’

DX = Da3[caDy3+(c1+¢3)D12]l x _  €2D13(D12—Dy3)
22 — 21 — .
¢1Da3+CyDyz+c3Dy, €1D33+C3D13+C3D12

Equation (1) is supplemented by the equation of state:
p = p(cq, ¢y, p), T = const,

which allows linking the thermodynamic parameters in equation (1).

Taking into account the small unstable disturbances of mechanical
equilibrium, assuming a linear distribution of component concentrations
in the channel, neglecting quadratic disturbance terms, and selecting
appropriate scale units allow the transition from equation (1) to perturbation
equations [4, 5]:

dcy 0%c;, A, 0%c,
P22~ U= Tllﬁ-i_A_lTlZW’

dcy Ay 9%¢c; . 9%c, (2)
—=—u=—T1 —
P22 A, 2l oax2 T ax2
ou _ 9%u
a - _axz + R1T11C1 + R2C2,
here p;; = v/D};- Prandtinumber, v = n/p; R; = gB;A;d*/vD;;- Rayleigh number
Bi = —pi(%) ; Tij = D{j/D3y; u=1u,; Ajy = —Vcy where yis the unit vector directed

P,T.ci#cqy
vertically upward, and the index “0” refers to average values.

The solution to equation (2) is given by:
{c1,cp,u} = {c?,c,u}sin [(n +1) gx] exp[—At], (3)

where n=1,3,5...represents odd perturbation modes. The boundary
conditions assume the disappearance of velocityand disturbances in
the concentration of component c, at the vertical planes limiting the gas
mixture layer:
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u=c,=c,=0,x=+1 4)

By substituting equation (3) into equation (2), applying the boundary
conditions (4), and setting the real part of the perturbation decrement
to zero, we obtain the equations for monotonic (5) and oscillatory (6)
perturbations of A:

T11 (1 - j_ile)Rl + (711 - %TH)RZ = [(n +1) gr [t11 — T12T24], (5)

AZ Al T 4
T11 [—A—1T12 — Py - T11] Ry + [—7721 — Py - 1] Ry = [(Tl‘l' 1);] ©)

1
{E (Paol1 + Tq1] + 71 — TyaTo)[=Pop = 1 = 711 — T4 742 — T11}’

For the studied system, Figure 2 presents the following corresponding
to equations (5) and (6): the MM monotonic instability line, the CC
oscillatory instability line, and the Vp = 0 equal density line. Above this
line, the density gradient is positive. The same figure also shows the
experimental values of the partial Rayleigh numbers, determined using
equation (7) [4, 5].

Discussion of the results. When comparing theory with experimental
data, the following conditions hold:

1) Component 1 corresponds to hydrogen, the lightest in terms of
density; component 2 corresponds to nitrous oxide, the heaviest; and
component 3 corresponds to nitrogen, which occupies an intermediate
state.

2) The partial Rayleigh numbers for a diffusion channel of radius r and
length L, connecting the upper flask | of the apparatus to the lower flask

II, are expressed as follows:
_ gnr*Amycy __gnrtim,c,
R1 - y 2 —

pvDi, L pvD3,L

Acy = ¢qp — ¢ Acy = ¢pp = Cpp, Amy = my —mg, Amy = my —mg, ™
(7)Here, m, — is the molecular mass of the i-th component, and n is
the numerical density of the mixture. If the experimental conditions
(pressure p, temperature T, composition of the mixture in each flask, and
the dimensions of the diffusion channel r and L) are known, then using
equation (7), the values of of R, and R, can be determined, thereby
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identifying the corresponding point (R, R,) in the plane representing this
experiment. Under certain conditions, the experiment determines whether
the diffusion remains stable or becomes unstable.

In Figure 2, we can distinguish the following regions: diffusion (where
the experimental values of the Rayleigh numbers are below the MM line)
and points above the MM instability line, which characterize growing
monotonic disturbances.

When studying a ternary system with a component exhibiting real gas
properties, varying the pressure allows an easy transition from the diffusion
mixing region to the gravitational concentration convection region. As seen
in Figure 2, the experiment confirms theoretical predictions regarding
the existence of stable and unstable mechanical equilibrium regions in
a ternary gas mixture, where one component undergoes partial density
changes with pressure according to real gas laws.

| | | |
500 1000 1500 2000 .

