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Comparative study of evolution of structured flows at boundary.of the regime change
“diffusion — concentration convection” in isothermal.multicomponent mixing in gases
by techniques of visual and numerical analysis

During isothermal multicomponent diffusion process, the number of effects appear that are not observed
visually when mixed in binary mixtures. These include occurrence of convective instability with subsequent
formation of structured flows. The feature of this.type of mixing is that convection is realized under conditions
of decrease in density of mixture with height. Flow visualization method allows to fix information about
distribution of medium parameters by dynamics of structures in convective flows. Application of computer
processing methods, as well as techniques of identifying images of thermophysical fields, allows to obtain
quantitative information about convective flows. For an isothermal ternary gas mixture heliumargon-
nitrogen, shadow images of structural formations formed in convective flows due to the instability
of mechanical equilibrium are represented:in this work. To carry out digital analysis of experimental
shadow images, a simplified virtual' model of the lower chamber of the diffusion cell was created.
Based on digital analysis.of visual images, quantitative characteristics related to estimation of the
size of convective formations, period of their formation, and linear velocity of convection cells when
moving through diffusion.channel are presented. It has been established that the growing convective
disturbances arising in.the system cause a change in the characteristic scale of convective cells. The
analysis of shadow images also showed that a vortex is formed in convective flows, which consists
mainly of a component with the highest molecular weight. Comparison of visual images of
experimental fields with simulation flows is implemented, on the basis of which composition of
mixture components in convective structures is estimated. It is shown that the obtained value of the
concentration of the heavy component in the vortex filament can be taken as the minimum.

Keywords: gas mixtures, diffusion, instability, convection, visualization, shadow image, digital
technologies, numerical modeling.

Introduction

Convective instability in gases and liquids is occurred in many technological schemes, therefore its
description appeared wide interest in experimental-practical and computational-theoretical plans. Natural
gravitational convection caused by instability of mechanical equilibrium of the system is complex type of
motion of continuous medium with different spatial and temporal scales [1, 2]. Most modern studies of systems
in which Rayleigh-Benard convection and its analogues occur themselves are based on a system of equations
of continuum dynamics, mass transfer and heat simplified within the Boussinesq approximation. This approach
proved to be very productive, as it allows to identify spectrum of parameters that determine transition from
stable state to an unstable one [3, 4]. Due to number of simplifications, approach presented in [1-4] does not
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fully consider dynamics of continuous medium in channel of given shape, as well as nonlinear spatial effects.
Obviously, that with invention of powerful modern computers appears possibility to conduct computational
experiments based on the numerical solution of equations used in mathematical model of physical phenomenon
or process under study. However, question of correctness of comparative analysis of numerical results with
reference experimental indicators raises. Moreover, such indicators can be not only direct and indirect
experimental data, but also images of convective flow fields, which are the main source of information about
distribution of medium parameters, configurations and dynamics of structures in the flow, current lines,
turbulent vortices, etc. Panoramic visualization of convective flow field of medium is not only an important
way to obtain information about structured flows in experimental studies of gas, liquid and plasma, but also
provides benchmarking for testing software packages and algorithms in computational thermophysics [5].

Among wide variety of experimental visualization of convective flows in gaseous media, optical methods
for studying transparent media based on the phenomenon of light deflection when it passes' through
inhomogeneities of density of transparent medium have become widespread [6]. As it ‘is.known, optical
refractive index of medium n is equal to ratio of speed of light in medium to the speed of light in vacuum and
is related to the local density of medium p by the Lorentz-Lorentz formula, which for gases has the form [5,
6]:

—=k, (1)

where k is a constant value that has its characteristic value for particularigas.

If gas flow is inhomogeneous, in this case optical refractive index of medium in the studied flow area
depends on coordinates (x, y, z). During flow area with variable density is illuminated, beam propagating
parallel to the z axis and passing through inhomogeneity deviates from original direction of propagation by an
angle a

L
0
a !axlnn(x,y,z)dz. (2)

Density changes are summed up in direction of the light beam in medium under study and thus integral
value of density change is recorded. In shadow visualization of the gas flow field, change in illumination is
proportional to the degree of change in density.gradient of gas. In presence of strong density gradients in flow,
additional deflections of beam occur.on surface of convective formation, which is dark area from the side of
incoming flow in the form of light field of varying intensity.