-200 4

-400 4

-600

Figure 2 — MM monotonic boundary lines, CC oscillatory instability, and
experimental Rayleigh numbers for the system 0.4163H, + 0.5837N, O - N, at
various pressures (0.093-4.5 MPa). Stable diffusion points are lighter, while
convection points are darker.
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Conclusion. Thus, this study demonstrates that in ternary gas
mixtures containing a component with real properties, it is possible to
transition from diffusion mixing to gravitational concentration convection by
varying pressure. Experimental results confirm the theoretical predictions
regarding stable and unstable mechanical equilibrium regions in ternary
gas mixtures where one component undergoes partial density variation in
accordance with real gas laws.
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Cepik 3.", AcembaeBa M. K.’
'9n-®apabu atbiHaarbl Kasak ynTTbik yHUBepcuTeTi, AnmarThl K., KasakcTaH

KbICbIMFA BAANAHBICTbI KYPAMbIHOA HAKTbl KOMNOHEHTI BAP
YLWITIK FA3 KOCMNACbIHOAFbI MACCA TACbIMAJbIHbIH CUNMATTAMACDI

Tyningeme. byn 3epTTey YL KOMMOHEHTTI ra3 KocnacbiHbiH ANdYy3nanbIK Ty-
paKCbI3ablfbIH XXOHE OHbIH, KbiCbiMFa BannaHbICTbl 63repicTepiH Tanganabl. Jkcne-
PUMEHTTIK 3epTTey HaTuKenepi GoMbIHLA N30TEPMUSITIbIK XaFdannapaa Moneky-
nanblk anddysnsaad 6actan, Auddy3nanbik TYPakCbI3AbIKTbIH KanbintacybiHa
YKoHe KaiMri KOHBEKTUBTI apanacTtbipyfFa AeuniHri oapTypi apanacTtbipy pexumaepi
Gavikangpl. 3epTrey obbekTici peTiHae 0.4163H, + 0.5837N, O - N, xyieci anbi-
HbIM, eki 6baraHanbl agicneH Tangay Xyprisingi. TeiFbI3abIKTbIH 63repyi KblICbIMMEH
anTapnbikTan e3apa 6annaHsicta 6onFaHbIMeH, KypaMblHAaFbl a30TThIH LWana To-
TbIFbI >XOFapbl konbaaa, an a3oT TeMeHri konbaga opHanacybl HOTUXECIHAE KOM-
NMOHEHTTEPAiH KOHLUEHTpauMsanapbiHbiH ©3repy cunatbl aHbikTangsl. Hatwwkenep
apanacTbipy NpoLecTepiHiH, 8pTypni KbiCbIMAap MeH TepMOAMHaMuKanblK napa-
MeTpriepre 6annaHbICTbl 6TNENI PEXUMAOEPIH KepceTyiMeH epekLleneHei. ATMoc-
depanbik KbiCbiIMHaH (wamamer 0,093 MlMa) wamamen 0,4 MIMa geniH moneky-
nanblk auddysnsFa ToH KOMMOHEHTTEP KOHLEHTpaUMSChIHbIH, e3repy 6Gapbichbl
bankanagpbl. MyHbl akcnepumeHTTik AepekTepaiH CTedaH-MakcBenn TeHaeynepiH
KONAaHyMeH XYprisinreH ecenteyrnepaid HaTWXenepimeH CankecTiri Aenengenai.
CoHpari-ak, 3epTTey bGapbiCbiHA@ KOHBEKTWBTI apanacTbipy Ke3iHAe KOCMaHbIH
Kypamaac GeniktepiHiH GeniHbeyiHiH cebebi ekinik KocnaHblH Kypamgac Oeniri
- @30TTblH LWana TOTbIFbIHbIH, MIHCI3 GoNMaybl ThIFbI3AbIKTbIH FPAAMEHTIH KypyFa
aKernepni, coHabiKTaH Anddy3unsanbIk TypaKCbI3AbIKTbl aHbIKTANTbIH KOHBEKLIMSIHBIH
yrneci rpaBuTaumanbIK KOHLEHTpaUnsi KOHBEKUMSICbIHAH TyblHAAFaH TacbiMangay-
MeH canbICTbipFaHaa a3 6onaTbiHAabIFbl 6ankangbl. MexaHukanbik Tene-TeHaik-
TiH Typakcbi3 Oy3binbiCTapbiHbIH a34blfblH KOMMOHEHTTEP KOHLEHTPAUUACHIHbIH
CbI3bIKTbIK Tapanybl Typansl 6omkam, KBagpaTTbik Oy3blny MyLlenepiH enemey,
conkec aykbimAbl enwiem OBipnikTepiH TaHgay Tonkynap TeHAeynepiHe Keluyre
MYMKIHAiK 6epegi. 3epTTey HaTmxenepi GolbIHLA, 3KCNEPUMEHTTIK aepekTep Pa-
Nen CcaHbl XKa3bIKTbIFbIHAAFLI TEOPUSNbIK MOAENbAEPMEH KaHaFaTTaHapnbIKTan
cvnatTangbl. byn 3epTTey ras kocnanapbiHaarbl Auddy3nsi, TypakcbhI3ablK XaHe
KOHBEKLMS NPOLECTEPIHIH apakaTbiHacbIH TyCiHyre MyMKiHAik 6epeni, coHaam-ak,
TEepPMOAMHaMUKarbIK NapamMeTpriepiHiH, e3repyiHiH apanacTbipy pexxuMaepiHe Ka-
nan acep eTeTiHiH kepceTeai.