Until recently, images obtained in framework of approximation (1), (2) were mainly of qualitative nature.
However, with advent of digital age,~.computer processing methods, image recognition analysis tools for
thermophysical fields, numerical:methods modeling the motion of continuous medium allow to obtain
guantitative information about flows [7-9]. Therefore, investigate of dynamics of structured flows resulting
from convective instability of isothermal triple gas mixtures by comparing visual and numerical methods
seems relevant, since it allows to obtain new guantitative information about partial flows of components.

The objectives of the proposed study are:

1./Obtaining visual shadow images of convective formations caused by the instability of mechanical
equilibrium-in-an isothermal ternary mixture of helium — argon — nitrogen at high pressures.

2. Estimation of the characteristic dimensions of convective structures, which mainly consisted of a
component with the highest molecular weight, and the speed of their movement in a medium with a lower
density.

3. Using the FlowSimulation software included in the SolidWorks package [9], to consider the possibility
of numerical simulation of individual stages of the movement of a transient structured convective flow, within
which it is possible to calculate the threshold values of the concentration of the heavy component in the
convective structure in the lower flask of the diffusion cell (DC).

4. Comparison of the results of numerical simulation with quantitative characteristics obtained from the
analysis of shadow visual images.

Optical experimental visualization of convective flows during isothermal mixing of triple gas mixtures

Experimental studies of multicomponent mixing in gas mixtures with significant difference in diffusion
coefficients have shown that, under certain conditions, convective instability may occur in them, followed by
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appearance of structured flows [10, 11]. Further experimental [12-14] and computational-theoretical [15-17]
studies have shown variety of thermophysical concentration flows at the boundary of “diffusion—convection”
regime change. Feature of registered flows is that occur in gas systems under condition of decrease in the
density of mixture with height, which is not typical for diffusion. In this regard, visual registration of dynamic
features of convective flows occur particular importance, as it allows obtaining new experimental information.

Traditionally, multicomponent mixing in gas mixtures at elevated pressures is studied on devices
implementing the two-column method [10, 12]. Methodology of experiment is detailed in the works [10, 12,
13], so necessary to pay attention only to the main stages of experimental study. The upper and lower flasks
of diffusion cell (Fig. 1a) were filled with studied gas mixtures up to pressure of the experiment. Next channel
connecting flasks was opened and at the same time, start time of the mixing process was fixed. At the
completion of the experiment, channel closed, after registered time of mixing completion, and then conducted
mixtures analysis from every flask by chromatography method. Experimental concentrations compared with
numerical by Stefan-Maxwell equations values [18] by assuming diffusion process.

Diffusion cell (DC) was modified and experimental procedure was adjusted to “obtaining visual
information about dynamic processes in gas flows. In the modified diffusion cell in the lower-and-upper
cameras windows made of quartz glass with diameter of 60 mm and a thickness of 200mm were viewing (Fig.
1b). Windows allowed viewing almost inside part of the upper or lower cameras..Flasks were connected by
diffusion channel with optical windows, which allowed visualization of convective structures inside channel
(Fig. 1c). Parts of connecting channel exits by center of upper and lows of the'flasks.of diffusion cells (DC).
This construction allowed possibility to observe mixing process not only medium-of channel, and also at the
end of the channel. Geometric parameters of DC are follows: volumes of the lower and upper flasks are 226.8
and 214.5 sm?; cross—sectional area of the channel is 6.1 x 6.1 mm?,.and its length is 165.4 mm.