Tyninai ceapep: Monekynansik Auddy3nsi, TepMognHamukansik napametp, Pa-
nen caHbl, KOHBEKTMBTI apanacTeipy, CtedaH-Makcsenn.
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Cepuk 3.', AcembaeBa M.K."
'Kasaxckuin HauuoHanbHbIl  yHMBepcuTeT WM. anb-Papabu, r. Anmarthbl,
KasaxcTtaH

XAPAKTEPUCTUKA MACCOOBEMEHA B TPOMHOW TA30BOW CMECU
C ONPEAEJNIEHHBIM KOMMNOHEHTOM, 3ABUCALLMM OT AABJIEHUSA

AHHOTauums. B aTom nccrnegoBaHum aHanmampyeTcs audpdysmoHHas HecTabunb-
HOCTb TPEXKOMMOHEHTHON ra3oBON CMECU U ee U3MEHEHWS, CBA3aHHbIe C AaBre-
HueM. Mo pesynbTaTaMm 3KCMepYMEHTanNbHOro UccrefoBaHnsa B U30TEPMUYECKMX
YCroBUSAX HabmnoaanMcb pasnuyHble pexrMbl NepemMeLlBaHmns, HaumHasi OT Mo-
nekynsapHon anddysmmn n 3akaHumBas opmMmpoBaHuem Anddy3MoHHOM HecTa-
OUNBHOCTN 1 OObIYHBIM KOHBEKTUBHBIM MepemMelumBaHneM. B kayectBe obbekTa
uccriefosaHus Gbina Badta cuctema 0.4163H, + 0.5837N, O - N, n nposefeH
aHanu3 ABYXKOMOHHbIM MeTOA0M. XOTS U3MEHEHWNE NNOTHOCTY CYLLECTBEHHO KOp-
penvpyeT C faBneHnemMm, B pesyrnbTarte pacnofioxXeHns 3akncu asoTa B konbe ¢ Bbl-
COKMM CoepXaHMeM, a a3oTa B Konbe ¢ HM3KMM copepkaHuem, 6bin onpeaeneH
XapaKTep N3MEHEHNS KOHLEHTPaLIMIA KOMMOHEHTOB. Pe3ynbTaTbl OTNMYalTCS TEM,
YTO MPOLECChl NepeMeLLnBaHNA EMOHCTPUPYIOT MEPEXOAHbIE PEXUMbl B 3aBU-
CMMOCTM OT pasnuyHbIX AaBNEHUN N TePMOAMHAMUYECKnX napameTpos. [pu at-
MocdepHoM AasneHum (okorno 0,093 MIMa) HabntogaeTcst M3MeHeHUe KOHLEHTpa-
LM KOMTMOHEHTOB, XapaKTepHbIX AN MOSEKYNspHON Anddy3nn, NpUMEPHO 40
0,4 MIMa. O6 aToM CBNAETENLCTBYET COOTBETCTBME 3KCMEPUMEHTANbHbBIX AAHHbIX
pesynbTaTaM pac4eToB C UCnonb3oBaHMeM ypaBHeHuin CtedaHa-Makcsenna. M B
Xofe uccnefoBaHns Bbino 3aMeyeHo, YTO NPUYMHA, NO KOTOPOM KOMMOHEHTbI CMe-
CV He pa3fensitoTCs Npy KOHBEKTMBHOM NepeMeLLBaHUN, 3aKIMIOYaeTCs B TOM, YTO
OTCYTCTBME MOeanbHOro okcuaa asota, KOMMNOHEHTa ABOWHOW CMeCU, NPUBOAUT
K CO3[aHu0 rpagueHTa MroTHOCTM, NO3TOMY [JOMNs KOHBEKLMMW, OnpeaensitoLLei
AN y3nOHHYO HECTaBUIBHOCTb, MEHbLLE MO CPaBHEHUIO C MEPEHOCOM, BbI3BaH-
HbIM KOHBEKLIMEW rpaBUTALMOHHbBIX KOHLEHTpauumi. MpeanonoxeHne o NMHEHOM
pacnpeferneHny KOHLEHTpauMin KOMMOHEHTOB MPU ManoM YMCre HeyCTOMYMBBIX
HapyLUEHUA MeXaHW4YeCKoro paBHOBECUS, UTHOPMPOBAHWE YIIEHOB KBafpaTUYHO-
ro BO3MYLLEHNSI, BbIGOP COOTBETCTBYIOLUMX MACLITabHbIX €ANHUL, U3MEPEHNS Mo-
3BOMSAOT NEPENTU K ypaBHEHUSAM BO3MyLLeHWIA. Mo pedynbTaTtam uccriefoBaHus
3KCNepUMeHTarbHble AaHHble Obinu yaoBneTBOPUTENbLHO OXapaKTepr3oBaHbl Te-
OpeTUYeCcKMMM MOAENSIMU B NMOCKOCTU Yncna Panes. 3To uccnegosaHve no3so-
NSIeT NOHATb COOTHOLLEHME MpoLeccoB Anddy3nmn, HeCTabnbHOCTN Y KOHBEKLIMK
B ras3oBblX CMeCsX, a Takke MoKasbiBaeT, KaK U3MEHEHVUS TEPMOAUNHAMUNYECKMX
napameTpoB BMSIIOT HA PEXUMbI CMELLNBAHKS.