T4

o

a) b) c)

Figure 1. Diffusion cell of the two-column method: a) Plan DC. 1, 3 — lower and upper flasks; 2 — a block with
diffusion channel; 4, 5 — fitting [14]; b) DC with viewing windows;
¢) Diffusion channel

To.visualize convective flows, principle of the Schlieren system [6] was used, which consists in the fact
that part of the light deflected when passing through inhomogeneity of gas density is delayed by the edge of
knife installed in the focal plane of beam that passed through the area under study. As a result, change in
illumination of the corresponding image areas is recorded. Changing illumination at point with density
inhomogeneity is determined by magnitude of the beam deflection angle, focal length of the second lens and
size of light source. When visualizing gas flow field by the Schlieren method, change in illumination is
proportional to the gradient of gas density in area under study in the direction perpendicular to the knife edge.
As a result, vortex structures and rarefaction areas are better visualized [5]. Optical scheme for obtaining
shadow images is shown in Fig. 2 [14] and does not require additional explanations. Image was fixed to video
camera by rotating the image 90° through prism not indicated in optical scheme (Fig. 2) and located after lens
11.
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Figure 2. Optical scheme: 1 — light source; 2 — condenser lens; 3 — lightfilter; 4 — main protective glass lens; 5 — slit;
6 — main lens; 7 — camera of diffusion cell; 8 — receiving lens; 9 — knife; 10 — safety glass receiving lens;
11 —lens [14]

a) b) ©)

Figure 3. Motion of vortex cord in the diffusion cell. System 0.5143 He + 0.4857 Ar — N,
p =2.54 MPa, T = 298.0 K: a) — section of diffusion channel in the upper camera; b) — middle of the diffusion
channel; ¢) — section-of diffusion channel in the lower camera

b)

Figure 4. Shadow images of gas mixture separation zone in the upper chamber of diffusion cell for system 0.5143
He + 0.4857 Ar — Nz at p = 2.54 MPa, T = 298.0 K: a) Initial stage of the process; b) Mode of periodic formation of
vortex structures

Shadow visualization of various mixing modes was implemented when studying the evolution of
convective flows in an isothermal triple gas mixture of helium-argon-nitrogen, which arose at boundary of the
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regime change “diffusion — concentration gravitational convection”. Thermophysical parameters of transition
and geometric characteristics of channel providing the kinetic transition from one state to another were
calculated within the framework of theoretical analysis for convective stability of multicomponent gas mixture
[15].

Figure 3 shows shadow images of vortex convective cords in different coordinates of the diffusion
channel. Analysis of presented shadow patterns indicates that convective vortex is clearly recorded, mainly
consisting of component with the highest molecular weight. A frame-by-frame analysis of visual images from
the beginning of the diffusion process and the subsequent formation of convective flows makes it possible to
estimate the time required to reach the front of the vortex filament from the cutoff of the diffusion channel
(Fig. 3a) to the border of the lower flask window (Fig. 3c) in 1 s. This, according to rough estimates, is
equivalent to a speed of 0.025 m-s™,

Figure 4 shows shadow images of gas mixture separation zone at the initial stage of steady-state process
(Fig. 4a) and after ~ 0.5 s. (Fig. 4b). At the initial stage, descending convective structured vortex:.flows are
clearly recorded. The change in the characteristic scale of convective cells from 1.3 mm (Fig. 4a) to 2.2 mm
(Fig. 4Db) is associated with growing convective disturbances in the system. A visual study of the evolution of
convective flows at the initial stage of mixing showed that the characteristic size of the vortex filament in the
diffusion channel is in the range of 1.3-3.5 mm.

Verification of experimental shadow images of convective flowswith computational
simulations of shadow images

The introduction of digital technologies in the methods .of analysis of thermophysical flows and the
expansion of the possibilities of numerical modeling makes it possible'to mutually supplement the data of
experimental visualization of flows, to validate models and-algorithms for numerical calculations [19].
Verification of the calculated and experimental images of the fields of concentrations, density, temperature,
and other thermophysical characteristics of the combined complex gas-dynamic flow shows satisfactory
agreement in detailing the results of the experiment and subsequent interpretation of the characteristic features
of the observed effects [19-20].

Based on the approaches outlined in [19-20], there is'an assumption that some features associated with
the evolution of convective flows caused by the instability of the mechanical equilibrium of the mixture can
be detailed using algorithms for the numerical solution of continuum equations included in the packages of
applied calculation programs. In this work, such a calculation was carried out using the FlowSimulation
program included in the SolidWorks package created for a simplified virtual model of the lower chamber of a
diffusion cell [9, 21].

Within the framework of ‘the FlowSimulation calculation program, heat and mass transfer in vertical
rectangular channels is modeled using the Navier-Stokes equations, as well as relations describing the
conservation of mass, momentumsand energy in a given medium [9]. When modeling convective flows, effect
of turbulence averaged over small time scale on the flow parameters is used, and large-scale time changes in
components of gas dynamic flow parameters averaged over small time scale are considered by introducing the
corresponding time derivatives [9]. As a result, equations have additional terms — Reynolds stresses, and to
close this system of equations, the equations of transfer of kinetic energy of turbulence and its dissipation are
used in the framework of the k-¢ model of turbulence [22].

Comparison of the calculated simulation of convective formation with the experimentally observed
shadow image is shown in Figure 5. When modeling movement process of front of structural formation in the
lower flask, the concentration of the heaviest component of the mixture (argon) in the formed vortex structures
with the following component concentrations at the outlet of the lower end of the diffusion channel was
estimated: car = 0.92 and cwe = 0.08 mole fractions (Fig. 5a).

At lower values of argon, the implementation of the simulation flow was not observed. It can be
considered that the obtained concentration value (car = 0.92 mole fractions) can be taken as a threshold value.
In this case, it is obvious that the real value of the concentration of the heavy component in the vortex filament
can be even higher. The velocity of movement of the imitation convective structure in the lower chamber of
the diffusion cell is 0.027 m-s™, which is in satisfactory agreement with the experimental values given in the
previous section. In this regard, it can be assumed that for structured flows caused by the instability of the
mechanical equilibrium of the mixture, the scales of inhomogeneities, sizes and dynamics of formations can
be obtained in a simulation manner and compile quantitative information about the flows. It can be considered
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that the comparison of numerical and experimental images of the flow visualization leads to quantitative
estimates that refine the models for describing the thermo-concentration distributions for a given
thermophysical field.

2 5mm

a)

Figure 5. Comparison of the movement of convective flow front in the initial stage of mixing caused by the mechanical
equilibrium instability of the ternary system 0.5143 He + 0.4857 Ar— No at p = 2.54 MPa, 7 = 298.0 K in the lower
chamber of diffusion cell: a) Computational simulation of shadow imagesat car=0.92, cre = 0.08, t = 1.0 s; b) Shadow
image of convective formation in the lower chamber of diffusion cell

Thus, analysis of images shown in Figures 3-5 allows to specify the mixing mechanism caused by
instability of mechanical equilibrium in isothermal triple gas mixtures, provided that density of mixture
decreases with the height of channel, which was formulated.in [10, 11, 14, 15]. As it was shown in [23] under
isothermal conditions due to the high mobility of helium molecules, its active penetration into nitrogen forms
an increased argon content in the upper part of the channel, thereby forming an inversion layer in density,
causing convective movement of the component with the highest molecular weight due to gravity. Active
motion of the argon leads to convective displacement of nitrogen to upper chamber. Shadow images fix the
dynamics of the separation process of argon.and helium during their interaction with nitrogen in different
coordinates of the diffusion channel”(Figs. 3-4). Entry of convective flows, predominantly consisting of
nitrogen into the upper camera, implements mixing mechanism similar an inversion layer formation. At the
same time, the high diffusion mobility of -helium ensures its priority penetration into the ascending nitrogen
flows, thereby reducing its content in.the local convective area and making shadow visualization invisible.
Argon enrichment of convective formation with subsequent occurrence of hydrodynamic flow of component
with the highest molecular weight leads to movement in vertical channel connecting flasks of the DC. In this
case, counter (ascending.and descending) convective flows are formed in the channel, i.e. a diametrically
antisymmetric movement is observed (the channel is divided by a vertical plane passing through the axis into
two parts, in one of which the gas rises, and in the other it falls). Counter flows differ in composition. The
downstream contains' more argon than the upstream, which is predominantly nitrogen. When moving due to
transverse diffusion, the flows will exchange molecules of the light component (helium). The descending flow
will be depleted in helium, which leads to an increase in the intensity of the convective flow. Process will
continue until argon concentration exceeds certain critical value in the local areas near the cutoff in the upper
part of diffusion channel. The resulting circulation of the gas mixture explains the continuity and sufficient
duration of the process of convective separation in the case of diffusion instability, which was recorded in
experiments [10, 11, 14].