Knro4deenie croea: monekynsipHas anddysus, TepMoauHaMU4ecKkmin napameTp,
yncno Panes, KoHBEKTMBHOE nepemMelunBaHue, CtedaH-Makcsenn.
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MAKATNAHbBIH AYJAPMACbHI / MEPEBOM CTATbU

Cepik 3., Acembaeea M. K."
'On-Papabuv atbiHaarbl Kasak ynTTblk yHMBEpcuTeTi, AnMaThl K., Kasak-
CTaH

KbICbIMFA BAUNAHbLICTbl KYPAMbIHOA HAKTbl KOMMOHEHTI
BAP YWTIK A3 KOCMACbLIHOAFbl MACCA TACbIMAJbIHbIH
CUNATTAMACHDI

Tyningeme. Byn 3epTTey YL KOMMOHEHTTI ra3 KocnacbiHblH ANdY3nAnbIK Ty-
paKChI3abIFbIH >X8HE OHbIH, KbICbIMFa OannaHbICTbl ©3repicTepiH Tanganasl. Jkcne-
PUMEHTTIK 3epTTey HaTwKenepi GOMbIHILA N30TEPMUSTIBIK XXaFaannapaa Moneky-
nanbik auddysmagan 6acran, Anpdy3nanbik TYPaKCbI3AbIKTbIH, KanbinTacybliHa
XoHe KofiMri KOHBEKTUBTI apanacTblpyfa AeviHri apTypni apanacTtbipy pexvmMmaepi
Gavikangpl. 3eptrey obbekTici peTiHae 0.4163H,+ 0.5837N, O - N, xyieci anbl-
HbIM, eki 6araHanbl agicneH Tangay Xyprisingi. ToiFbI3AbIKTbIH 63repyi KblICbIMMEH
anTapnbikTan e3apa 6annaHbicta 6onFaHbIMEH, KypaMblHAAFbl a30TThbIH Liana To-
ThIFbl XXOFapbl konbaga, an a3oT TeMeHri konbaga opHanacybl HOTUXKECIHAE KOM-
NOHEHTTEPAIH, KOHLUEHTpauumanapblHblH ©3repy cunaTtbl aHblkTangpl. HaTwwkenep
apanacTbipy NpOoLEeCTEpiHiH, 8pTYpIi KbiCbIMAAp MeH TEpPMOAMHaMUKanblK napa-
MeTpriepre 6avinaHbICTbl ©TNeni peXnMaepiH KOPCETYiIMEH epeKLerneHes;.
Atmocdepansblk KbicbiMHaH (wamameH 0,093MrMa) wamamen 0,4MlMa geniH mo-
nekynanbik anddysusra ToH KOMMNOHEHTTEP KOHLEHTPaLMACHIHbIH, e3repy 6apbl-
cbl 6arikanagbl. MyHbl aKCnepuMeHTTIK aepektepain, CtedaH-MakcBenn TeHaey-
nepiH KonaaHyMeH XYprisinreH ecenTteynepaiH HoTvxXenepimeH CovKecTiri ganen-
penpi. XXeHe 3epTTey GapbicbiHAA KOHBEKTUBTI apanactblpy KesiH4e KocnaHblH,
Kypamaac GeniktepiHiH 6eniHbeyiHiH cebebi ekinik KocnaHblH Kypamgac Oeniri
- a30TTblHLWAna TOTbIfbIHbIH, MIHCI3 Gonmaybl ThIFbI3AbIKTbIH FPaAUEHTIH KypyFa
aKernepni, coHapiKTaH Anddy3unsnbIK TypaKCbI3AbIKTbl aHbIKTANTbIH KOHBEKLIMSHBIH
yIeci rpaBUTaLMSANbIK KOHLEHTPaLUNSA KOHBEKUUACBHIHAH TyblHAAFaH TacbiMangay-
MEH carnbliCTbipFaHaa a3 6onatbiHapbiFbl 6ankanabl. MexaHukanblk Tene-TeHaiKTiH
TypakchI3 Oy3bifibiCTapblHbIH, a3ablfblH KOMMOHEHTTEP KOHLIEHTPAUMSIChIHbLIH, Cbl-
3bIKTbIK Tapanybl Typanbl 60mkam, KBagpaTTblk Oy3biy MyLLENepiH enemey, Can-
Kec aykbiMabl enieM GipnikTepiH TaHaay Tonkynap TeHAeynepiHe Keluyre Mym-
KiHAOiK 6epeai.