Conclusions

Researches are conducted on the study of visual shadow images of structural formations that arose in
convective flows due to the instability of the mechanical equilibrium of the isothermal triple gas mixture
helium-argon-nitrogen showed:
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1. Application of digital technologies for processing visual shadow images allows to obtain quantitative
characteristics for estimating the size of convective formations, period of their formation, and linear velocity
of convection cells when moving through diffusion channel.

2. Comparison of visual images of experimental fields with simulated flows obtained numerically
provides an opportunity to evaluate quantitative characteristics associated with the composition of components
in convective cells, their subsequent dynamics in a medium with different density.

3. The introduction of digital technologies in the methods of registration and analysis of visual images of
convective flows makes it possible to verify numerical models of diffusion instability processes. Comparison
of digital processing of the results of a physical experiment with the results of numerical simulation makes it
possible to clarify the mechanism for the occurrence of convective instability during isothermal mixing in
ternary gas mixtures, and to detail the types of vortex flows.
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B.H. Kocos, C.A. Kpacukos, C.M. benog, O.B. ®enopenko, M. JKanenu

KepiHeTiH 'koHe caHIBIK Taj1ay KypaJlapbIMeH ra3iapAaarbl H30TePMHUSIIBIK
KOINKOMIIOHEHTTI apaJiacTeIpy Ke3inae «1u(pPy3uss — KOHLEHTPALUSIIBIK
KOHBEKIMS» PesKUM/IePiHiH 03repy meKapacbIHIAAFbI KYPbLIbIMAAIFAH
arpICTapbIH IBOJTIONHUACHIH CAJIBICTBIPMAJBI 3epTTEY