3epTTey HaTwkenepi GombiHWA, SKCNEPUMEHTTIK Aepektep Pamnein caHbl Xasblk-
ThIFbIHAAFbI TEOPUSANbIK MOAENbAEPMEH KaHaraTTaHaprblKkTan cunatrangsl. byn
3epTTey ras3 kocnanapbiHaarbl Anddysunsi, TypakcbI3ablK >XaHe KOHBEKLMSA npo-
LleCTepiHiH, apakaTbliHACbIH TyCiHyre MyMKiHAik 6epeai, coHgan-aK TepmognHaMmum-
KanblK napamMmeTpriepaiH, esrepyi apanactblpy pexuMaepiHe Kkanav acep eTeTiHiH
KepceTeni.

TyniHai ceapep: monekynanbik Auddy3ns, TepMognuHamukanslk napamertp, Pa-
e caHbl, KOHBEKTUBTI apanacTtblpy, CtedaH-Makceenn.
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Kipicne. KomnoHeHTTEpAiH GipiHAe HaKTbl ra3 3aHAapblHA CAMKEC Kbl-
CbIMMEH iLiHapa TbIFbI3AbIKTbIH 63repyi 60MaTbiH M30TEPMUSANBIK YL KOM-
MOHEHTTI ra3 KocnacblHOarbl MaccaHblH TacbiMangaHyblH 3KCNEPUMEHTTIK
3epTTey MyHOan AnddysnanblK Typakcbl3 YLUTIK ra3 kocnanapbiHAa Mo-
nekynanblk gnddysvsagaH anddysnansik Typakebi3gbikka, cogaH KemiH
KaLiMri KOHBEKTUBTI apanacTblpyFa AeWiHri apTypni apanacTbipy TyprepiH
faHa emec, coHOamn-akK KbICbIM CUSKTbl TEPMOAMHAMUKAIbIK napameTpre
GannaHbICTbl ©TNENi pexxumaepai ge 6arikayra 6onatbiHbIH kepceTTi [1].

3epTTeyaiH makcaTbl. ApanacTbipy NPOLECIH 3epTTeY 8pTYpPIIi KbIChbIM
kesiHae 0,4163H, + 0,5837N,0 - N, >xyneci ywiH eki 6araHanbl agicneH
Xypridingi. TeiFbI3ablikka KapaMmacTaH,0MHapIibIK Kocna KbICbIMMEH anTap-
nbIKTan e3repai, BNTKEHI OHbIH, KypaMbliHAa HaKTbl KacnueTTepi 6ap Komno-
HEHT (a30TTblIH Larna TOTbIFbl) pKaLlaH KYPbITFbIHbIH )KOFapfbl KONbGachIH-
[a, an as3oT TeMeHri konbacbliHAaaa opHanacThbl.

3epTTey apicTtepi. KoMnoHeHTTEpAiH KOHLEHTPaUUSACBIHBIH 63repy cu-
natbl BOMbIHLIA anblHFAH HBTWXKENEPAi Tangay ToH apanacTtbipy PexuM-
AepiH aHbikTagpl (1-cypeTTi KapaHbl3).

0,25 /-\

. // N\

- NN N
TN S T~

0,05 " ~_
0

0,3

sec, mole,

1 2 3
—e— H; —e— N0

4 5

P. MMa

1-cypeT. KpicbiMFa GainaHbICTbl 8pTypIli apanacTbipy TypriepiHAe annapaTTbiH
)KOFapFbl KonbacbiHaH a30TKa aybICKaH CyTeri MEH a3oTTbIH Luana TOTbIfbIHbIH,
Meriwepi. HykTenep-aKCnepuMeHTTIK AepekTep.

>KasblK CbI3bIKTap — HOTWXeNnepai apTypri Aopexerni KenmyLenikrep-
MeH eHaey. HykTeni cbidblkTap — [2] cenkec audpdyaunsa bomkambiHAaFbI
ecenTey. YLWiHLWi KOMMOHEHT-a30TTblH KOHLEHTPaLUACHIH
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3
ZCi =1l
i=1

WapTbIH kongaHa oTbIpbIn ecenTeyre 6onaabl (byHAa C, - | KOMMOHEHT-
TiH MOfb yreci).

ATmocdepanblk KbicbiMHaH (wamameH 0,093Mra) wamameH 0,4Mla
AeniH Mornekynanblk AuddysmsFa ToH KOMMOHEHTTEP KOHLEHTPaLUUsChl-
HblH, e3repy 6apbicbl 6avikanagbl. MyHbl 9KCMEPUMEHTTIK OepeKkTepAiH
CredaH-MakcBenn TeHaeyrnepiH KongaHyMeH XyprisinreH ecenteynepaid
HoTmKenepiMeH cowvkecTiri ganengendi [2]. KblCbIMHbIH, ogaH api Xorfa-
pbinaybl ra3 KocnacblHbIH MeXaHWKanblK Tene TEHAIMNHIH TypakCbI3ablfbl-
Ha okeneai. «Monekynanblk anddysns -Auddy3nanbik TYPaKChI3ObIK»
LeKkapanblk ayblCybl KOMMOHEHTTEPAIH Mornekynanblk TacbiMangaHybl-
HaH ekinik KocnaHbl 6enyaiH, ankblH acepiMeH KypbinbiMAblK KOHBEKTUBTI
afbiMzapfra aybicymeH 6arnnaHbicThl. Llamamen 1,5 MlNa kbicbiMaa ekinik
KOCMaHbIH TbIFbI3AblFbl Ta3a KOMMOHEHTTIH ThIFbI3AbIFbIHA aviHanagbl >xaHe
apanacTtblpy KapKblHObIMbIFbI MakcMMyMmfa >xetedi. byn petTe,komno-
HeHTTepaiH 6epinyiH Moriekynanblk AMddy3nsHbl enemeyre 6onagsbi.

1,5 Mla xeHe 3,0 MlNa apanbifbiHAafFbl KbicbiMaa 6ip »afblHaH And-
dy3uanbIK Typakcbi3ablkneH 6annaHbiCTbl KOHBEKTUBTI aFblHOAP, EKiHLi
XafblHaH aaeTTeri KOHBEKTUBTI apanacy 6acekeneceai. 3,0 Mlla xaHe
OflaH XOFfapbl KbICbIMAA KOCMaHbIH, KOMMOHEHTTEPIH TacbiMangay TeK KOH-
BEKLMS apKblInbl Xy3ere acbipbiiagbl. KOHBEKTUMBTI apanacTbipy KesiHae
KocnaHblH Kypamaac GeniktepiHiH, 6eniHbeyiHiH cebebi ekinik KocnaHblH,
Kypampac 6eniri - a3oTTbIHLWAana TOTbIfbIHbIH, MIHCI3 G0orMaybl ThiFbI3AbIK-
TblH FpaguveHTIH KypyFa akenedi, COHAbIKTaH AMddY3nAnbIK TypakcbI3-
ObIKTbl aHbIKTaNTbIH KOHBEKLMSIHBIH, YIIECI rPaBUTaLMANbIK KOHLEHTpaLuus
KOHBEKLMSACBIHAH TyblHAaFaH TacbiMangayMeH canbiCToipFaHaa a3 6ona-
Abl.

OKCMEePUMEHTTIK HOTVXKeNepAi TeopusMeH cunatTtay YLiH [3-5] »xa3sbik
TiK KaHangarbl M30TEPMUANbIK AN dY3nNs KesiHAe YL KOMMOHEHTT ra3
KOCNacCbIHbIH, MeXaHuKanblK Tene-TeHAIriHiH TypaKCbI3ObIFbiHbIH Nanga
BonyblH cunaTTanTblH NanmbiMaaynapabl Kavtananmbld. Msotepmusanbik
ra3 KocnacblHbIH MaKpOCKOMUAbIK KO3farbICbl Kerneci TeHaeynep xywme-
ciMeH cunaTtTanagbl:
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ou n .
p [E + (uV)u] =—-Vp+n?u+ (§ + E) Vdivu + pg,
— + div(pu) = 0,p ( + uVCl) —divd j;,
Ji = =p(D11Ve1 + D13Ver), jo = —p(D31Ver + D3,Vey),
» D', "npaktukansIK" anddysns koshduumerTTepi (MOK) D',