Tazmapnarsl M30TEPMISUIBIK KONKOMIOHEHTTI quddy3us KesiHZe OMHapIiibl Koclajap apajackaH KesJe
GalikaMaiTeIH OipKatap acepiiep OpbIH anajasl. byraH KOHBEKTHBTI TYpaKCBHI3IBIKTHIH Maiaa O0Iysl, COTaH
KeiiH KypbUIBIMIBIK aFrbICTapIblH Maiaa Ooiysl jkaTambl. ApanacTBIpyIbIH Oy TYpIHIH epekmeniri —
KOHBEKIUSI KOCHAHBIH THIFBI3IBIFBIHBIH OWIKTIFIMEH TOMEHJEYy1 JKarJaifbIHaa XKy3ere achIpblIafbl. AFBICTHI
BU3yallM3allisIay  Oici KOpIIAFaH opTa [apaMeTpiIepiHiH Tapainybl, KOHBEKTHBTI aFbIHAApPIAFbl
KYPBUIBIMIAPBIH THHAMUAKACHI TYpajibl aKIapaTThl allyFa MyMKiHIIK Oeperi. KoMmbroTepiik eHaey omicTepiH,
COHZali-aK KbLTy PH3HUKAJIBIK 6picTepiH KeCKiHIH aHBIKTayFa apHaJIFaH KypajlapIbl MaiianaHy KOHBEKTHBTI
arbIHAAp Typajbl CaHIBIK aKIaparThl ajyFa bIKHan ereni. Makaiaia «reiuii-aproH-a3oT» H30TEPMHSIBIK
YIITIK Ta3 KOCHAchl YINiH MEXaHWKAJbIK TeHe-TeHAIKTIH TYpPaKChI3IbIFIHAH KOHBEKTHUBTIK arblHIapna
TY3UIETIH KYpBUIBIMABIK TY3UTICTEpAIH »KOJICHKeNI KecKiHnepi OepiireH. OKCIEPUMEHTTIK KeJICHKeIl
KECKIHAEPIIH CaHIBIK TalJayblH JKYPri3y VImiH IU(GY3MsUIBIK YAIMIBIKTEIH TOMEHTT KaMepachIHBIH
KCHITICTIITCH BUPTYAIbl MOJAEMI skacajinbl. KepHeki KeCKiHIep/i CaHIbIK Talaay HeTi3iHae KOHBEKTHBTI
TY3UTIMAEPIIH MeIIIepiH, oJapAblH mMaiima 0oy Ke3eHiH, MUPQY3UIIBIK KaHANI apKbUTBI KO3FaIy Ke3iHIe
KOHBEKIMS YSIIBIKTAPBIHBIH CBHI3BIKTBIK JKbUIIAMIBIFBIH Oaranayra OaillaHBICTBI CaHIBIK CHMATTamasap
Oepinren. KoHBEKTHBTi+¥HBITKYJIApbIH JKYiee ©oCyi KOHBEKTHBTI YSIIBIKTBHIH CHIATTHl MacUITaOBIHBIH
e3repyiHe okeneTiHi aHbIKTanpl. COHBIMEH KaTap, KOJCHKEN KeCKiHAep Il Talgay KOHBEKTUBTI aFbIcTapa eH
YJIKEH MOJIEKYJIIbIK CalMarbl Oap KOMIIOHEHTTEH TYpPAaThblH KYWBIH Maiga OOJaTBIHABIFBIH KOPCETTi.
DKCIEePUMEHTTIK OpicTepiH KopiHEeTiH KECKiHIepiH MIMUTAIMSUIBIK aFBICTAPMEH CaJIBICTBIPY JKYPTi3iJii, OHBIH
Heri31H/ie KOHBEKTHBTI KYpBUIBIM/IapAaFbl KOCIIa KOMIIOHEHTTEPIHIH KypaMbl Oarananabl. KyHbIHIbI ChIMIarsl
aybIp KOMIIOHEHTTIH KOHLICHTPAMsICHIHBIH aJbIHFaH MOHI MHHUMAIIIbI peTiH/ie KaObLIJaHybl MyMKiH €KeH/IIr1
KOPCETITeH.

Kinm ces0ep. rta3 xocmnamapbl, aupQys3us, TYPaKCHI3OBIK, KOHBEKINS, BU3yalM3alus, KOJICHKENl KEeCKiH,
CaHJIBIK TEXHOJIOTHSIIAP, CAHABIK YIITiIey.

B.H. Kocog, C.A. Kpacuxos, C.M. benos, O.B. ®enopenko, M. Kanenu

CpaBHHTe/BbHOE HCCIE0BAHNME IBOJIONMH CTPYKTYPHPOBAHHBIX TeYECHUI HA TPAHMLE
CMEHBI Pe:KUMOB «IM(PPYy3MI—KOHIEHTPALMOHHASI KOHBEKIHS» NIPH H30TePMHUYECKOM
MHOTOKOMIIOHEHTHOM CMellleHHH B ra3ax cpeJAcTBAMH BU3YaJbHOI0 U YMCJIEHHOT 0
aHaJIu3a