OUHapnbIK ra3 KocnanapblHbIH AMddY3nAnbIK KOIPMULIMEHTTEPIMEH Ke-
rneci kaTblHacTapMeH 6annaHbICTbI:

6yHga D’

D*, = Dys[ciD3p+(co+C3)D12] s _ __ €1D33(D12—D13)
1 ¢1D3+C;Dyg+C3Dyy | 12 ¢1Dz3+C2D13+C3D15’

DX = Da3[c2D13+(c1+¢3)D1z] s« _  €2D13(D12—D33)
22 — 21 — 0
c1Da3+CyD13+C3D1, €1D33+C3D13+C3D12

(1) TeHaeynep opTa KyMiHiH TeHAeyiMeH TONbIKTbIpbliagbl

p=p(c, c, p), T=const, on TepmoanHamuKkanbik napametprepai (1)
GannaHbICTbIpyFa MyMKiHAIK 6epegi.

MexaHukanblK Tene-TeHgikTiH Typakcbl3 Oy3blnbICTapbIHbIH a3ablFbIH
ecenke any, apHagarbl KOMMOHEHTTEP KOHLIEHTPALUSICbIHbIH CbI3bIKTbIK,
Tapanybl Typanbl 6ormkam, KBagpaTTblK Oy3binly MyLLENEpPIH enemey, Con-
Kec aykbiMabl enwem GipniktepiH Tangay (1) Tonkynap TeHaeynepiHe ke-
wyre MyMKiHaik 6epegai [4, 5]:

661 0261 Az 8262
o TS T11W+A—1T12W,

, , )
6c2 _Aq 0cqy . 0°cy
Pz275, 7y 21 a2 amz)
au 0%u

P + RiT11¢1 + Ry,
6¥H,D,a pii = v/Dj; — rlpaH,D,TJ'Ib CaHbl, v =n/p; R; = gﬁiAid4/vDi"i =
Pareit caHbl g, = — ~ acl) Ty = Di;/D3z; u = uy; Ayy = —Veioy —

P,T,c; :tcl

TiriHeH >xorapbl 6anITTaJ'IFaH Gipnik BekTop, «0» MHAEKC] opTaLLa MaHaepre
xatagbl.
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Lewim (2) kenecigen 6onaabl:
{c1,co,u} = {c?,cd,u}sin [(n + 1)§x] exp[—At], 3)

6yHaa n=1,3,5... — Tak bybipkaHy pexumaepi. Llekapanblk >xxarganinap
ras3 KocnacblHblH KabaTbIH LLUEKTENTIH TiK Xa3blKTbikTapaa C1 KOMMOHEHT-
Tepi KOHLEHTPaUUACBIHbIH, XblAaMablFbl MEH Oy3blybIHbIH, KOFanybIH
oomkanabi:

u:cl = CZ = 0’ X = -_/-1 (4)

(3)-mi (2) anmacTblpa oTbIpbIM, (4) aHe OyblpkaHyAEKPEMEHTIHIH, HaK-
Tbl GeniriH Henre anHangblpy KesiHge MOHOTOHAL! (5) xaHe Tepbenmeni
(6) Tonkynap ATeHaeynepiH anambi3:

T11 (1 - 2_?'[12) Ry + (T11 - 2_:'521)1?2 = [(n +1) 2]4 [t11 — T12721), ()

AZ Al T 4
T11 [_A_1T12 — Py — T11]R1 + [_7’[21 — Py — 1] R, = [(Tl + 1)5]
1
{E (Pp2[1+791] + 711 — T12T21)[—Poz = 1 — 711] — T4 712 — 711}, (6)

3epTTeneTiH xyle ywiH 2-cypeTTe (5) xaHe (6) corikec MbiHanap ycbl-
HblnFaH: MM MOHOTOHABI Typakchi3ablK ChidbiFbl, KK Tepbenmeni Typak-
CbI3ablK CbI3bifbl xaHe Vp=0 TeH TbIFbl3OpblK Cbi3blFbl.OCbl CbI3bIKTaH KO-
Fapbl ThiFbI3OblK rpaguneHTi oH. Con cypetTe (7) cdbopmynanap 6onbiHwa
opHanackaH PanenaiH iwiHapa caHgapbliHbIH TaXipnbeni MaHaepi kepce-
TinreH [4, 5].

TeopusiHbl ToXipnbeni ManiMeTTEPMEH canbICThipFaH ke3ne, Keneci
wapTtTap 6onagpl:

1) 1 Hemipi KocnaHbIH ThIFbI3ObIFbl OOMbIHLLA EH, XXEHiN KOMMOHEHTI Cy-
Terire, 2 HeMipi eH ayblp — a30TThlH, Lana TOTbIFbIHA, an 3 HeMmipi aparnblk,
Ky"Aai anatblH KOMMOHEHT-a30TKa CaMKeC Keneai;

2) paguychl r xxaHe y3bliHAbIFbI L 6onaTeiH auddy3unaneik apHara | ac-
nanTblH, »OFapFbl KonbacblH TeMeHri konbameH |l kocaTbiH Paneiain, iwwi-
Hapa caHdapbl Kenecigewn xasbinagbl:

Ry

__ gnr*Amicy __gnr*Amye,
==—2 1 R, ="—"T=2

pvDi L pvD;,L 7)
Acy = ¢1p — ¢y Acy = €35 — ¢, AmMy = my —m3, Amy, = m; —mg,
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ByHaa m.— i-Cypbin MOSeKynacblHbiH Maccachl, N — KOCMaHblH CaHabIK
ThIFbI3ObIFbI. Erep Taxipmbe xypridy wapTrapbl (KbiCbiM p, TEMNepaTtypa
T, konbanapablH, 8pKancbICbiHAArFbl KocnanapAblH, Kypambl,Auddy3ns-
NblK apHa enwemaepi r xaHe L) 6enrini 6onca, oHaa (7) doopmynanapsbl
GonbiHwa R, R,Tabyra 6onaabl xeHe ocbinaniua ocbl TaxipnbeHi 6enHe-
NeNTiH XasbIKTbIKTarbl HYKTEHi aHblkTayFa 6onagpl (R,, R,). Texipnbener
Genrini Gip xarpmavnapga ouddy3usHbiH KaHgan ekeHairi 6enrini — Ty-
paKTbl HEMece TypakCbI3.

2-cypeTTe kerneci b6arbiTTapapl atan eTenik — gudpdpysmnsanap (Panen
caHAapblHbIH, 3KCNEePUMEHTTIK MaHAepi MM cbi3blfbIHAH TEMEH opHanac-
KaH), COHOan-aK ecin Kerne >xaTkaH MOHOTOHAbI Oy3binynapapl cunatram-
TbiH MM TypakchbI3apblK CbI3blFbIHAH XXOFapbl HYKTENEp.

HakTbl kacueTTepi 6ap KOMMOHEHTI 6ap YLUTIK XXyreae KocnaHbl 3epT-
Tey KesiHAe KbICbIMAbl ©3repTy apKbiibl AN dy3nanbik apanacTtbipy am-
MafblHaH rpaBUTaLMANBIK KOHLEHTPaALMsl KOHBEKUMSChI aiMaFbiHa OHaw
aybicyra 6onagpl. 2-CypeTTeH Kepin OTblpFaHblHbI3Aan, aKCNEPUMEHT YLL-
TiK ra3 KocnacblHAa TypakTbl XXeHe TypaKCbl3 MexaHuKanblK Terne-TeHaik
ariMakTapblHbIH 60onybl Typanbl Teopusanblk Gormkamaapabl pacrangbl,
OHa KOMMOHEHTTEPAIH, BipiHAEe HaKThbl ra3 3aHAapbiHAa CONKEC KbICbIMMEH
iLiHapa TbIFbI3ObIKTBIH e3repyi 6onagpl.

| | | |
1000 1500 2000 .

600 4

2-cypeT. MM MOHOTOHAbI LLieKaparblK Cbi3blKTapbl, TYPaKChI3AbIKTLIH Tepben-
meni KK >xaHe Vp=0, coHpait-ak, ap Typni KbicbiMaa (0,093-TeH 4,5 MlMa-fa gei)
0,4163H2 + 0,5837N20 - N2 >xyneciHiH, penenik caHaapbiHa apHarnFaH aKcnepu-
MEHTTIK HyKTenep. TypakTbl Anddy3uns HyKTenepi akLUbiry, an KOHBEKUMANap KYHTipT.
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KopbiTbiHabl. Ocbinanwia, >XyprisinreH 3epTTeyriepgeH KypambiHaa
HaKTbl KacMeTTepiMeH KOMMOHEHTI 6ap yLITIK ra3 kocnanapbiHga apanac-
ThIPYAbIH 8PTYPAi TYPrepiH faHa eMec, CoHAamn-aK KbICbIM CUSKTbI Tep-
MOZMHaMMKanbIK enwemMiiapTTapFa 6annaHbICTbl eTneni pexnumaepai ae
Gankayra 6onagbl. SKCNEPUMEHTTIK AepekTepai Panen caHgapbl »asblk-
ThIFbIHAAFbl TEOPUSA KaHaFaTTaHapbIKTanm cunarragpl.
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