IIpn n3oTepMmuvecKoil MHOTOKOMITOHEHTHOH auddy3un B ra3ax mpossisiercs psan 3¢ ¢eKToB, KOTOpbIE HE
HaOJIIOAIOTCSl TIPH CMEIICHWH B OHMHApHBEIX cMecsiX. K TakoBBIM MOMKHO OTHECTH BO3HHKHOBEHHE
KOHBEKTUBHOM HEYCTOIYMBOCTH C MOCIEAYIOIMM O0pa30BaHHEM CTPYKTYPHUPOBAaHHBIX TEUEHHIL.
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OCOOEHHOCTh TAKOTO THIIA CMELICHUS 3aKJII0YaeTcsi B TOM, YTO KOHBEKIMSA peau3yeTcs NPH YCIOBHAX
YMEHBIIEHHS IIOTHOCTH CMECH C BBICOTOW. MeToj BH3yalM3allMd IOTOKOB I03BOJSET (UKCHPOBATH
HHOOPMAIMIO O pachpeneleHHH MapaMeTpOB Cpelbl, AWUHAMHKE CTPYKTYp B KOHBEKTHBHBIX MOTOKAaX.
Hcnonp3oBaHne METOIOB KOMIBIOTEPHOW 00pabOTKH, a TakkKe CPEICTB WACHTH()HUKAIMH H300paKeHUI
TEINIO(QU3NIECKUX TOJICH CIIOCOOCTBYET MOJMYYCHHIO KOJHMYECTBEHHOW WH(OpMAIMU O KOHBEKTHBHBIX
norokax. B craree ans uM30TepMHUUECKOl TPOMHOI Ta3oBOM CMECH «rellMid—aproH—a30T» IpeICTaBlICHbI
TEHEBbIC H300paXKCHUS CTPYKTYPHBIX (OPMUpPOBAHUI, 00pa30BaBIIMXCS B KOHBEKTHBHBIX IIOTOKAX,
00yCIIOBIEHHBIX HEYCTOWYMBOCTHIO MEXaHWYECKOTO paBHOBecHs. s ocymiecTBiIeHUs nu(POBOrO aHANIU3a
SKCHEPHUMEHTAIBHBIX TEHEBBIX HM300pakeHMH ObLIa CO3[JaHa YHpOLICHHAs BUPTyaJbHAs MOJENb HIDKHEH
Kamepbl auddy3uoHHol stueiiku. Ha ocHoBe 1u(ppoBOro aHamn3a BH3YaIbHBIX H300paXKCHUH MPHBEICHBI
KOJINUECTBEHHBIE XapaKTEPUCTUKH, CBSI3aHHBIE C OLIEHKOH pa3MepoB KOHBEKTHBHBIX (hOpMUpOBaHHIA, Tepruoaa
UX 00pa3oBaHMs, JIMHEWHOW CKOPOCTH SYEEK KOHBEKIMU TPU JBWKCHHH IO TUPPY3HMOHHOMY KaHAIY.
YCTaHOBICHO, YTO BO3HHUKAMONINE B CHCTEME HAPACTAMOININEC KOHBCKTUBHBIC BO3MYIICHUS OOYCIOBIMBAIOT
W3MEHEHHUE XapaKTePHOTO MaclTada KOHBEKTUBHBIX SYCeK. AHAIN3 TCHEBBIX H300pPKCHUN TaKKe MOKa3al,
9TO B KOHBEKTHBHBIX MOTOKaX (OPMHUPYETCS BHUXPb, COCTOSIIUA MPEUMYIICCTBEHHO W3 KOMIIOHCHTa C
HaHOOJIBIINM MOJICKYJISIPHBIM BecoM. [IpoBe/IeHO cpaBHEHNE BU3YaIbHBIX H300paKEHHN SKCTICPHUMCHTAIBEHBIX
nojed ¢ MMHTAIMOHHBIMH TEYCHUSMH, Ha OCHOBE KOTOPOTO OLIEHEH COCTaB KOMIIOHEHTOB CMECH B
KOHBEKTUBHBIX CTpyKTypax. [lokazaHo, 4TO moay4eHHOEe 3HaUeHHE KOHICHTPALUH TsDKEJIOTO KOMIIOHEHTA. B
BUXPEBOM LIHYpPE MOKET OBITh NPUHATO KaK MHHUMAJIBHOE.

Kniouegvie crosa: rasosble cMecu, nupdys3us, HEYCTOHYMBOCTb, KOHBEKIHMS, BU3yalH3alliis, TECHEBOEC
u300pakeHne, IU(POBbIE TEXHOIOTHH, YUCICHHOE MOICIHPOBAHHUE.
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